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The retromer is a heteropentameric complex that associates
with the cytosolic face of endosomes and mediates retrograde
transport of transmembrane cargo from endosomes to the
trans-Golgi network. The mammalian retromer complex
comprises a sorting nexin dimer composed of a still undefined
combination of SNX1, SNX2, SNX5 and SNX6, and a cargo-
recognition trimer composed of Vps26, Vps29 and Vps35. The
SNX subunits contain PX and BAR domains that allow binding
to PI(3)P enriched, highly curved membranes of endosomal
vesicles and tubules, while Vps26, Vps29 and Vps35 have
arrestin, phosphoesterase and a-solenoid folds, respectively.
Recent studies have implicated retromer in a broad range of
physiological, developmental and pathological processes,
underscoring the critical nature of retrograde transport
mediated by this complex.
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Introduction

The retromer is a multi-subunit complex that associates
with the cytosolic face of endosomes and mediates retro-
grade transport of transmembrane proteins from endo-
somes to the #ans-Golgi network (TGN) [1-3] (Figure 1).
The best-characterized transmembrane proteins sorted
by retromer are the acid hydrolase receptors, vacuolar
protein sorting 10 (Vpsl0) in the yeast Saccharomyces
cerevisiae [4,5] and mannose 6-phosphate receptors
(MPR) in mammals [6-8]. The main role of these recep-
tors is to carry newly synthesized acid hydrolase precur-
sors from the T'GN to endosomes for eventual delivery to
the vacuole and lysosomes, respectively (Figure 1). Upon
release of the acid hydrolase precursors into the endoso-
mal lumen, the unoccupied receptors undergo retrograde

transport to the T'GN in a retromer-dependent manner
(Figure 1). Mutation of genes encoding retromer subunits
in yeast [4,5] or RNA interference of retromer subunit
expression in mammalian cells [6-8] prevents the retrie-
val of acid hydrolase receptors to the TGN and causes
their missorting to the vacuole or lysosomes, where they
are degraded. As a consequence, acid hydrolase precur-
sors are secreted and vacuolar/lysosomal degradation is
impaired. Recent studies have shed light into the mol-
ecular mechanisms by which retromer mediates the sort-
ing of acid hydrolase receptors, and have also revealed a
requirement for recromer in many other physiological and
developmental processes that depend on retrograde trans-
port.

Sorting nexin subunits

Retromer is a heteropentameric complex consisting of a
sorting nexin (SNX) dimer and a Vps26-Vps29-Vps35
trimer (Figures 2 and 3). In yeast, the SNX dimer consists
of Vps5 and Vps17 [4,5]. In mammals, the exact compo-
sition of the SNX dimer is less clear. SNX1 and SNX2 are
largely interchangeable Vps5 orthologs [9,10°,11°], while
SNX5 and SNX6 appear be the functional mammalian
orthologs of Vps17 [12,13°]. In mammals, the SNX dimer
is required for the recruitment of the Vps26-Vps29-Vps35
trimer to endosomes [10]. The SNX dimer, on the other
hand, can be recruited to endosomes independently of
the Vps26-Vps29-Vps35 trimer [6,14-16].

All SNX family members contain a PX ( phox homology)
domain (Figures 2 and 3), which is responsible for binding
to specific phosphoinositides [17,18]. The PX domains of
SNX1 [14,15,19], SNX2 [20,21], and SNX5 [16] have all
been shown to bind phosphatidylinositol 3-phosphate
(PI(3)P), and in some cases to other 3-phosphoinositides.
The NMR structure of the SNX1 PX domain shows that
the PI(3)P-binding pocket has fewer basic residues than
that of high-affinity PI(3)P binding PX domains [19].
Because of its relatively low affinity binding, the SNX1
PX domain requires dimerization and/or association with
additional domains to target to PI(3)P-containing mem-
branes in cells.

