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Abstract 6 

Endosomes are central stations for converging proteins from biosynthetic pathways and 7 
endocytic routes. Many endosomal proteins are sorted to the plasma membrane or Golgi 8 
despite the lysosome being the primary endosomal fate. SNX5/6 are now revealed to 9 
decode a conserved bipartite signal to mediate protein sorting to the Golgi or plasma 10 
membrane. 11 

 12 

Main text 13 

Endosomes are critical sorting hubs for proteins synthesized in the ER, such as lysosomal 14 
hydrolases, as well as for proteins internalized from the cell surface2. During ER-Golgi 15 
transport, lysosomal hydrolases are modified to contain an address tag in the form of 16 
mannose-6-phosphate (M6P), which is recognized in the trans-Golgi network (TGN) by 17 
cation-independent mannose-6-phosphate receptor (CI-MPR) for delivery to endosomes2. 18 
CI-MPR is then recycled back to the TGN for multiple rounds of re-use2. Unlike 19 
materials destined for degradation in the lysosome to provide nutrients, many membrane 20 
proteins such as growth factor receptors, nutrient transporters, and neurotransmitter 21 
receptors are recycled from the endosomal network back to the cell surface, yet the 22 
underlying mechanisms are only partially understood2. In this issue, Simonetti et al. 23 
delineate the mechanism of CI-MPR recycling and uncover a critical role for sorting 24 
nexin 5 (SNX5) and the closely related sorting nexin 6 (SNX6) in endosomal recycling of 25 
transmembrane proteins1.  26 

 27 

Many proteins in the endosomal network are sorted for recycling back to the TGN or to 28 
the plasma membrane as part of the endosomal maturation process (Figure 1A). 29 
Simonetti et al. began their study by describing the bipartite sorting signal present in the 30 
CI-MPR cytoplasmic domain and in insulin like growth factor 1 receptor (IGF1R). This 31 
signal is recognized by SNX5 and SNX6, either for sorting into tubular vesicular carriers 32 
for recycling back to the TGN (for CI-MPR) or to the plasma membrane (for IGF1R)1-2. 33 
The sorting nexin (SNX) family of proteins is characterized by the presence of a 34 
conserved phox domain which mediates interactions with phosphoinositides (mainly 35 
phosphatidylinositol 3-phosphate [PI3P]) on endosomes3,4.  A subset of SNXs including 36 
SNX5 and SNX6 contain an insertion in the phox domain and are unable to bind 37 
phosphoinositides5. The bipartite sorting signal is in the form of ΦXΩXΦ(X)nΦ where Φ 38 
stands for hydrophobic residues, X stands for any residue, Ω stands for aromatic residues 39 
such as Tyr or Phe, and (X)n stands for flexible n-residue linker region. For CI-MPR, the 40 
motif is in the region of 2346VSYKYSK2355(13AA)2369WLM2371 (conserved motif 41 
underlined). Simonetti et al. showed that this sorting signal is recognized by the expanded 42 



phox domain of SNX5/6. They demonstrated direct binding between the sorting signal 43 
and the phox domain and solved the crystal structure of the complex formed between the 44 
signal and the phox domain. This revealed that the sorting signal forms two anti-parallel 45 
β-strands (referred as βA and βB, respectively) connected by a flexible linker, and that 46 
they are inserted into a hydrophobic groove of the phox domain. Key residues in the 47 
signal and hydrophobic groove were shown to be essential for the interaction. 48 
Functionally, experiments using cells with SNX5/6 knockout transfected with wildtype or 49 
various mutants of SNX5 demonstrated the importance of this recognition in mediating 50 
CI-MPR recycling. Using cells with CI-MPR knockout transfected to express wildtype or 51 
CI-MPR mutants, the authors demonstrated the importance of the signal in the endosome-52 
TGN recycling.  53 

