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Summary

Background: Sorting nexins (SNXs) are phox homology
(PX) domain-containing proteins thought to regulate en-
dosomal sorting of internalized receptors. The prototypi-
cal SNX is sorting nexin-1 (SNX1), a protein that through
its PX domain binds phosphatidylinositol 3-monophos-
phate [Ptdins(3)P] and phosphatidylinositol 3,5-bis-
phosphate [PtdIns(3,5)P,]. SNX1 is associated with early
endosomes, from where it has been proposed to regu-
late the degradation of internalized epidermal growth
factor (EGF) receptors through modulating endosomal-
to-lysosomal sorting.

Results: We show here that SNX1 contains a BAR (Bin/
Amphiphysin/Rvs) domain, a membrane binding domain
that endows SNX1 with the ability to form dimers and
to sense membrane curvature. We present evidence
that through coincidence detection, the BAR and PX
domains efficiently target SNX1 to a microdomain of
the early endosome defined by high curvature and the
presence of 3-phosphoinositides. In addition, we show
that the BAR domain endows SNX1 with an ability to
tubulate membranes in-vitro and drive the tubulation of
the endosomal compartment in-vivo. Using RNA inter-
ference (RNAI), we establish that SNX1 does not play
a role in EGF or transferrin receptor sorting; rather it
specifically perturbs endosome-to-trans Golgi network
(TGN) transport of the cation-independent mannose-
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6-phosphate receptor (CI-MPR). Our data support an
evolutionarily conserved function for SNX1 from yeast
to mammals and provide functional insight into the mo-
lecular mechanisms underlying lipid-mediated protein
targeting and tubular-based protein sorting.
Conclusions: We conclude that through coincidence
detection SNX1 associates with a microdomain of the
early endosome —characterized by high membrane cur-
vature and the presence of 3-phosphoinositides—from
where it regulates tubular-based endosome-to-TGN re-
trieval of the CI-MPR.

Introduction

The endosomal system functions to sort and deliver
internalized proteins to appropriate subcellular destina-
tions. Molecules internalized at the cell surface are deliv-
ered to the early endosome, a highly pleiomorphic or-
ganelle composed of cisternal, tubular, and vesicular
regions [1-3]. Thus, internalized receptors for transferrin
and epidermal growth factor (EGF), as well as the cation-
independent mannose-6-phosphate receptor (ClI-MPR),
all enter early endosomes and are sorted to various
destinations [4]. While transferrin receptors are enriched
in tubules and are recycled back to the plasma mem-
brane through the endocytic recycling compartment
(ERC), EGF receptors remain within the endosome,
which maturates into late endosomes/multivesicular
bodies (MVBs) that are competent to fuse with the de-
gradative lysosome. In contrast, the CI-MPR is removed
from the degradative pathway via retrieval through the
ERC to the trans-Golgi network (TGN) by the retromer
complex [5, 6, 7]. From here, it regulates delivery of
newly synthesized acid hydrolases to the endosomal
system [5, 8, 9]. In mammalian cells, the machinery re-
quired for endosomal sorting remains largely undefined.
However, it is clear that the endosomal lipid phosphatidyl-
inositol 3-monophosphate [Ptdins(3)P] acts to localize reg-
ulators of endosomal function that contain Ptdins(3)P
binding FYVE or phox homology (PX) domains and thus
helps to define endosomal identity [10-14].