SNX1, SNX2, SNX5 and SNX6 contain a BAR domain
immediately C-terminal to their PX domain (Figures 2
and 3). BAR domains are banana-shaped dimers with
different degrees of curvature [22,23]. Some BAR
domains induce, while others only sense, curvature.
Although the BAR domain structures for the SNX sub-
units of retromer are not known, the structure of the
closely related tandem PX and BAR domain portion of
SNX9 was recently determined [24°]. SNX1 binds
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Sorting of acid hydrolases mediated by mannose 6-phosphate receptors. The scheme represents the sorting of acid hydrolases by
transmembrane, mannose 6-phosphate receptors (MPR) that cycle between the trans-Golgi network (TGN) and endosomes. Coats containing
clathrin, GGA and AP-1 mediate exit of hydrolase-MPR complexes from the TGN, whereas retromer mediates the retrieval of unoccupied MPR from
endosomes. Sequestration of MPR into recycling tubules by retromer prevents their delivery to the degradative, multivesicular body (MVB) pathway by
the clathrin-ESCRT machinery. A fraction of MPR are transported from the TGN to the plasma membrane, after which they are internalized by coats
containing clathrin and AP-2, joining the pool of recycling receptors in endosomes. See text for additional details and references. TEN: tubular

endosomal network; H* represents the acidic pH of the endosome lumen.

preferentially to highly curved liposomes, and at high
concentrations can form high curvature membrane
tubules 7z vitro [7]. The SNX dimer may therefore drive
tubule formation and, by recruiting the cargo recognition
complex, effectively coordinate cargo sorting with tubule
carrier formation.

The cargo recognition complex

While the SNX dimer is responsible for the recruitment
of retromer to endosomes, the Vps26-Vps29-Vps35 tri-
mer (Figures 2 and 3) is thought to participate in cargo
binding and is therefore referred to as the ‘cargo recog-
nition complex’. The yeast genome encodes one Vps26
species, whereas the human genome encodes two Vps26
isoforms, A and B [25]. X-ray crystallographic analyses
have shown that the structures of both human Vps26
isoforms are very similar to each other, consistent with
their high sequence homology [26°,27°]. Vps26 has a two-
lobed structure with a polar core that is closely similar to

the arrestin family of trafficking adaptors [26°27°]
(Figure 3). The arrestins are best known for linking G-
protein coupled receptors to clathrin. However, the
binding sites for these receptors are not conserved in
Vps26, and the overall structural similarity does not
necessarily mean that these proteins have any ligands
in common. Arrestins are thought to undergo a confor-
mational change upon activation, in which the two lobes
open up and expose the polar core, although the putative
open state has not been directly visualized by X-ray
crystallography. It also remains to be seen whether
Vps26 is capable of undergoing such a conformational
change. Vps26 is incorporated into the retromer complex
via interactions with the Vps35 subunit [26°,27°]. Vps26
binds to Vps35 through its C-terminal lobe [26°,27°]
(Figure 3). Indeed, the two lobes of Vps26 are capable
of folding independently when expressed in isolation,
and the C-terminal lobe is sufficient to form a complex

with Vps35 [27°,28""].
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Figure 2
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Domain organization of mammalian retromer subunits. Boxes indicate folded domains and lines largely disordered sequences. Number of amino
acids and molecular masses of each subunit are indicated. The functions of each domain are denoted on top. All subunits occur as multiple
splice forms, only one of which is represented here. The exact subunit composition of the mammalian retromer complex is not known with
certainty, although a current view is that it comprises a dimer of SNX1/2 with SNX5/6, and a trimer composed of one copy each of

Vps26A/B, Vps29 and Vps35.

The crystal structures of human, murine, and Crypros-
poridium parvum Vps29 reveal that this subunit has a
metallophosphoesterase fold [28°°,29,30] (Figure 3).
The direct binding of divalent metal ions to the metal-
lophosphoesterase-like active site has been confirmed
structurally for murine Vps29 [30]. Active metallopho-
sphoesterases contain a His residue that serves as a
catalytic base and is required for activity. Vps29 contains
instead a Phe residue at this position, consistent with
the absence of catalytic activity. On the basis of the
structure of the Vps29-Vps35 subcomplex [28°°] and on
mutational analyses [28°°,30], the metal-binding face of
Vps29 appears to serve as a scaffold for the assembly of
Vps35. Mutational studies also show that Vps29 contains
a SNX binding site [30], which is on the opposite face of
the protein from the Vps35 binding site [28°°]
(Figure 3).

