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Abstract  50 
Vacuolar sorting receptors (VSRs) are type I membrane proteins crucial for seed 51 

germination and plant development. While VSR trafficking has been extensively studied, the 52 

mechanism of cargo binding and release by the N-terminal lumenal region is less understood. We 53 

have elucidated the crystal structures of unloaded and cargo-loaded forms of the lumenal region of 54 

VSR1 containing the protease-associated domain, the Central domain and epidermal growth 55 

factor-like repeats. Calcium coordination induces remodeling of the linkers between domains, 56 

triggering large conformational changes that expose two binding sites, one across the PA and 57 

Central domain and a second site in the Central domain. Our findings provide a mechanistic model 58 

for cargo binding in a calcium rich environment, where VSR is locked in a conformation exposing 59 

the cargo binding sites, while cargo release is favoured by lower calcium concentrations and trimer 60 

formation. These results advance our current knowledge on VSRs and will inform future studies on 61 

vacuolar trafficking and cargo binding/release. 62 

 63 

Vacuolar Sorting Receptors (VSRs) are a family of single-span type I membrane proteins. 64 

They traffic soluble vacuolar cargo from early to late compartments, before recycling back to early 65 

compartments upon unloading of the cargo. Arabidopsis thaliana contains seven VSR isoforms 66 

grouped into three classes1–3. All VSRs are composed of three regions: the N-terminal lumenal 67 

region, a transmembrane region and C-terminal region4. While the short C-terminal region harbors 68 

several sorting signals involved in trafficking5–7, the large N-terminal lumenal region is responsible 69 

for the binding of vacuolar cargo and is composed of three domains: a protease-associated (PA) 70 

domain, a Central domain, and three epidermal growth factor-like (EGF) repeats8–11. VSRs can 71 

bind a variety of cargos with two types of vacuolar sorting determinants (VSDs): sequence-specific 72 

determinants (ssVSD) which are usually located at the N-terminus, and contain a common NPIR 73 

peptide motif or variations thereof 9,12–17, and C-terminal determinants (ctVSD) which bear no 74 

consensus sequence besides the prevalence of hydrophobic residues and their essential C-75 

terminal location13,18,19.   76 

Cargo binding/release to VSR is still not well understood but a range of factors have been 77 

described as affecting the process. Calcium ions and the three EGF repeats appear to modulate 78 

cargo binding by stabilizing the receptor-cargo interaction15. Moreover, three N-linked glycosylation 79 

sites, one in each subdomain, have also been found to promote cargo binding, but not trafficking 80 

of VSR20. In addition, VSR characteristically contains a high proportion of cysteine residues (i.e. 81 

VSR1 has 35 cysteines in its lumenal domain), which were recently postulated to play a role in 82 

stabilising vacuolar cargo through oxidative reactions21 . Finally, VSRs are found in multiple 83 

oligomeric forms (monomer to trimer) and oligomerisation has been suggested to be essential for 84 

the trafficking of unloaded VSR in vivo22.  85 
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A previously reported structure of a monomeric, bacterially-expressed, PA domain of A. 86 

thaliana VSR1 was crystallized in both unbound and complexed form. The structures revealed the 87 

presence of a putative cargo binding site as well as local structural changes upon cargo binding 88 
10,11. Unfortunately, the crucial NPIR motif was not evidenced and only the three amino acids 89 

preceding the motif were assigned within the peptide bound to the PA domain. Simultaneously to 90 

the work we present here, Park et al. (2024), have reported a trimeric crystal structure of the 91 

unloaded form of VSR lumenal region containing the three sub-domains, based on the analysis of 92 

original diffraction data collected in 200421, 23. To date, we are still lacking further understanding on 93 

the cargo/receptor binding since no structure of the full N-terminal region of VSR bound to vacuolar 94 

cargo containing the NPIR motif was reported. 95 

 96 

 Here, we describe the novel structures of both unloaded form and cargo-loaded form of 97 

the lumenal domain of VSR1 containing the three lumenal domains (PA, central domain and EGF 98 

domains). From the experimental structural changes observed by comparing the two forms, we 99 

suggest a mechanism of calcium-dependent cargo loading and unloading. Combining past and 100 

new experimental data, we propose a model offering a comprehensive and dynamic structural 101 

explanation, while outlining the functional implications for cargo transport and VSR trafficking.  102 

 103 

Results 104 

Expression of functional recombinant VSR1-Nt and Aleu-GFP  105 

The N-terminal domain of VSR1 (VSR1-Nt), containing the PA domain, the Central domain 106 

and the three EGF repeats, was expressed and purified from Expi293 cells (SI Fig. 1A, B). To 107 

establish that the expressed VSR1-Nt recombinant protein was functional in binding cargo, a 108 

fluorescent vacuolar cargo containing the ssVSD from Aleurain fused to the green fluorescent 109 

protein (Aleu-GFP) was also expressed and purified (SI Fig. 1A,B). In vitro fluorescence anisotropy 110 

experiments with the two recombinant proteins further confirmed successful binding of VSR1-Nt to 111 

Aleu-GFP containing the wild-type NPIR motif. When a mutant of Aleu-GFP was used, where NPIR 112 

was replaced by APGR, binding to VSR1-Nt was abolished, demonstrating the specificity of binding 113 

(SI Fig. 1C). 114 

 115 

Unloaded VSR1-Nt structure 116 

The crystal structure for the unloaded VSR1-Nt grew at 4o C in the P213 space group and 117 

diffracted to a resolution limit of 3.5 Å (SI Table 1). Molecular replacement was performed using 118 

the PA domain experimental structure (PDB id: 4TJX) as the search model to recover the VSR1 119 

phases10. Since no structures were available for the Central and EGF domains at the time of this 120 

study, we developed a new ARCIMBOLDO methodology targeting this low-resolution data and 121 
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large structure through a more constrained map interpretation of the density modified map from 122 

accurate partial solution and comparative scoring of alternative fragment hypotheses24-26.  123 

The improved electron density enabled the determination of the crystal structure of the 124 

unbound VSR1-Nt chain (Fig. 1 and PDB id: 8R4Y) containing the PA domain (residues 20–173), 125 

the Central domain (residues 185–406) and one EGF repeat (residue 413-462) (SI Table 2). The 126 

three domains are separated by short linkers (linker 1: 174–184 between the PA and Central 127 

domain; linker 2: 407–412 between the Central domain and EGF1). Positive difference electron 128 

density consistent with the presence of glycosylations was observed at three sites N143, N289 and 129 

N429 (Fig. 1A and SI Fig. 2). The difference map at N289 was of sufficient quality to confidently 130 

allow the building of 2NAG-1BMA-2MAN (2 N-acetylglucosamine, 1 β-D-mannopyranose, 2 α-D-131 

mannopyranose)  in our structure26. The other two glycosylation sites, N143 and N429, presented 132 

defined densities for the first NAG only. In addition, as expected, a number of disulfide bridges were 133 

observed in the crystal structure (Fig. 1B). In total, 10 disulfide bridges are present: one in the PA 134 

domain, six in the Central domain and three in the first EGF repeat, stabilizing the overall structure 135 

of VSR1-Nt (SI table 2). A single calcium ion was confirmed by calcium anomalous signal, at a non-136 

biologically relevant location close to D344 (3.7 Å) on a 3-fold symmetry axis. 137 

 138 

The unloaded VSR1-Nt structure builds a stable trimer 139 

The structure of the unloaded VSR1-Nt revealed the presence of a trimer assembly with 140 

C3 point group symmetry (Fig. 1C and D). The trimer is formed by domain-swapping of three 141 

symmetry equivalent monomers with a clockwise arrangement (viewed from the PAa domain) (Fig. 142 

1C left). The EGF is oriented so that all three EGF hands are positioned on the membrane-proximal 143 

side of the Central domain, with the PA domain furthest away from the membrane surface (Fig. 1D 144 

left). The whole trimer is stabilized by hydrophilic and hydrophobic interactions across both the PA 145 

and the Central domains of different monomers, as well as between Central domains and between 146 