A major family of PX domain-containing proteins are
the sorting nexins (SNXs) [15-17]. In those examined,
the SNX-PX domain functions as a phosphoinositide
binding domain that aids in localizing these proteins to
cellular membranes [16]. Indeed, sorting nexin-1 (SNX1),
originally identified as an interacting partner for the
EGF receptor [18], associates in a 3-phosphoinositide-
dependent manner with the early endosome [19, 20].
Under conditions of overexpression, SNX1 has been
proposed to regulate EGF receptor degradation by mod-
ulating endosome-to-lysosomal sorting [17-20]. This
contrasts with the role of its yeast ortholog, Vps5p [21,
22], which acts to retrieve proteins away from vacuole-
mediated degradation (reviewed in [23]). Vps5p isacom-
ponent of the yeast retromer complex, a membrane coat
complex also containing Vps17p, Vps26p, Vps29p, and
Vps35p. This complex functions to retrieve the lyso-
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somal hydrolase receptor Vps10p from the prevacuolar
compartment to the late Golgi [23-25]. With the excep-
tion of Vps17p, mammalian orthologs of the yeast ret-
romer have been identified [26]. The retromer has been
proposed to assemble from a cargo selective Vps26p/
Vps29p/Vps35p subcomplex and a membrane associ-
ated Vps5p/Vps17p subcomplex [25]. Suppression of
the cargo selective complex in mammalian cells has
recently been shown to prevent retrieval of the CI-MPR
to the TGN [6, 7], indicating a conserved role for the
retromer from yeast to mammalian cells. The role of
SNX1 within this complex has not been examined.
Here, we show that in addition to a phosphoinositide
binding PX domain, SNX1 contains a membrane binding
and curvature-sensing BAR (Bin/Amphiphysin/Rvs) do-
main [27, 28]. We present evidence that the BAR and PX
domains, through coincidence detection, target SNX1 to
a microdomain of the early endosome defined by high
membrane curvature and the presence of 3-phospho-
inositides. We show that the BAR domain endows SNX1
with an ability to tubulate membranes in-vitro, and drive
the formation of tubular carriers from the endosomal
compartment in-vivo. Finally, by using RNA interference
(RNAi), we establish that SNX1 does not function in
EGF or transferrin receptor sorting; rather it specifically
perturbs endosome-to-TGN transport of the CI-MPR.

Figure 1. GFP-SNX1 Localizes to a Tubulo-
Vesicular Early Endosomal Compartment

Hela cells were transfected with pEGFPC1-
SNX1 and imaged live after 22 hr. Frames
were captured every 2.9 s for 5 min. Frames
from the highlighted region depicting the for-
mation of GFP-SNX1-decorated tubules from
a GFP-SNX1-positive vesicle are provided.
The scale bar represents 10 pm.

Coupled with evidence that other components of the
mammalian retromer regulate endosome-to-TGN trans-
port [6, 7], our data support an evolutionarily conserved
function for SNX1 from yeast to mammals and provide
functional insight into the molecular mechanisms under-
lying lipid-mediated protein targeting and tubular-based
protein sorting.

Results

SNX1 Is Enriched on Tubular Elements

of the Early Endosome

Previous studies have established that both endogenous
and GFP-tagged SNX1 are associated with the tubular
and vesicular elements of the early endosome [15, 18-
20, 29-31]. We examined the dynamics of this compart-
ment by imaging GFP-SNX1-expressing HelLa cells live
over a 5 min period (Figure 1). In all cells examined, we
observed GFP-SNX1-decorated tubules exiting GFP-
SNX1-labeled compartments in budding processes sus-
tained over periods of seconds. (Figure 1). Although we
regularly observed fusion of SNX1-positive vesicles, we
failed to detect the fusion of SNX1-decorated tubules
with SNX1-decorated vesicles, indicating that tubulation
of SNX1 occurs vectorially, the direction being out of
the endosome.
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Figure 2. GFP-SNX1 Decorated Tubules Can Transport Internalized
Alexa®®-Transferrin but Not Texas Red-EGF

HelLa cells were transfected with pEGFPC1-SNX1 for 22 hr and
serum starved for 3 hr prior to live imaging live. Cells were incubated
with either 200 ng/ml TxR-EGF (A) or 20 ug/ml Alexa®®-transferrin (B)
for 20 min. TxR-EGF reaches the GFP-SNX1-positive compartment
after 20 min and is not transported along GFP-SNX1-positive tubules

To examine the sorting of endogenous receptors
within the SNX1-labeled endosome, we examined fluo-
rescent ligand trafficking by using dual-wavelength, live-
cell confocal microscopy. To follow lysosomal traffick-
ing of the EGF receptor, we stimulated serum-starved
HelLa cells expressing low levels of GFP-SNX1 with
Texas Red-labeled EGF (TxR-EGF). After 20 min of stim-
ulation, TxR-EGF reached vesicular elements of the
GFP-SNX1-labeled early endosome (Figure 2A). In all
cells imaged, we did not observe detectable trafficking
of TxR-EGF along GFP-SNX1-decorated tubules. Inter-
estingly, we did observe the retention of TxR-EGF within
the body of the endosome while GFP-SNX1 labeled
membrane tubules exited this organelle (Figure 2A and
Movie 1 in the Supplemental Data available with this
article online).