The C-terminal ~40% of the human Vps35 has been
crystallized in complex with Vps29, revealing an a-sole-
noid fold that curves around the metal-binding face of
Vps29 [28°°] (Figure 3). Bioinformatics analysis guided by
the structure shows that the a-solenoid extends through
the entire structure of Vps35 [28°°]. This structure is

reminiscent of that of the large adaptin subunits of the
clathrin-associated adaptor protein (AP) complexes, AP-1
[31] and AP-2 [32], and of the clathrin heavy chain leg
domains [33,34]. While the C-terminal ~300 residues of
Vps35 bind to Vps29, the N-terminal ~150 are respon-
sible for binding to Vps26 [28°°] (Figure 3). A PRLYL
motif in this N-terminal portion of Vps35 is required for
its interaction with Vps26 [35°-37°]. The location of the
PRLYL motif suggests that Vps26 binds ‘in #ans’ to
Vps29, that is, on the opposite face of the a-solenoid
(Figure 3). The retromer cargoes Vps10 and dipeptidyl
aminopeptidase A (DPAP-A; also known as Ste13) bind to
the elongated Vps35 structure near both ends [38,39]
(Figure 3). Binding sites for N-terminal sequences from
the SNX subunits [21,40] are also located at both ends of
the cargo recognition complex [30,41] (Figure 3),
suggesting that the Vps26-Vps29-Vps35 cargo recog-
nition complex binds to membranes in a parallel manner
[28°°]. EM analysis shows that the cargo recognition
complex is capable of curvature [28°°]. This has led to
the current structural model of retromer as a putative
‘coat’ for tubulovesicular structures [28°°] (Figures 3 and
4). Although this model is speculative, a newly described
electron microscopic reconstruction of an F-BAR domain
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Figure 3
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Structure of retromer. Retromer subunits are colored as in Figure 2. The crystal structure of human Vps26A is shown in cyan (PDB 2FAU; [26°]),
and those of human Vps29 and Vps35 are shown in green and red, respectively (PDB 2R17; [28°°]). Residues surrounding the inactive
metallophosphoesterase site of Vps29 are shown in a stick model. The structure of the SNX dimer is represented by the crystal structure of the
SNX9 PX-BAR unit [24°]. The entire SNX dimer model is shown in purple, with the PI(3)P shown in a stick model. The structures are shown
relative to a hypothetical model for the retromer coat bound to a membrane tubule (modified from ref. [28°°]).

bound to a tubular vesicle is similar, providing an exper-
imental precedent for such a structure [42°°].

Possible regulation by Rab7

The SNX and cargo recognition components of the yeast
retromer form a tightly assembled heteropentameric com-
plex that stays together upon extraction from cells and
isolation by immunoprecipitation [5,40]. By contrast, the
mammalian retromer complex is labile and fractionates as
separate SNX and cargo recognition complexes under
various conditions [10°]. Moreover, interactions of
SNX1 and SNX2 with Vps26, Vps29 and Vps35 are
extremely weak or undetectable when tested in isolation
[10°,30]. Interactions of SNX5 and SNX6 with these Vps
subunits have not been observed [13°]. It is possible that
combinations of SNX1/2 with SNX5/6 might show stron-
ger interactions, but this remains to be tested. Another
possibility that has to be considered, however, is that
assembly of the mammalian retromer complex on mem-
branes involves other yet unidentified components. Inter-
actions with the cytosolic tails of transmembrane cargoes
might be a stabilizing factor. In addition, recent studies
suggest that, like other protein coats, retromer might be
regulated by a small GTPase of the Ras superfamily.
Indeed, the G'TP-bound form of Rab7 has been shown to
interact with the retromer cargo recognition complex in

Entamoeba histolytica [43]. Strikingly, the genome of this
organism does not appear to encode any SNX orthologs. It
therefore remains to be determined whether it is Rab7-
G'TP that promotes recruitment of the cargo recognition
complex to endosomes in E. Aistolytica, and whether this
function is conserved in mammals.