EGF domains. The trimer is maintained by 46 hydrogen bonds, three salt bridges and 32 147 

hydrophobic interactions, but there are no disulfide bridges formed between the monomers (SI 148 

Table 3). The electrostatic map of the trimer shows a charged groove along the three fold axis at 149 

the center of the trimer (Fig. 1C,D right). A second groove, predominantly negatively charged, is 150 

present at the interface between the PA domain and the Central domain of different monomers. 151 

The large connecting loops between the PA and the Central domains are also predominantly 152 

negatively charged. The solvation free energy gain upon formation of trimer assembly, calculated 153 

using PISA27, supports the persistence in solution of the crystallographic trimer, compatible with a 154 

functional role.  155 

 156 

 157 

Cargo-loaded monomeric VSR1-Nt structure  158 
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While crystalisation using recombinant Aleu-GFP did not result, we successfully co-159 

crystallised VSR1-Nt with the barley (Hordeum Vulgare) aleurain peptide 1ADSNPIRPVT10 instead. 160 

This rendered a different space group, I222, and diffracted to a resolution limit of 2.97 Å (SI. Table 161 

1). The crystal structure of the cargo loaded form of VSR1-Nt is a monomer containing the PA 162 

domain, the Central domain, 2 EGF domains (the third EGF appearing disordered) and two cargo 163 

binding sites (CBS) (described in the section below) (Fig. 2A and PDB id: 9DUP). One 164 

glycosylation, N289 in the Central domain, composed of two NAGs showed clear electron density 165 

and was modeled in the cargo-loaded form, while it was not possible to confidently model 166 

glycosylations at N143 and N429 (SI Fig. 2A-D)20. Four calcium ions have been identified in the 167 

complexed form, as indicated by calcium anomalous scattering (Fig. 2A,C and SI Table 2 and 6). 168 

One calcium ion (Ca1) is found in the linker between the PA and Central domain and is 169 

coordinated by D183, R185 and E187. The second (Ca2) is coordinated by D260, E262, D264, 170 

K267, Y269 and D270. The third (Ca3) is located in the first EGF repeat and coordinated by 171 

residues E411, T412, E414, T436 and G439. Finally, the fourth calcium (Ca4) binds to the second 172 

EGF domain and is coordinated by residues D512, V513, N531, T532 and S535. As described 173 

below, calcium binding at these four sites entails some remodeling of the structure, with 174 

modifications observed in the protein backbone and orientation of the linkers (Fig. 2B).   175 

 176 

Comparison between VSR1-Nt unloaded and cargo-loaded form. 177 

The unloaded and cargo loaded structures were compared to identify main rearrangements 178 

occurring upon calcium coordination and cargo binding (Fig. 3).  179 

Four conformational switches (I to IV) had been previously described in the PA domain10 180 

and three additional switches were identified to undergo large conformational changes: switch V 181 

(259-268), switch VI (407-412) and switch VII (436-412) containing residues involved in calcium 182 

coordination sites in the cargo-loaded form (Fig. 3A, B, and SI Table 2).  183 

Upon calcium binding, switch I and switch III, which was partially disordered in the 184 

unloaded form, undergo a conformational change to contribute to the CBS1 (see below). Switch II 185 

(especially 50QY51), which was engaged in an interaction with the Central domain of the opposite 186 

monomer in the trimer, now stabilizes the helix (385-395) between the Central domain and the first 187 

EGF repeat in the cargo loaded form. Switch IV in particular undergoes a large remodeling 188 

facilitated by the Ca1 coordination described above and stabilised by the newly formed bridge 189 

between E177-H181, moving the Central domain and the PA domain closer (Fig. 3C). Switch V 190 

(Central domain), which was interacting with switch I (PA domain) of the opposite monomer in the 191 

trimer, is now positioned close to the cargo binding site 2 (CBS2) in the loaded form. Finally, switch 192 

VI and VII undergo a rearrangement, bringing the EGF domain closer to the PA domain. Altogether, 193 

the large conformational changes observed upon calcium coordination result in the disruption of 194 

the interface regions stabilising the trimer formation, maintaining the cargo-loaded VSR form as a 195 
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monomer and therefore exposing the two cargo binding sites, which were hidden in the trimer 196 

structure (SI Fig. 3).  197 

 198 

The cargo-loaded VSR1-Nt structure reveals two cargo binding sites 199 

Density modification of the original solution of the cargo-loaded VSR revealed two 200 

continuous stretches of unbiased electron density map attributable to the cargo 1ADSNPIRPVT10, 201 

(Fig. 4)28,29. Upon model completion and refinement, while the density stretches were insufficient 202 

to confidently locate the entire cargo peptides, seven residues of the peptides could be fitted at 203 

each binding site. 204 

Electron density attributed to CBS1 is located in a cavity composed by switch I, the loop 205 

95RGDCYF100  and switch III in the PA domain as well as 367TI368 in the central domain (Fig. 4B). 206 

The peptide in this site overlaps with the aleurain ADS tripeptide visible in the PA domain complex 207 

previously published10. As the electron density did not clearly identify the side chains, possibly 208 

reflecting a disordered peptide, two potential orientations of the synthetic cargo peptide were 209 

probed.  (Fig. 4C and SI Fig. 4). The previously published orientation is favoured with better 210 

crystallographic statistics as it leads to an improvement in (Rfree), whereas in the alternative 211 

orientation tested, Rfree does not improve (SI Fig. 4). Furthermore, favourable hydrogen bonds are 212 

formed between main chain atoms from the cargo and the protein in the supported orientation (Fig. 213 

4C). This structure reveals that residues in both the PA and the Central domain participate in the 214 

cargo binding, showing cooperation between sub-domains in binding cargo (ssVSD). Crucial 215 

residues in VSR involved CBS1 include F21, V24, R95, Y99 and I126 in the PA domain as well as 216 

T367 in the Central domain. The essential 4NPIR7 in the peptide interacts mainly with F21, I126 217 

and T367 (Fig. 4C). 218 

The second peptide density stretch at site 2 (CBS2) was clearly found located exclusively 219 

at the Central domain, around a hydrophobic grove containing the loop 232WYCPEAFTLSKQCK245 220 

(Fig. 4D). Seven residues from the synthetic cargo peptide were fitted in CBS2 and engage mostly 221 

hydrophobic interactions, involving 234WY235, F240, Q245, Q249, Q354 and Q357. CBS2 is close 222 

to Ca2 and switch V and can only be formed after rearrangement of VSR upon calcium binding (SI 223 

Fig. 3). Additionally, AlphaFold-3 prediction models a peptide in similar conformation in CBS2 (SI 224 

Fig. 5). 225 

 226 

The two CBS might represent two different cargo binding types.  227 

The experimental observation of the presence of two separate CBS could represent three 228 

scenarios: one would consider two separate binding sites for two NPIR containing-cargo, leading 229 

to a stoichiometry of 1:2 receptor:cargo, the second unlikely scenario would involve a continuous 230 

binding site across the PA and Central domain (which would be artificially separated in our structure 231 
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due unresolved densities) or finally the third hypothesis would suggest that VSR possesses two 232 

separate binding sites: one for ssVSD and one ctVSD, as previously proposed8. 233 

To test these hypothesis, the stoichiometry of VSR to cargo was assessed using Aleu-234 

GFP, which will allow visualisation of a more significant size shift than if peptides were used. This 235 

recombinant protein uses the ssVSD from Aleurain fused to the green fluorescent protein (SI Fig. 236 

1A). SEC-MALS experiments were performed with purified VSR1-Nt and Aleu-GFP as cargo (Fig. 237 

5). In the presence of 1mM calcium, unloaded VSR1-Nt is found mainly as a monomer (Fig. 5A). 238 