 54 

Together with several other SNXs such as SNX1 and SNX2, SNX5/6 belongs to a 55 
subfamily of sorting nexins having a C-terminal BAR (Bin/Amphiphysin/Rvs) domain2,6. 56 
The BAR domain forms a banana-like structure that binds negatively-charged lipids on 57 
the membrane and generates and senses membrane curvature6. SNX5/6 forms a 58 
heterodimer with SNX1 or its closely related SNX27,8. As the phox domain of SNX1/2 59 
interacts with PI3P, one emerging model is that the SNX5/6 phox domain interacts with 60 
the sorting signal whereas the SNX1/2 phox domain interacts with PI3P to trigger 61 
endosomal recruitment. The SNX5/6 and SNX1/2 BAR domains sense and generate 62 
membrane curvature to pack CI-PMR into tubular and vesicular carriers destined for the 63 
TGN2 (Figure 1B, right panel). Simonetti et al. demonstrated a similar interaction of the 64 
bipartite signal present in IGF1R and semaphorin 4C (SEMA4C), which mediates 65 
interaction with surface plexin-B2 to regulate axon guidance7. They found that this 66 
interaction drives IGF1R recycling back to the cell surface. The interaction may also 67 
drive SEMA4C recycling to the surface. The interaction of three different proteins using 68 
the similar bipartite signal with the same phox domain of SNX5/6 suggests that this mode 69 
of action may mediate the recycling of a diverse set of membrane proteins.  70 

 71 

Simonetti et al. used proteomics to identify other SNX5 interacting proteins depending on 72 
the intact hydrophobic groove. This approach identified another 48 proteins including 73 
membrane proteins such as roundabout guidance receptor 1 (ROBO1) involved in axon 74 
guidance1, transmembrane protein 230 (TMEM230) potentially involved in Parkinson’s 75 
disease1, and G protein-coupled receptor 50 (GPR50) involved in signalling1. The 76 
interactions of these three proteins were validated by co-immunoprecipitation and their 77 
cytoplasmic domains were shown to contain motifs resembling the ΦXΩXΦ motif for the 78 
βA strand. An additional proteomics approach was used to probe the surface protein 79 
profile in control cells versus cells lacking functional SNX5/6, leading to the 80 
identification of 61 membrane proteins potentially regulated by SNX5/6. Consistently, 81 
the ΦXΩXΦ motif was present in the cytosolic tails of 20 proteins. As the linker region is 82 
flexible in length and the βB strand is defined by a hydrophobic residue, it is reasonable 83 
to propose that these other proteins may also use a similar bipartite sorting signal for 84 
recycling mediated by the SNX5/6 heterodimer complex. These results support the 85 
conclusion that the SNX1/2-SNX5/6 heterodimer functions as general sorting machinery 86 
for recycling proteins back to the surface or the TGN. Simonetti et al. further showed a 87 



role for SNX6 in axonal guidance in vivo in Drosophila melanogaster. The interaction 88 
between the signal and SNX5 is structurally similar to that revealed for the interaction 89 
between Chlamydia trachomatis effector inclusion membrane protein E (IncE) and 90 
SNX5/SNX69,10, suggesting that the pathogenic bacteria may disrupt the recycling 91 
machinery to enable its survival and proliferation in the infected cells.  92 

 93 

Together with the established role of SNX3 and SNX272, 11-14, the study by Simonetti et 94 
al places SNXs onto central stage as major drivers regulating protein sorting in the 95 
endocytic network. The sorting processes mediated by SNXs also mediate endosomal 96 
maturation. 97 

 98 

In an independent study by Suzuki et al, a bipartite signal was revealed for yeast vacuolar 99 
protein sorting receptor vps10 (Vps10)15. Like CI-MPR, Vps10 functions to deliver 100 
carboxypeptidase Y to the vacuole (lysosomes in yeast) via the endosome.  Another yeast 101 
endosomal protein called eosinophil-associated, ribonuclease A family, member 1 (Ear1) 102 
was also shown to use similar bipartite signal for endosomal retrieval. The machinery 103 
responsible for the recognition in the yeast is the retromer complex consisting of the 104 
following vacuolar protein sorting (Vps) proteins: Vps26, Vps29, Vps35, Vps5 and 105 
Vps17. All five proteins have mammalian homologues. Vps26, Vps29 and Vps35 form 106 
cargo-selective subcomplexes (CSC), whereas Vps5 and Vps17 are related to SNX1/2 107 
and SNX5/6, relatively, and they form the SNX-BAR subcomplex2. The phox domain of 108 
Vps17 does not have an insertion and therefore is capable of PI3P binding. These two 109 
subcomplexes thus form the yeast retromer for endosomal sorting2. Suzuki et al. revealed 110 
that Vps26 and Vps35 in the CSC subcomplex recognizes the signal of Vps10 and Ear1. 111 
Interestingly, they showed that Vps26 uses different sites for recognizing the motifs in 112 
Vps10 and Ear1. In this way, the CSC subcomplex recognizes the bipartite signal, 113 
whereas the phox domains of Vps5 and Vps17 bind endosomal PI3P and their BAR 114 
domains act to sense and expand membrane curvature to generate vesicular and tubular 115 
carriers (Figure 1B, left panel).  116 