Association with vacuolar and tubular
endosomes

In wvivo, the mammalian retromer is associated with
vacuoles that label for early endosomal markers [6-8],
contain intraluminal vesicles [6,7,20], and have flat,
bilayered clathrin coats [6,7,20] (Figure 4). These proper-
ties define the retromer-containing vacuoles as intermedi-
ates in the maturation from early to late endosomes
[44,45]. In addition, retromer is found on long, highly
dynamic tubules that emanate from specific foci on the
vacuolar endosomes and extend for long distances along
microtubules [6,7,10%,20] (Figure 4). These tubules are
likely intermediates in cargo transport to the TGN, and
may be part of an extensive tubular endosomal network
(TEN) that both recycles and sorts proteins to various
destinations within the cell [2]. The existence of vesicu-
lar, endosome-to-TGN transport carriers (ETCs) emer-
ging from SNX1-enriched regions of vacuolar endosomes
has also been documented [46°]. The relationship of
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Retromer Bonifacino and Hurley 431

Vps29-YFP

10 nm Vps26

Current Opinion in Cell Biology

Presence of retromer on vacuolar (E) and tubular (arrows) endosomes. (a) Imaging of the cytoplasm of a live cell expressing Vps29 tagged with the
yellow fluorescent protein (Vps29-YFP) A video showing the dynamics of Vps29-YFP-containing endosomes can be seen at http://
cellimages.ascb.org/cdm4/item_viewer.php?CISOROOT=/p4041coll12&CISOPTR=258&CISOBOX=1&REC=4. Image and video are courtesy of
Gonzalo Mardones, NICHD, NIH. (b) Immunoelectron microscopy of the localization of endogenous Vps26 labeled with 10 nm gold particles
(reproduced with permission from ref. [6]). Arrowhead shows a flat, electron dense coat characteristic of coated endosomes. Bar: 100 nm.

these vesicular carriers to the retromer-decorated tubules
and the TEN remains to be determined. In any case, the
function of retromer appears to be the sequestration of
membrane-bound cargo proteins from the limiting mem-
brane of the vacuolar endosomes into retrograde transport
intermediates, thus preventing their default delivery to
lysosomes. An important corollary of these findings is that
retromer-mediated retrieval of acid hydrolase receptors
starts at the level of early endosomes and proceeds as the
endosomes mature to late endosomes.

Cargo recognition

Early studies in yeast identified residues in the cytosolic
tails of Vps10 and DPAP-A that are important for endo-
some-to- TGN retrieval and that show genetic inter-
actions with Vps35 in suppressor mutation analyses
[39,47,48]. One such set of residues from DPAP-A,
FXFXD, was found to be required for binding of
DPAP-A to retromer, as shown by cross-linking/co-immu-
noprecipitation analyses [39]. The mammalian Vps10
homologs, sortilin and Sor[LA, are also thought to undergo
retromer-dependent transport from endosomes to the
TGN [46°,49°,50]. A recent study has identified short

sequence motifs in the cytosolic tails of the cation-inde-
pendent MPR (CI-MPR) (i.e. WLM) and sortilin (i.e.
FLYV) that interact with the retromer cargo recognition
complex in co-immunoprecipitation assays and that are
required for retrograde transport [49°]. Common features
of the yeast and mammalian motifs are their overall
hydrophobicity and presence of aromatic amino acid
residues. However, it is still not known whether these
motifs conform to a particular consensus. Importantly,
they are distinct from other motifs that interact with the
GGA adaptor proteins and with the AP-1 and AP-2
complexes [51], indicating a novel mode of recognition.
Yeast two-hybrid analyses showed interaction of the
cytosolic tail of the cation-independent MPR (CI-
MPR) with mammalian Vps35, although the interaction
was very weak and the sequences that mediate it were not
identified [6]. Thus, the nature of the signal-retromer
interactions that are involved in retrograde transport
remains to be fully elucidated.

Other retromer-interacting proteins
Whereas the core components of retromer have probably
all been identified, additional binding partners that might
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act as regulators or effectors of retromer function have
recently been discovered. One of these partners is
another yeast sorting nexin known as Grd19 or Snx3,
which physically interacts with retromer in cross-linking/
affinity purification analyses [52°]. Grd19 in turn recog-
nizes the sequence GHLPFTKNLQ in the C-terminal
tail of the Ftrl component of the reductive iron trans-
porter, Fet3—Ftrl [52°]. These interactions are required
for maintenance of the transporter at the plasma mem-
brane under low-iron conditions, a process that involves
continuous recycling between the plasma membrane,
endosomes and the TGN [52°]. As for other cargoes,
retromer, in conjunction with Grd19, is thought to func-
tion in the endosome-to- TGN part of this cycle. Inter-
action with Grd19 thus endows the retromer complex
with additional cargo-recognition specificity and
represents an example of binding of a retrograde transport
signal by a sorting nexin instead of a Vps component.