When the cargo was added, the size of the VSR shifted to 98 kDa, in agreement with VSR1-Nt 239 

forming a complex with its NPIR cargo in a 1:1 stoichiometry (Fig. 5B).  240 

This results suggest that only one NPIR-containing cargo would bind to VSR1-Nt. Using 241 

the recombinant Aleu-GFP recapitulates the situation in vivo where ssVSD are fused to large 242 

proteins that might cause steric hindrance and limit binding from other vacuolar cargos. Therefore, 243 

the two short peptides found to bind in the crystal structure would not be indicative of two 244 

simultaneous NPIR-containing cargo binding site (hypothesis 1), but rather support our third 245 

hypothesis and represent two independent binding sites for two different cargos: one for ssVSD 246 

and one ctVSD. Indeed, two different cargo binding sites have already been reported in the 247 

literature8.  248 

 249 

Discussion  250 

 Unloaded VSR1-Nt confirms expected characteristics (glycosylations and disulfide bonds). 251 

We have successfully solved the structure of the N-terminal region of VSR1 at 3.5 Å in its 252 

unloaded form using a novel method within ARCIMBOLDO24,25. This structure has revealed a 253 

conformation where the individual PA and Central domains are separated by a long linker, 254 

previously defined as switch IV10. Switch I (20-27) and part of switch III (129-136) are disordered, 255 

as was also observed in previous investigations10. The overall structure of the unloaded VSR1-Nt 256 

overlaps well with published structures10,11,21 (SI Table 4 and SI Fig. 4). The structure presented 257 

here contains three glycosylation sites: N143 in the PA domain, N289 in the Central domain and 258 

N429 in the EGF domain (Fig. 1A and SI Fig. 2E,F). These exact glycosylations sites were 259 

predicted to play a functional role in VSR, by affecting the binding affinity of vacuolar cargo and the 260 

transport into the vacuole20. While the precise mechanism by which these glycosylations function 261 

has not been investigated yet, Shen et al. (2014) propose that glycosylations affect the binding 262 

affinity of VSR to its cargo20.  263 

We have also confirmed the presence of 10 disulfide bonds and described the precise 264 

cysteine pairs involved (SI Table 2). The intramolecular disulfide bonds are conserved between 265 

the two conformations, and no intermolecular disulfides were found in the trimer. Recently, Park et 266 

al. (2024) suggested that the Central domain might hold a thioredoxin activity and function in 267 
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helping to correctly fold vacuolar cargo with disulfide bonds21. This hypothesis would need to be 268 

tested further. 269 

 270 

The cargo binding sites are only exposed after large conformational changes induced by calcium 271 

binding. 272 

In the cargo loaded VSR1-Nt, a large conformational change with a swivel movement from 273 

switch IV resulted in a conformation that brings the Central domain closer to the PA domain of the 274 

same monomer, and the EGF domains move towards the central pivot of the monomer, exposing 275 

both CBS (see below) (Fig. 3 and SI Fig. 4). This conformation is stabilised by the coordination of 276 

calcium ions as well as additional salt bridges including R20-D365, E24-R377 and E177-H181 (Fig. 277 

3C). 278 

Four calcium ions were identified in the cargo bound VSR1-Nt, two in the Central domain 279 

and one in each of the two EGF repeats elucidated. It is expected that the last EGF domain, 280 

disordered and hence missing in our structure, could also contain a calcium binding site. Calcium 281 

coordination brings rigidity which results in a more ordered structure than found in the unloaded 282 

trimeric structure. Calcium coordination in the presence of EGF domains was suggested to act as 283 

an enhancer of cargo binding, but would not affect VSR folding15. Correspondingly, anomalous 284 

diffraction found no biologically relevant calcium in the unloaded VSR1-Nt in our structure, and 285 

these ions are absent in the published structures10,11,21, in contrast to our cargo-loaded form where 286 

calcium coordination is essential.  287 

We hypothesise that calcium binding precedes cargo binding because the trimer-288 

containing crystals could not be derivatized with Aleu-GFP protein, as revealed in their crystal 289 

structures and fluorescence measurements. Therefore, calcium binding would first induce a large 290 

rearrangement, mainly in switch IV (Fig. 3C), which would result in the exposure of the two cargo 291 

binding loops 95RGDCYF100 and 232WYCPEAFTLSKQCK245 (described in the monomeric cargo-292 

loaded form). These loops are masked by the trimer formation in the unloaded form of VSR, and 293 

only become accessible upon rearrangement of the monomer (SI Fig. 3). Exposition of these cargo 294 

binding loops will subsequently allow vacuolar cargo binding to occur. Calcium concentrations are 295 

high in early compartments where cargo binding occurs and drop in late compartments where cargo 296 

dissociates30,31.  297 

 298 

Putative role of a pH in cargo binding/release. 299 

pH was also described to play a role by modulating calcium binding coordination, however 300 

the exact role of pH in cargo binding and dissociation is not understood. Watanabe et al., (2002) 301 

have suggested that for PV72 modulation by pH is limited in the presence of high calcium and that 302 

calcium binding to the EGF was important for conformational changes15. It is known that pH 303 

changes could modulate calcium coordination by receptors32. For instance, the pH dependent 304 
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calcium affinity of the C-type lectin receptor langerin has been shown to rely on a proton relay 305 

mechanism involving a specific histidine residue (H294) located in a loop nearby to the cargo 306 

binding domain33.  At high calcium concentration, the pH effect is negligible because the excess of 307 

calcium compensates for any change in pH that could potentially destabilise calcium coordination. 308 

However, in compartments where the calcium concentration is low, the drop in pH would decrease 309 

calcium affinity and therefore trigger calcium release. This would then lead to a change in 310 

conformation back to the unloaded form and the concomitant release of vacuolar cargo. In fact, the 311 

initial purification and characterisation of a pea VSR was performed in the presence of calcium at 312 

neutral pH, and release of VSR from the column bound with cargo was performed at pH 4 in the 313 

presence of EGTA, strongly supporting the proton relay hypothesis34 . In this process, and 314 

consistent with our structural data, H181 could play a crucial role in the potential proton relay 315 

mechanism involved in cargo binding/release by VSR synchronized to calcium 316 

coordination/release. Coordination of calcium and cation in general is discouraged as pH 317 

decreases since the excess of protons would compete with coordination, effectively solvating the 318 

negatively charged side chains with a concomitant entropy gain. Therefore, at low calcium and low 319 

pH (conditions expected to be found in later compartments where VSR releases its cargo35), the 320 

acidic pH would stabilise the free aspartates solvation providing an entropy gain, trigger the release 321 

of calcium, and ultimately unloading of the cargo. Such process would return VSR to an unloaded 322 

form, shielding the binding sites in the trimer, and promoting recycling back to early compartments. 323 

This proton relay hypothesis would need to be further explored to validate this theory for VSR 324 

trafficking. 325 

 326 

Functional significance of VSR trimer. 327 

We have found the unloaded VSR1-Nt forms a trimer while the cargo-loaded VSR1-Nt is 328 

maintained as a monomer in the crystal form. Our data clearly shows that the interfaces formed by 329 

neighbouring monomers within the trimer blocks the accessibility of the two CBS and therefore no 330 

binding can occur in the trimer form (SI Fig. 3). However, calcium coordination would trigger a 331 

change in conformation which would disrupt the trimer and maintain the cargo-loaded structure in 332 

a monomeric form, exposing the two CBS ready to receive the cargo (Fig 3). This is supported by 333 

the fact that, in the presence of calcium and independent of the presence or absence of cargo, 334 

VSR is monomeric8 (Fig. 5). While the functional relevance of the trimeric structure in vivo could 335 

be questioned, various data suggest that oligomerisation could be an essential part in VSR function. 336 

Indeed, Kim et al. (2010) found that, in the absence of cargo, VSR could form oligomers of 240 337 

kDa in vivo. The authors suggest that these higher forms could represent homotrimers. The report 338 

also suggests that the TM and the C-terminal tail are essential for VSR trimerisation in vivo22. In 339 

addition, Shen et al. (2014) have also shown that VSR form homomeric interactions in vivo20. 340 

Therefore, oligomerisation of VSR in vivo appears to be relevant to VSR function and probably 341 
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requires the cooperation of the three VSR regions (N-terminal domain, TM and C-terminal domain). 342 