 117 

The key principles for endosomal sorting are conserved. First, the bipartite signal has two 118 
conserved motifs with a flexible linker. Second, the sorting machinery is able to decode 119 
the bipartite signal (via Vps26 and Vps35 in yeast retromer and via the phox domain of 120 
SNX5/6 in the mammal), to bind endosomal PI3P (via the phox domain of Vps5 and 121 
Vps17 in the yeast and via the phox domain of SNX1/2 in the mammal), and to sense 122 
curvature and deform membrane to generate tubular vesicular carriers (via the BAR 123 
domains of Vps5 and Vps17 in yeast and the BAR domains of SNX1/2 and SNX5/6). 124 
However, there are structural differences between the yeast and mammalian machinery. 125 
The machinery in the yeast consists of two subcomplexes with 5 different proteins 126 
whereas the mammalian machinery consists of only two proteins (SNX1/2 and SNX5/6). 127 
The CSC subcomplex does not interact with mammalian SNX1/2 or SNX5/6 and instead 128 
partners with other proteins such as SNX3 and SNX27 to create other sorting 129 
machineries2, 11-14.  130 



 131 

Several important questions remain unanswered. First, is the SNX1/2-SNX5/6 132 
heterodimer sufficient for packing cargos into transport carriers? Alternatively, the 133 
heterodimer may represent the core of a large complex with accessory proteins. Second, 134 
how are different cargoes recognized by the same heterodimer yet the resulting carriers 135 
are delivered to different destinations (CI-MPR to the TGN whereas IGF1R and many 136 
others to the surface)? This may be related to the first question, as the same heterodimer 137 
may potentially engage different accessory factors, resulting in the generation of different 138 
carriers having different destinations. The SNX3-containing retromer was implicated in 139 
recycling CI-MPR from the endosome to the TGN12. It will be important to determine if 140 
these two mechanisms represent sequential or concurrent events.  141 

 142 
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 163 
Figure legends 164 
 165 
Figure 1. Schematic highlighting the sorting roles of the endosomal network. a. 166 
Lysosomal acid hydrolases derived from the biosysnthetic pathway (ER-Golgi-TGN) are 167 
delivered from the TGN to the endosomal network. Proteins internalized via various 168 
routes of endocytosis enter the sorting endosome which matures sequentially into   169 
mature endosomes called multivesicular bodies (MVB) to fuse with the lysosome.  170 
During the maturation of sorting endosomes which are heterogeneous (the early and late 171 
sorting endosomes are depicted for simplicity of illustration), proteins having targeting 172 
signals are recognized by cellular machineries for recycling back to the surface or the 173 
TGN. The sorting endosomes may have different domains (such as maturing domain to 174 
keep proteins destined for lysosomes and the sorting domain for proteins destined for 175 



recycling back to the surface or the TGN). A bipartite sorting signal identified in diverse 176 
membrane proteins such as CI-MPR and IGF1R is recognized by the SNX1/2-SNX5/6 177 
heterodimer for recycling back to the surface (IGF1R and other candidate proteins 178 
identified) or the TGN (CI-MPR). b. A working model for signal sorting. In yeast, the 179 
bipartite sorting signal in CYP is decoded by the retromer complex in which Vps26 and 180 
Vps35 of the CSC subcomplex recognize the signal whereas the phox domains of BAR-181 
SNX Vps5 and Vps17 bind endosomal PI3P while their BAR domains deform the 182 
membrane to generate tubular vesicular carriers.  In mammalian cells, the SNX1/2-183 
SNX5/6 heterodimer mediates the sorting of CI-MPR and many other proteins. The 184 
bipartite signal is recognized by the hydrophobic groove of the expanded phox domain of 185 
SNX5/6. The phox domain of SNX1/2 mediates endosomal recruiting through binding 186 
PI3P. The BAR domains of SNX1/2 and SNX5/6 generate membrane curvature to form 187 
tubular vesicular carriers. 188 
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