Another retromer-binding partner, identified by co-
immunoprecipitation analyses, is EHD1 [53°]. This
protein has helical, nucleotide-binding/dimerization,
and EH domains, and functions in tubule formation in
a manner analogous to dynamin [54,55]. Moreover,
EHD1 partially co-localizes with retromer on endosomal
vacuoles and tubules, promotes retromer recruitment to
membranes, maintains the integrity of retromer tubules,
and is required for the retrieval to the TGN of chimeric
proteins having the cytosolic tail of the CI-MPR [53°].
Interestingly, EHD1 had been previously implicated in
the recycling of the transferrin receptor [56] and MHC
class I molecules [54] from endosomes to the plasma
membrane, also utilizing tubular intermediates [54]. It

Table 1

thus appears that EHD1 might be a common effector of
tubular transport in various recycling pathways stemming
from endosomes.

Involvement in multiple physiological
processes

Although most of the early work on retromer focused on
its role in the sorting of acid hydrolase receptors, a recent
flurry of papers has uncovered an involvement of retromer
in many other physiological and developmental processes
(Table 1). Most of these processes are thought to rely on
the retromer-mediated transport of an intracellular sorting
receptor (e.g. the mammalian Vps10 homologs sortilin
and SorLLA [46°,49°,50], the plant sced storage protein
receptor AtVSR1/AtELP [57°,58°], the Wnt chaperone
Whtless [59°-66°]), TGN or endosomal SNAREs (e.g.
yeast Pep12 [67]), or a plasma membrane transporter (e.g.
the auxin efflux carrier PIN [68°,69°], the reductive iron
transporter Fet3-Ftrl [52°]). All of these proteins have
the property of cycling between the TGN and endo-
somes, or between the plasma membrane and the TGN,
in the latter case with an intermediate station in endo-
somes. As is the case for the acid hydrolase receptors,
retromer likely functions in the endosome-to-T'GN leg of
these cycling pathways (Figure 1). This function of retro-
mer is exploited by internalized bacterial exotoxins such
as Shiga toxin, the B subunit of which requires retromer to
travel from endosomes to the TGN on its way to the
endoplasmic reticulum and the cytosol [11°,70%,71°]. An
interesting variation in this case is that Shiga toxin binds
to the exofacial glycosphingolipid Gb3, which does not
traverse the lipid bilayer and therefore cannot directly
interact with retromer.

Diverse functions of retromer

Process Mechanism Refs.
Cargo sorting mediated by intracellular receptors Retrieval of the receptors from endosomes to the TGN [4,5,8,6,7,
such as Vps10, MPRs, sortilin, SorLA, AtVSR1/ 10°,46°,49°,
AtELP, in various organisms 50,57°,58°]
Recycling of the endosomal SNARE, Pep12 Retrieval from endosomes to the TGN in conjunction [67]
with Grd19/Snx3
Secretion of Wnt morphogens and generation of Allows recycling to the TGN of the Wnt receptor, Wntless, so [59°-66°]
Whnt gradients during development in that it can participate in further rounds of Wnt transport to
Caenorhabditis elegans and Drosophila melanogaster the plasma membrane
Cell polarity and organ initiation mediated by Cycling and polarized delivery of the auxin efflux carriers, PIN [68°,69°]
the phytohormone, auxin, in Arabidopsis thaliana
Maintenance at the plasma membrane of the Retrieval of internalized transporter to the TGN mediated [562°]
reductive iron transporter, Fet3-Ftr1, under in conjunction with Grd19/Snx3
low iron conditions in Saccharomyces cerevisiae
Bacterial (e.g. Shiga) toxin action Transport of internalized toxin from endosomes to the TGN [11°,70%,71°]
Regulation of amyloid-B peptide production Retrieval of amyloid precursor protein (APP), its sorting receptor [50,73-75]
(SorLA) or its processing peptidases (- or y-secretase)
from endosomes to the TGN
Transcytosis of polymeric immunoglobulin Prevents delivery of internalized plgR-plgA to lysosomes, [76,81]
receptor (pIgR) and its ligand, polymeric IgA (plgA) thus allowing for its transport to the plasma membrane
Endocytic trafficking, signaling and tumor Inhibition of Rac1-dependent actin polymerization [82°]