While the role of the different regions of VSR in oligomerisation and the relevance of a trimer in 343 

vivo is being discussed and remains to be further determined, our results with the lumenal domain 344 

of VSR1-Nt and previous results agree with the hypothesis that these in vivo oligomers could 345 

represent trimers of unloaded forms of VSR21.  346 

 347 

VSR contains two cargo binding sites.  348 

Finally, our structure bound to peptides has identified two cargo binding sites. CBS1 -349 

involving the previously described cradle 95RGDCYF100 - and CBS2, a novel binding site, involving 350 

a new loop 232WYCPEAFTLSKQCK245.  The presence of two binding sites has been suggested 351 

before. Indeed,  Cao et al. (2000) have reported that VSR possesses two independent binding 352 

sites, one for NPIR-containing cargo, which involves the PA domain and Central domain, and one 353 

for non NPIR-cargo formed by the Central domain and EGF domain8. In agreement with this, our 354 

results show that CBS1 is formed by the cooperation between the PA domain and Central domain, 355 

while CBS2 is mostly formed by the Central domain. CBS1 has been previously described as 356 

binding both ssVSDs and ctVSDs in studies using bacterially expressed PA domain, lacking the 357 

Central domain10,11. In addition, only the ADS peptide preceding the NPIR binding was solved in 358 

the reported structures. Therefore, our results confirm CBS1 as one cargo binding site and further 359 

report CBS2 site as a novel binding site that could represent the second binding site reported 360 

previously8. Since our result show that Aleu-GFP binds in a 1:1 stoichiometry to VSR1-Nt, our 361 

results with short peptides showing to the presence of two binding sites in complexed crystal 362 

together with the results from Cao et al., (2000) would suggest that CBS1 could represent a ssVSD 363 

binding site while CBS2 would represent a ctVSD binding site. In addition, the loop 364 

232WYCPEAFTLSKQCK245 representing CBS2 is highly conserved in VSR class 1 and 2, but 365 

diverges in class 3 VSRs unable to transport ctVSD36. Nevertheless, the density observed with the 366 

NPIR-containing peptide in CBS2 is clearer than in CBS1. This could be due to the fact that the 367 

ssVSD binding site would need to accommodate a wide range of motifs, since NPIR is only one 368 

vacuolar motif amongst many19.  Therefore, our results confirm the presence of two binding sites, 369 

but further experiments would be required to better understand the role of these two binding sites 370 

in the binding of ssVSD and ctVSD.  371 

 372 

Hypothetical model of VSR cargo binding/release and trafficking cycle. 373 

Overall, taking together these findings, a mechanistic view of cargo binding/release and 374 

VSR trafficking could be proposed (Fig. 6). We propose that calcium-coordinated monomeric VSR 375 

binds to vacuolar cargo in early compartments, where calcium concentration is high and pH is 376 

mostly neutral. This conformation would trigger trafficking from early to late compartments 377 

dependent upon the tyrosine of the YMPL motif in the C-terminal tail37-39. In late compartments, 378 
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most probably in the PVC, the more acidic pH and low calcium concentration would promote the 379 

release of coordinated calcium ions, triggering the release of vacuolar cargo concomitantly to a 380 

rearrangement leading to the formation of the trimer35. This oligomeric form of the entire VSR in 381 

the membrane would be recognised as an unloaded “non-binding competent” form of VSR, which 382 

would undergo retrograde transport back to the early compartment, dependent on the Leucine of 383 

the YMPL motif38. When reaching the early compartments, the high calcium concentration and raise 384 

in pH would trigger the transition back into a monomeric, calcium coordinated and cargo-competent 385 

VSR form. This hypothesis would need additional in vitro and in vivo data to further validate the 386 

hypothesis, but this appealing model based on our experimental findings accords with decades of 387 

biochemical data and sheds a new light on the structure function relationship of VSRs. 388 

. 389 

Materials and Methods 390 

 391 

The methods are described briefly here but more detail can be found in SI material and methods.  392 

 393 

Constructs 394 

VSR1 (AT3G52850) was amplified from Arabidopsis thaliana genomic DNA and cloned in 395 

a pUC vector. The lumenal region of the VSR1 gene (VSR1-Nt) was further amplified and inserted 396 

into the pOPIN-HBM vector (Oxford Protein Production Facility, OPPF) flanked by HBM signal, and 397 

a C-terminal His8 tag. Aleurain (Aleu) construct was amplified and cloned as a GFP fusion protein 398 

in a pUC vector to generate the pJA1 vector. The Aleu-GFP cassette was then subcloned into the 399 

pET28b (Novagen). The APGR construct (NPIR mutant) was generated through Quick change. All 400 

constructs were sequenced at each stage of cloning to confirm identity. A list of primers is presented 401 

in SI Table 5. 402 

 403 

Expression and purification of VSR1-Nt and Aleu-GFP. 404 

The lumenal N-terminal region of VSR1-Nt was expressed in Expi293 cells in the presence 405 

of kifunensine 1 mg/ml following the published protocol40. Thirty ml of Expi cell culture resulted in a 406 

yield of 4.25 mg of VSR1. This was concentrated to 15 mg/ml and used for further crystallization 407 

studies. Aleu-GFP was expressed in E.coli BL21 Star (DE3) (ThermoFisher) in autoinduction media 408 

at 37° C for 16 hours41. The cells were lysed and the protein was purified through affinity purification 409 

with Ni-NTA agarose beads. The Aleu-GFP was further purified with size exclusion chromatography 410 

via ÄKTA pure protein purification system (Cytiva) using Superdex 200 Increase 10/300 GL column 411 

(Cytiva) using 1.5 CV in 20 mM Tris/HCl pH 8.0, 200 mM NaCl (with or without 1mM CaCl2 and 1 412 

mM MgCl2). Fractions containing the fluorescent protein were pooled and the protein was 413 

concentrated with Vivaspin 20 (10 kDa MWCO) to the desired concentration. 414 

 415 
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Fluorescence Polarization assays 416 

Briefly, the purified VSR1-Nt protein was titrated into the ligand binding solution (1.55 μM Aleu-417 

GFP, 20 mM Tris/HCl, 200 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, pH7.5) The fluorescence 418 

polarization measurements were taken after incubating the sample for 10 minutes shaking at 400 419 

rpm (22°C) to ensure that the binding had reached equilibrium. The readings were performed using 420 

a BMG LABTECH Clariostar plus plate reader. The excitation and emission filters were 482-16 and 421 

530-40 nm, respectively. The experiments were repeated four times. The non-linear curve fitting 422 

was performed by using GraphPad. 423 

 424 

Crystallographic determination of unloaded VSR1-Nt 425 

Purified VSR1-Nt was set up for crystallization trials at 15 mg/ml initial concentration with 426 

a 1:1 protein to well solution ratio and a total drop volume of 200 nl. VSR1 crystals grew after 13 427 

days at 4o C with reservoir solution 0.1 M Tris/HCl pH 8.0, 20% v/v glycerol ethoxylate, 10% v/v 428 

tetrahydrofuran and frozen with no cryoprotectant in liquid nitrogen. Data collection was performed 429 

at beamline i03 at the Diamond Light Source. Diffraction data was processed with XDS42 to 3.51 Å 430 

resolution and P213 space group with cell constants: a = b = c = 141.3 Å. 431 

A partial crystallographic solution of VSR1 crystallographic was obtained by molecular replacement 432 

in PHASER43 using the complex state of the PA domain (PDB id: 4TJX)10 as the search model. The 433 

Central domain was phased using a low-resolution methodology within the ARCIMBOLDO 434 

principle: expansion of accurate partial structures through density modification and map 435 

interpretation with multiple fragment hypotheses evaluation with and without side chains44,45. 436 

Multiple fragments were placed in real space with Coot46 using the density modification map 437 

calculated with SHELXE47 from the partial solution containing the PA domain. Alternative structural 438 

hypotheses were evaluated considering different secondary structure elements, fragment reversion 439 

and side chain atoms inclusion using the most probable sequences generated with the SEQUENCE 440 

SLIDER functions48,49. Fragments were scored with PHASER log-likelihood gain43. A model of 441 

VSR1 predicted by AlphaFold50 using GoogleColab and from the joint database with EBI was used 442 

to confirm the Central and EGF domain modelling. The model was built using manual building in 443 