suppression in Drosophila melanogaster
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Defects in retromer have also been proposed to underlie
some forms of Alzheimer’s disease [72]. Indeed, retromer
levels are reduced in affected areas of the brain of
Alzheimer’s disease patients. Moreover, depletion of
retromer by RNA interference increases production of
amyloid-pB peptide, a causative agent of Alzheimer’s dis-
ease [72]. Amyloid-B peptide is produced by proteolytic
cleavage of the transmembrane amyloid precursor protein
(APP) by two transmembrane endopeptidases, B-secre-
tase and +y-secretase, a process that at least in part occurs
in endosomes. The transmembrane protein SorlLA has
also been shown to be reduced in Alzheimer’s disease
brains, to interact with APP and promote its localization to
the TGN, and to traffic in a retromer-dependent manner
[50,73-75]. Therefore, retromer could keep amyloid-
peptide production low by retrieving the amyloid pre-
cursor protein, SorlLA, B-secretase, and/or +y-secretase
from endosomes to the TGN.

Finally, retromer is also required for transport from the
basolateral to the apical surface of polarized epithelial
cells (i.e. ‘transcytosis’) of the polymeric immunoglobulin
receptor (pIgR) and its cargo IgA [76]. This role is
mediated by a specific interaction between the cytosolic
tail of the pIgR and Vps35. As for many of the transmem-
brane proteins described above, depletion of retromer
causes the plgR to be targeted for lysosomal degradation.
To date, transcytosis has not been shown to involve
passage through the TGN. However, it does involve
endosomal tubules [77] that could also be part of the
TEN [2]. Thus, removal of transmembrane cargo from
vacuolar to tubular endosomes, whether for transport to
the TGN or to the apical plasma membrane, might be a
more general role of retromer.

Concluding remarks

Retromer has recently come into sharp focus as a novel-
sorting device involved in the physiologically critical
process of rescuing transmembrane proteins from the
limiting membrane of vacuolar endosomes for recycling
to the T'GN. Its role thus counteracts that of the ESCRT
machinery [78,79], which functions to sort transmem-
brane proteins from the limiting membrane of endosomes
into intraluminal vesicles (Figure 1). The distinct actions
of these two sorting devices contribute to the biochemical
and structural changes that occur during maturation of
early endosomes to late endosomes. Because of the
opposing effects of retromer and ESCRT complexes
on endosomal membranes, it is not surprising that they
have different structures and mechanisms of action.
Topologically, the role of retromer is more akin to that
of clathrin coats that function in protein sorting at the
plasma membrane and TGN [80]. Indeed, as discussed
above, retromer subunits share some common structural
motifs and regulatory mechanisms with clathrin-associ-
ated proteins. However, the overall arrangement of the
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structural motifs and specific mechanistic details are quite
distinct, indicating that retromer is in a class of its own.

Recent discoveries highlight the role of retromer in
diverse biological pathways, from lysosome biogenesis
to developmental signaling. These pathways in turn
involve molecular interactions with a wide range of cargo
molecules. Thus far no conserved retromer-interaction
motif has come to light. However, the tools are now
coming into place to address the molecular mechanisms
for cargo selection, and to determine to what extent
conserved vs. specialized motifs are utilized. Despite
the diversity of biological functions and biochemical
interactions of retromer, the concept of it as a BAR-
domain based coat for tubulovesicular structures is con-
sistent with the available data. The abundance of tubu-
lovesicular structures in eukaryotic cells suggests
retromer may have many yet-to-be discovered biological
roles. Furthermore, the prevalence of BAR domains and
their variants in eukaryotic proteomes suggests that there
are likely to be other types of tubulovesicular coats based
on a retromer-like structural paradigm. Experimentation
aimed at these questions should provide new insights into
the biological roles of retromer and tubulovesicular traf-
ficking. On the mechanistic front, the recent structural
and functional findings provide a foothold for analyses of
tubulovesicular trafficking that may parallel but also
diverge from paradigms established for conventional
vesicle trafficking. The initiation, growth, scission, trans-
port, docking and fusion of retromer-coated tubules or
derived carriers will be fruitful ground for mechanistic
studies in coming years.
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