Coot51 and refinement with PHENIX52,53. Each glycosylation was supported by stereochemical and 444 

real-space correlation coefficient validation, in agreement with expected values calculated with 445 

Privateer26. 446 

Data collection on I23 was performed for the first dataset: 3.02A, 360deg data collection, 0.3s 447 

exposure 100% transmission. Xia2.dials pipeline + dimple + ANODE54 phases and second dataset: 448 

2bs 3.,2A, 2xmultiplex, 360deg, 0.3s expose, 100% trans, dimple + ANODE. 449 

 450 

Crystallisation and structural determination of VSR1-Nt and peptide complex 451 
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VSR1-Nt was concentrated to 8 mg/ml  and incubated with cargo peptide (ADSNPIRPVT 452 

synthesized by peptide synthetics) in 50 mM HEPES (7.5), 150 mM NaCl and 2 mM CaCl2 at 1:5 453 

molar ratio for 30 minutes before crystallisation using sitting drop vapour diffusion at 4 °C (drop 454 

size 150 nL) using a Mosquito. The protein complex crystallised in MemGold (Molecular 455 

Dimensions) E12 (0.05 M Glycine (9.5), 100 mM NaCl, 33 % (v/v) PEG 300), with a drop ratio of 456 

1:2, protein to reservoir solution.  457 

Crystals were harvest directly from the drop using micro mount loops, then cooled using liquid 458 

nitrogen. All diffraction data were collected at Diamond Light Source synchrotron (DLS), UK.  459 

Native x-ray data were collected at 100 K at I24 microfocus beamline. Diffraction patterns were 460 

integrated using xia2 pipeline running DIALS55,56 . The phases were determined by molecular 461 

replacement using Phenix Phaser-MR  with the predicted AlphaFold350 model trimmed (residues 462 

20-407) as the search model. The initial electron density maps were inspected, and the model was 463 

built using manual building in Coot51. The structure was refined using PHENIX and Refmac5 52,53.  464 

To determine if calcium was present in the crystal structure x-ray data were collected at the long-465 

wavelength I23 beamline in vacuum at 80 K59. Calcium data sets were collected at two 466 

wavelengths: 3.07 Å (calcium peak) and 3.09 Å (remote). For each data set, 360° of data were 467 

collected using the interleaved method (90° sweeps at each wavelength) with 100 % transmission, 468 

a 0.2 s exposure and a beam size of 50 x 150 µm. All data were processed using xia2 DIALS, with 469 

the sweeps put together using xia2 multiplex60. Anomalous difference Fourier maps and anomalous 470 

peaks heights were calculated with ANODE54, using the molecular replacement solution from the 471 

DIMPLE pipeline. The anomalous peaks for each wavelength are shown in SI Table 6.  472 

 473 

SEC-MALS 474 

SEC-MALS experiments were performed at ambient temperature, using an HPLC+LS+RI+QELS 475 

configuration pre-equilibrated with SEC buffer (20mM Tris/HCl, 200mM NaCl, 1mM CaCl2, 1mM 476 

MgCl2 adjusted to pH 7.5 at room temperature). The instrument set up included the HPLC modules 477 

of Agilent 1260 Infinity II series (Agilent Technologies) connected in-line to the miniDAWN (NEON) 478 

with a three-angle (49°, 90° and 131°) light scattering detector, and an integrated QELS dynamic 479 

light scattering detector at 135° for determination of hydrodynamic radius. Concentration was 480 

measured using UV absorbance at 280nm using the in-line 1260 infinity II series DAD detector 481 

(Agilent Technologies) and the Wyatt Optilab™ (NEON) refractive Index detector (Wyatt 482 

Technology). Sample submission, data collection and SEC-MALS analysis was performed using 483 

the HPLC connect and ASTRA 8.1.2 software (Wyatt Technology). Approximately 80µg of protein 484 

was injected onto Superdex 200 Increase 10/300 GL (GE, Life Science) SEC column at a flow rate 485 



 

14 

 

of 0.4ml/min for run time of 70 minutes per sample. The extinction coefficients for Aleu-GFP Cargo, 486 

VSR1 and VSR1: Aleu-GFP Cargo complex was defined as 0.683 mL/mg.cm, 1.410 mL/mg.cm, 487 

and 1.165 mL/mg.cm respectively. The DAD module G7115A (Agilent Technologies) of HPLC was 488 

set to collect UV absorbance signals at 280nm, 488nm, 509nm, 395nm, 475nm to track the GFP 489 

tagged cargo. Data collection for QELS was set to DLS interval of 2 sec and Collection Interval of 490 

0.5sec.  491 

 492 
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Figure 1. The structure of VSR1-Nt lumenal domain in unloaded form

The structure of VSR containing the three domains: Protease associated domain (light
blue), Central domain (black) and EGF repeats (green). Absent residues in the PA main

chain are shown in dashed lines. A and B represent the monomeric structure while C and

D represent the quaternary assembly as a trimer.
A. Glycosylations are shown in yellow at the three sites (N143 in the PA domain, N289 in

the Central domain and N249 in the first epidermal growth factor-like (EGF) repeat)
B. The localisation of the disulfide bridges is highlighted in yellow with the cysteine pair

numbers annotated.

C. Top view of the trimer: crystal structure showing the arrangement of the three
monomers A, B and C (left) and electrostatic surface of the trimer (right), B and C are

symmetry equivalents of Chain A.
D. Later view of the trimer. In C and D electrostatic maps: positive charges are shown in

blue while negative charges are shown in red.



Figure 2. The structure of VSR1-Nt lumenal domain in cargo-loaded form.

A. The structure of monomeric cargo-loaded VSR containing the three domains:
Protease associated domain (light blue), Central domain (black) and EGF repeats

(dark green). The four coordinated calcium ions are represented as light green

spheres. The peptides are represented in orange (cargo binding site 1) and yellow
(cargo binding site 2).

B. Superimposition of the unloaded form (orange) and the cargo-loaded form (dark
green)

C. Detail of the four calcium coordination sites with anomalous map as gray mesh and

residues in sticks.



Figure 3. The rearrangements between the unloaded and peptide cargo-loaded

form of VSR1-Nt.
A. The structure of monomeric peptide cargo-loaded VSR1-Nt showing the position of

switches I-IV (Luo et al., 2014) and new switches V to VII. Peptides in cargo binding

site 1 and 2 are represented in green lines and the four coordinated calcium ions are
represented in light green spheres.

B. The structure of the unloaded VSR1-Nt monomer showing the position of switches I-
IV (Luo et al., 2014) and new switches V to VII. The insert plots values of Cα

displacement comparing the unloaded and cargo-loaded structures, large values

showing the seven switches are highlighted in different colours.
C. Zoom onto switch IV differences between unloaded (orange) and cargo-loaded

(dark green) structures. Calcium (light green sphere) coordination by side chains of
D183 and E187 induces large domain movements (from orange to green) concomitant

with a profound remodelling of switch IV stabilised by a new salt bridge formed

between H181 with E177 .



Figure 4. The two peptide cargo-binding sites (CBS) evidenced in the VSR1-Nt structure

Protease associated domain (light blue) and Central domain (black) are shown as cartoon
representation. Hydrogen bonds and hydrophobic interactions are shown with blue and grey

dashes, respectively. Peptides are shown in orange (CBS1) and yellow (CBS2)

A. The unbiased density map calculated through density modification of the initial partial solution
with SHELXE contoured at 1.0σ in the area of the peptides before they were incorporated into a

partial model.
B. Peptides bound to Cargo Binding Site 1 (CBS1) in orange and CBS2 in yellow with omit

sigmaA-weighted Fo-Fc map in green mesh at 3.5σ.

C. Peptide in CBS1 is shown as orange sticks.
D. Peptide in CBS2 is shown as yellow sticks.



Figure 5. VSR1-Nt binds the Aleu-GFP in a 1:1 stoichiometry..

A. Purified unloaded VSR1-Nt lumenal domain was found mostly as a 
monomer in the presence of 1 mM calcium. 

B. Incubation of VSR1-Nt with cargo protein Aleu-GFP results in a size shift 

demonstrating a 1:1 stoichiometry receptor:cargo

A

B

Unloaded VSR1-Nt

Aleu-GFP + VSR1-Nt

Aleu-GFP



Figure 6. Hypothetical mechanistic model of cargo binding/release and VSR

trafficking.
Based on a integration of both published data and the present data, we propose the

following mechanism for VSR trafficking cycle: starting from the left, VSR coordinates

calcium in early compartments (where calcium concentrations are high and pH close to
neutral). This maintains the receptor in a monomeric conformation (experimental VSR1-Nt

lumenal domain monomer structure depicted here in orange with calcium in black) and
exposes cargo binding sites. Cargo is loaded on VSR and trafficking towards later

compartments starts. In late compartments (right) where calcium concentrations are

expected to be lower and pH is more acidic, calcium is released, triggering cargo unloading
and trimerisation ( experimental trimer top view of VSR1-Nt shown here with monomers

presented in green, blue and pink). VSR trimer is then recognised as “unloaded” and enters
retrograde trafficking back to early compartments.
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Structure Unloaded
Unloaded 

(calcium 

edge)

Unloaded 

(below calcium 

edge)

Cargo-loaded
Cargo-loaded 

(calcium 

edge)

Cargo-loaded (below 

calcium edge)

Wavelength 0.98 3.02 3.2 0.62 3.07 3.09

DLS Beamline I03 I23 I23 I24 I23 I23

Space group P213 P213 P213 I222 I222 I222

Unit cell: abc (Å); αβγ (°)
a=b=c=141.48; 

α=β=γ=90
a=b=c=137.66; 

α=β=γ=90
a=b=c=138.51; 

α=β=γ=90
a=90.96 b=117.70 

c=130.87; α=β=γ=90

a=91.61 b=119.37 
c=131.48; 

α=β=γ=90

a=91.64 b=119.43 c=131.55; 
α=β=γ=90

Resolution (Å)
63.31–3.51 (3.72–

3.51)
68.83–6.19 (6.92-

6.19)
97.94-3.99 (4.13-

3.99)
37.35–2.97 (3.15–

2.97)
72.67–6.27 (7.01-

6.27)
72.70-9.20 (10.29-9.20)

Total reflections 363350 (54953) 73091 (20956) 544193 (48493) 200078 (32285) 20272 (5589) 6783 (2013)

Unique reflections 12055 (1908) 2130 (597) 7778 (764) 14851 (2351) 1717 (466) 576 (160)

Averaged redundancy 30.1 (28.8) 18.8 (18.7)* 70.0 (63.5) 13.5 (13.7) 6.6 (6.5)* 7.0 (7.1)*

R m eas (%) 34.2 (414.3) 13.5 (49.6) 92.5 (3.70 92.5 (652) 14.7 (29.6) 11.0 (12.3)

CC (1/2) 99.9 (30.1) 0.71 (0.2)* 99.5 (30.7) 97.9 (67.7) 0.50 (0.1)* 32.3 (0.06)*

Completeness (%) 99.7 (98.8) 99.8 (100.0)* 99.8 (98.3) 99.9 (100.0) 100.0 (100.0)* 100.0 (100.0)*

I/σ (I) 10.4 (1.0) 25.6 (9.3) 3.9 (0.3) 3.5 (0.6) 14.9 (6.3) 24.3 (21.4)

R (%)
Rf ree (%)

25.4
27.8

-
21.7
27.3

- -

RMS deviat ions from ideal 
values

Bond lengths (Å)

Bond angles (°)

0.003
0.512

-
0.004
0.744

- -

Ramachandran plot (%)
Residues in most favorable 

regions

Residues in accepted regions
Residues in disallowed regions

95.8

4.2

0.0

-

95.6
4.4

0.2

- -

Clashes 7.81 - 8.62 - -

Molprobity score 1.92 - 1.77 - -

Number of  molecules, their 
averaged B factor (Å2) / number 

of molecules

Protein
Glycosylations

Calcium ions
Cargos

Solvent

135.0 /  1
159.4 /  3

135.0 /  1
-

-

-

64.7 / 1

50.9 / 1
61.2 / 4

74.4 / 2

46.2 / 19

- -

Table 1. Diffraction data collection refinement statistics

0 RMS root-mean-square. * refers to anomalous data.



Supplemental table 2: Structural properties of VSR1-Nt

Describing domains, disulfide bonds, switches and calcium coordination

Domains PA linker
1

CD linker 
2

EGF 
1

linker
3

EGF
2 

Residues 20-173 174-184 185-406 407-412 413-462 463-467 468-537

Domains PA domain Linker 1 CD Linker 2 EGF1

Switches I II III IV V VI VII

Residues 19-27 44-53 126-144 174-184 259-268 407-412 436-438

Domains Linker 1 CD EGF1 EGF2

Calcium 
coordination

Ca1 Ca2 Ca3 Ca4

Residues D183,R185,

E187

D260, E262, 

D264, K267, 
Y269,D270

E411,T412,E414,

T436,G439

D512,V513,N53

1,

T532,S535

Disulfide 
bonds

1 2 3 4 5 6 7 8 9 10

Residues 70-

98

202-

198

236-

246

257-

250

308-

319

337-

283

393-

405

415-

433

422-

442

444-

460



**Hydrogen Bonds** Dist (Å) **Salt Bridges** Dist (Å)

GLN51N/A-ARG380O/C ARG86/A-GLU238/C

GLN51NE2/A-GLY381O/C 2.69 ASP174/A-LYS201/C 4.89

TYR52OH/A-TYR379O/C 2.43 GLU398/A-LYS390/C 3.02

TYR52N/A-GLY381O/C 2.87 GLU401/A-LYS390/C 3.48

THR55O/A-LEU369N/C 2.17 GLU408/A-LYS385/C

THR55N/A-LEU369O/C ARG438/A-GLU408/B

SER82OG/A-ASP365OD2/C 2.64 GLU238/B-ARG86/C

GLY85O/A-TYR235N/C 2.97 GLU262/B-LYS29/C

ARG86NH2/A-TYR235OH/C 3.11 ARG438/B-GLU411/C

GLN142O/A-ARG380NH2/C 2.89

THR145OG1/A-ARG380NH1/C 3.18 **Hydrophobic Interactions**

THR176OG1/A-LYS201NZ/C 2.48 PRO50CB/A-ARG380CG/C 3.57

SER178OG/A-LYS382NZ/C 2.57 GLN51CB/A-LYS382CD/C 3.69

LYS201NZ/A-THR176OG1/B 2.48 TYR52CD1/A-PRO370CG/C 4

TYR235N/A-GLY85O/B 2.97 LEU87CD2/A-TRP234CG/C 3.87

TYR235OH/A-ARG86NH2/B 3.11 PRO88CG/A-THR367CG2/C 3.65

GLN263NE2/A-LYS172NZ/B 2.81 TRP175CH2/A-ILE368CG1/C 3.41

ASP365OD2/A-SER82OG/B 2.64 THR176CG2/A-LYS201CG/C 3.72

LEU369N/A-THR55O/B 2.17 LYS201CG/A-THR176CG2/B 3.72

LEU369O/A-THR55N/B TRP234CG/A-LEU87CD2/B 3.87

ARG380O/A-GLN51N/B THR367CG2/A-PRO88CG/B 3.65

ARG380NH2/A-GLN142O/B 2.89 ILE368CG2/A-TYR52CE1/B 3.85

ARG380NH1/A-THR145OG1/B 2.87 ILE368CG1/A-TRP175CH2/B 3.41

GLY381O/A-GLN51NE2/B 2.69 ILE368CG2/A-TRP175CZ2/B 3.48

GLY381O/A-TYR52N/B 2.87 PRO370CG/A-TYR52CD1/B 4

LYS382NZ/A-SER178OG/B 2.57 ARG380CG/A-PRO50CB/B 3.57

LYS385N/A-GLU408OE2/B 3.54 LYS382CD/A-GLN51CB/B 3.69

GLY386N/A-GLU408OE2/B 2.89 ALA387CB/A-LEU406CD1/B 3.72

ALA387N/A-GLU408OE1/B 3.22 LYS390CD/A-LEU406CD2/B 3.66

LYS390NZ/A-GLU398OE2/B 2.82 LEU406CD1/A-ALA387CB/C 3.72

GLU408OE2/A-LYS385N/C 3.54 LEU406CD2/A-LYS390CD/C 3.66

GLU408OE2/A-GLY386N/C 2.89 THR407CG2/A-THR407CG2/B 3.53

GLU408OE1/A-ALA387N/C 3.22 LYS201CG/B-THR176CG2/C 3.72

LYS201NZ/B-THR176OG1/C 2.48 TRP234CG/B-LEU87CD2/C 3.87

TYR235N/B-GLY85O/C 2.97 THR367CG2/B-PRO88CG/C 3.65

TYR235OH/B-ARG86NH2/C 3.11 ILE368CG2/B-TYR52CE1/C 3.85

TYR235OH/B-ARG86NE/C 2.77 ILE368CG1/B-TRP175CH2/C 3.41

GLN263NE2/B-LYS172NZ/C 2.81 ILE368CG2/B-TRP175CZ2/C 3.48

ASP365OD2/B-SER82OG/C 2.64 PRO370CG/B-TYR52CD1/C 4

LEU369N/B-THR55O/C 2.17 ARG380CG/B-PRO50CB/C 3.57

LEU369O/B-THR55N/C LYS382CD/B-GLN51CB/C 3.69

TYR379O/B-TYR52OH/C 2.43 ALA387CB/B-LEU406CD1/C 3.72

ARG380O/B-GLN51N/C LYS390CD/B-LEU406CD2/C 3.66

ARG380NH2/B-GLN142O/C 2.89

ARG380NH1/B-THR145OG1/C 2.87

GLY381O/B-GLN51NE2/C 2.69

GLY381O/B-TYR52N/C 2.87

LYS382NZ/B-SER178OG/C 2.57

LYS385N/B-GLU408OE2/C 3.54

GLY386N/B-GLU408OE2/C 2.89

ALA387N/B-GLU408OE1/C 3.22

LYS390NZ/B-GLU398OE2/C 2.82

Supplemental Table 3. Interactions maintaining the trimeric assembly.

Interaction shown by residue type, residue number and atom type of one monomer (A/B)

and its interaction to residue type, residue number and atom type of the other monomer

(B/C). Interactions present in the crystallographic model and their correspondent percentage

in Molecular Dynamics (MD) simulations. Additional interactions are shown if observed in

more than 90% of MD. Dist stands for distance in the crystallographic model.



RMSD 8R4Y 4TJV10 4TJX10 7F2D 9B1R AF3 7F2I 8HYG

Unloaded 

PA

0 2.038 2.582 2.186 1.585 3.713 2.302 2.460

Unloaded 

CD

0 1.829 1.586

Unloaded 

EGF1

0 1.704 2.115

Unloaded

(all 

atoms)

1.994

Cargo-

loaded

PA

2.877 3.154 1.222 1.228 2.434 0.888 1.866 2.717

Cargo-

loaded

CD

1.398 1.880 0.917

Cargo-

loaded

EGF1

2.031 1.686 1.110

Cargo-

loaded

EGF2

2.748

Supplemental table 4:  RMSD values

Calculated using selection of CA atoms and PA=20-173; CD=185-406; 

EGFR1=413-462; EGFR2=468-537.

This study is 8R4Y (unloaded) and 9DUP (cargo loaded)



Primer name Primer sequence

1 VSR1 Fwd GGAACTTGAATCGATGAAGCTCGGGCTTTTCACTCTCTCGTTTCTTC

TG

2 VSR1 rev TAACTTCATCTAGATATCCATATGGTGACCACTTGTGTTGGG

3 HBM Inf Fwd

OPPF
tcttacatctatgcgAGATTCGTTGTTGAGAAGAACAATCTCAAAGTTACAT

C

4 KH6-

pTriExInfrevOP

PF

gtgatggtgatgtttTTTTGTGGTTCCAACTTTGCCTGAACCTATG

5 AleuNcoIFnew CGTCCATGGGCACGGCGAACTTC

6 GFPBamHInost

opR
CGTGGATCCGATTTGTATAGTTC

7 APGR mut Fwd GAACTTCGCCGATGAGGCTCCGGGCAGGCAAGTTG

8 APGR mutant

Rev
CAACTTGCCTGCCCGGAGCCTCATCGGCGAAGTTC

Supplemental Table 5. Primers of VSR1 and AleuGFP used in this study



Sites 3.07 Å 3.09 Å
Ca3 13.95
Ca2 13.40
Ca1 12.17
Ca4 6.51
C498/SG 6.30 6.41
Solvent 4.48
C250-C257/SGs 5.61
M310/SD 5.51
C422-C442/SGs 4.84

C42/SG 4.55

Supplemental Table 6: Anomalous peak heights (σ) detected by ANODE 

from anomalous difference Fourier maps. 

Peaks above 4.5 σ threshold are shown.



Supplemental Figure 1. Purified N-terminal VSR1 lumenal domain and Aleu-GFP

wild-type and mutant.

A. Schematic of VSR1 protein with the different domains. The lumenal N-terminal domain

used in this study comprised the three N-terminal domains (PA, Central and EGF repeats)

fused to Honey Bee Melittin secretion signal (HBM) and Histidine tag.

B. SDS-PAGE of purified VSR1 lumenal domain expressed in the absence (VSR1-Nt-kif) or

presence of kifunensin (VSR1-Nt+kif) in Expi293 cells. Wild-type Aleu-GFP and mutant

Aleu-GFP (APGR) are also shown after expression in bacteria and purification via affinity

chromatography and size exclusion.

C. Fluorescence anisotropy experiments showing constant amount of either wild type

Aleu-GFP or the mutant version incubated with increased concentrations of VSR1-Nt

lumenal domain. n=4.
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Supplemental Figure 2. Glycosylations with their omit electron density (3 σ)

and their localisation in both unloaded and cargo-loaded VSR1-Nt.

A. The unbound VSR1-Nt structure includes a 2-acetamido-2-deoxy-beta-D-

glucopyranose (NAG) bound to asparagine 143 (N143).

B. Binding to N429/NAG

C. N289/2NAG bound to β-D-mannopyranose (BMA) bound to an α-D-

mannopyranose (MAN).

D. The cargo-loaded VSR1-Nt has N289/NAG/NAG/R185 in a site close to

coordinated calcium ion.

E. The three glycosylations locations within the trimer structure.

F. The N289/2NAG in the cargo-loaded monomer showing its location close to

switch IV.



Supplemental Figure 3. The trimer occludes the exposition of cargo binding sites.

A. The location of the two peptides is artificially shown within the trimer to demonstrate

that cargo binding sites are not accessible when VSR1 is a trimer.

B. Zoom into the trimer (left, with orange PA domain of monomer a and pink Central

domain of monomer c. Right, for comparison with the cargo-loaded structure. The

locations of the peptides are shown as black circles.

A

B



Supplemental Figure 4: Alternative orientation for cargo peptide in

Cargo binding site 1 (CBS1).

The protease associated domain is in light blue, the central domain is in

gray. The peptide is represented in orange. Hydrogen bonds and

hydrophobic interactions are shown with blue and grey dashes, respectively.

CBS1 orientation 1 is presented in figure 4.



Supplemental Figure 5: Comparison of available structures with our cargo-

bound structure.

Our VSR1-Nt structure (PDB id: 9DUP) is coloured green and our peptides are

light blue in the cargo binding site 1 (CBS1) and cargo binding site 2 (CBS2). The

published peptide-loaded PA domain structure (PDB id: 4TJX) is coloured orange

with ADS peptide as yellow10. AlphaFold3 VSR1 structure is coloured magenta

with predicted peptides binding coloured as dark blue.

PA 
domain

Central domain

CBS1 CBS2



Supplemental detailed Materials and Methods 
 
Constructs 
The Vacuolar sorting receptor VSR1 (AT3G52850) was amplified from Arabidopsis 
thaliana genomic DNA using the primers 1 and 2 and cloned in a pUC vector to form 
pOF128. The lumenal region of the VSR1 gene (VSR1-N) was further amplified with 
primers 3 and 4 to insert into the pOPIN-HBM vector (Oxford Protein Production Facility, 
OPPF). The gene is flanked by the signal sequence honeybee melittin leader (HBM) 
sequence to direct the secretion of the VSR1 in the cell culture of Expi293 cells, and a C-
terminal octahistidine tag followed by a T7 terminator. 
Petunia Aleurain (Aleu) construct was obtained from the Roger laboratory 1. Aleu was 
amplified and cloned as a GFP fusion protein in a pUC vector to generate the pJA1 vector. 
Using primers 5 and 6, the Aleu-GFP cassette was then subcloned into the pCRBlunt to 
isolate the Aleu peptide [TANFADENPIRQVVSDSFHELESAS] in frame with the GFP. 
The cassette was then transferred into the pET28b (Novagen) with a partial 
NcoI/complete BamHI digest, resulting in the pME4, where Aleu-GFP is in frame with a 
C-terminal hexahistidine tag. The APGR construct (NPIR mutant) was generated through 
Quick change with primers 7 and 8. All constructs were sequenced at each stage of 
cloning to confirm identity. A list of primers is presented in SI Appendix, Table 3. 
  
Expression and purification of VSR and AleuGFP. 
The lumenal N-terminal region of VSR1 was expressed in Expi293 cells in the presence 
or absence of kifunensin 1 mg/ml following the published protocol 2. Briefly, the lumenal 
region fused to an HBM motif was expressed for 4 days in Expi293 cells (Thermofisher). 
The supernatant (containing the secreted HBM-VSR1) was collected by centrifugation 
then VSR1 purified using affinity chromatography followed by size exclusion 
chromatography. Fractions were pooled and VSR1 was resuspended in 20 mM Tris pH 
7.4, 200 mM NaCl. Thirty ml of Expi cell culture resulted in a yield of 4.25 mg of VSR1. 
This was further concentrated to 15 mg/ml and used for further crystallization studies. 
  
Aleu-GFP bacterial expression was performed as follows: AleuGFP was expressed in 
Escherichia coli BL21 Star (DE3) (ThermoFisher) by autoinduction at 37° C for 16 hours 
3. Cells were collected by centrifugation at 4,000 g for 15 minutes. The obtained pellet 
was resuspended in equilibration buffer 1 (50 mM Tris-HCl, 200 mM NaCl, 5 mM 
imidazole pH 8.0). A final concentration of 0.5 mg/ml of lysozyme was added and 
incubated for 45 min at 4° C. The tube containing the solution was placed on ice and 
sonicated with a probe sonicator (Soniprep 150, MES) for 20 seconds at 10-second 
intervals until the turbidity was clear. The solution was then centrifuged for 10 min at 
14,000 g (4° C) to remove unbroken cells and cell debris. The supernatant was collected 
and then incubated with Ni beads (prewashed in buffer 1) for 1 h at RT. The flowthrough 
was removed and the beads were then washed with 2 volumes of buffer 1 and then 2 
volumes of buffer 2 (50 mM Tris, 200 mM NaCl, 15 mM imidazole pH 8.0). Finally, Aleu-
GFP was eluted in 1 volume of elution buffer (50 mM Tris, 200 mM NaCl, 250 mM 
imidazole pH 8.0). The protein purification was confirmed on an SDS PAGE stained with 
Coomassie and by Western blot using 1:5000 anti-His-tag horseradish peroxidase-
conjugated antibody (MAB050H, R&D Systems).  

https://www.zotero.org/google-docs/?i1s9w0
https://www.zotero.org/google-docs/?PXRVZM
https://www.zotero.org/google-docs/?EPOS3B


 
 
The Aleu-GFP was further purified with size exclusion chromatography via ÄKTA pure 
protein purification system (Cytiva) using Superdex 200 Increase 10/300 GL column 
(Cytiva) using 1.5 CV of 20 mM Tris pH 8.0, 200 mM NaCl. Fractions containing the 
fluorescent protein were pooled and the protein was concentrated with Vivaspin 20 
MWCO 10,000 (Cytiva) to the desired concentration. 
  
Crystallographic determination of unbound VSR1 structure 

Due to a lack of electron density, residues 129–135 were omitted in the crystallographic 
model of the unbound VSR1. Positive peaks in the difference map were found close to 
the side chains of N143, N289 and N429 in agreement with reported glycosylation sites 
4. Omit electron density map supported a single 2-acetamido-2-deoxy-β-D-glucopyranose 
(NAG) for N143 and N429 glycosylation, while for N289 it was possible to include 2NAG-
1BMA(β-D-mannopyranose)-2MAN(α-D-mannopyranose) (SI Fig. 2). Due to the limited 
data of this low-resolution crystal structure, parameters refined in phenix.refine 5 were 
reduced by using grouped Bfactors refinement. Due to weak electron density, BMA and 
MANs had their occupancy reduced to 0.75 and side chains of residues 20, 21, 22, 24, 
25, 86, 93, 95, 99, 102, 121, 125, 126, 128, 139, 141, 153, 155, 163, 168, 176, 177, 181, 
189, 197, 198, 207, 234, 238, 242, 250, 257, 263, 264, 265, 267, 270, 283, 308, 311, 317, 
318, 325, 332, 337, 342, 355, 360, 380, 384, 390, 393, 405, 415, 422, 433, 434, 438, 442, 
444, 455, 457, 460 had Bfactors increased to a factor of 1.5 of main chain Bfactor. 
Probably due to radiation damage, negative peaks appeared in sulfurs of cysteines 70, 
98, 202, 236, 246 and 319, therefore we included its side chain reduced form with a half 
occupancy. The final model had R/Rfreeof 25.4/27.8%, 95.8% of Ramachandran favored 
residues and no outliers, 1.9% poor rotamers and no Cβ outliers, a clashscore of 7.8 and 
a Molprobity score of 1.92, which is in the 100th best percentile of all structures elucidated 
from datasets of similar resolution (3.25–9.93 Å) 6. The quaternary assembly of VSR1 
was predicted using PISA software 7 and interaction between monomers was calculated 
with PLIP 8. Figures were generated using Coot 9 and PyMOL (The PyMOL Molecular 
Graphics System, Version 1.8.4.0, Schrödinger, LLC., http://www.pymol.org/). 

  

Crystallographic determination of bound VSR structure 

Due to a lack of electron density, residues 133–137 were omitted in the crystallographic 
model of the bound VSR1. Positive peak in the difference map were found close to the 
side chain of N289 in agreement with reported glycosylation sites 4. Omit electron density 
map supported 2 NAGs (SI Fig. 2). Due to weak electron density, side chains of VSR1 
were omitted for residues 64, 71, 83, 132, 138–139, 200–201, 207, 210, 244, 317–318, 
336, 342, 360, 369, 408, 418, 426–427, 465, 467, 475, 477, 487–488, 494, 496–500, 
502–503, 505, 507–508, 510–511, 513, 530, 536–537 and 611. For aleurain in CBS1, 
side chain atoms of N4 and R7 were omitted. For aleurain in CBS2, side chain of S3 was 
omitted. The final model had R/Rfreeof 21.7/27.3%, 95.6% of Ramachandran favored 
residues and 0.2% of outliers, no poor rotamers or Cβ outliers, a clashscore of 8.62 and 
a Molprobity score of 1.77, which is in the 100th best percentile of all structures elucidated 
from datasets of similar resolution (2.72–3.22 Å) 6. The interaction to cargos was 
calculated with PLIP 8. Figures were generated using Coot 9 and PyMOL (The PyMOL 
Molecular Graphics System, Version 1.8.4.0, Schrödinger, LLC., http://www.pymol.org/). 
 

https://www.zotero.org/google-docs/?LThjma
https://www.zotero.org/google-docs/?cLMMAA
https://www.zotero.org/google-docs/?HICWsG
https://www.zotero.org/google-docs/?JDoWn9
https://www.zotero.org/google-docs/?sbeDYx
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