Given the tubular nature of the SNX1-positive com-
partment, we examined the sorting of recycling cargo.
We incubated serum-starved Hela cells expressing low
levels of GFP-SNX1 with Alexa®®-labeled transferrin
(Alexa®®-Tf) for 20 min. After 20 min, we observed the
delivery of Alexa’®-Tf to the vesicular element of the
SNX1-labeled endosome and in a limited number of in-
stances, trafficking of Alexa®®-Tf along GFP-SNX1-dec-
orated tubules (Figure 2B and Movie 2).

To perform a higher resolution analysis of cargo sorting,
we performed immunogold labeling of ultrathin cryo-
sections. Endogenous SNX1 was enriched on tubular
membranes in close vicinity to endosomal vacuoles (Fig-
ure 3). SNX1 labeling was also observed on the limiting
membrane of vacuoles. These endosomal vacuoles
could be labeled with internalized transferrin, indicating
that they are early endosomes (data not shown). Double-
immunogold labeling showed a high level of colocaliza-
tion of SNX1 and the CI-MPR in the endosome-associ-
ated tubules and vesicles (Figure 3). Consistent with
previous studies [7], these data establish that SNX1 is
enriched on the tubular elements of early endosomes.

SNX1 Contains a Carboxy Terminal BAR Domain
that Conveys an Intrinsic Ability to Sense

Membrane Curvature and Drive

Membrane Tubulation

During these studies, we observed that chronic overex-
pression of SNX1 resulted in the formation of extensive
tubular networks (Figure 4A). This expression level-
dependent tubulation-required membrane association
as prolonged expression of SNX1(K214A), a PX domain
mutant rendered cytosolic as a result of being unable
to bind 3-phosphoinositides [19], failed to generate
membrane tubules (Figure 4B). Interestingly, when ex-

but remains in the endosomal body (A). A series of frames depicting
a GFP-SNX1 positive tubule exiting an endosome positive for GFP-
SNX1 and TxR-EGF is shown and is available as Movie 1. Alexa®®-
transferrin also enters the GFP-SNX1-positive compartment after
20 min, but is able to traffic along GFP-SNX1-positive tubules (B).
A series of frames depicting a GFP-SNX1-decorated tubule trans-
porting Alexa®®-transferrin is shown and is available as Movie 2.
Similar data were observed in greater than 10 imaged cells for each
case. The scale bar represents 10 um.
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pressed at high levels, membrane association of wild-
type SNX1 became insensitive to the addition of the PI
3-kinase inhibitor wortmannin (data not shown). As
SNX1 has been reported to self-associate into an oligo-
meric complex [17, 20, 30], these data suggest that
under conditions of overexpression, SNX1 may assem-
ble into a stable complex that can drive and/or stabilize
membrane tubulation from the early endosome.

SNX1 has been predicted to possess a BAR domain
[32], a dimerization, membrane binding and membrane
curvature-sensing module that allows proteins to bind
and tubulate membranes [27, 28]. Because SNX1 is as-
sociated with high-curvature membrane tubules and is
able to generate membrane tubules in vivo, we analyzed
whether the predicted BAR domain functioned in these
processes.

Consistent with previous data [20, 30], SNX1 existed
as adimer in solution (analytical ultracentrifugation, data
not shown). In assays using liposomes of differential
curvature, membrane association of SNX1 was en-
hanced as curvature increased (Figure 4C). At high con-
centrations, recombinant SNX1 was capable of inducing
curvature, as assessed by the tubulation of liposomes
visualized by electron microscopy (Figure 4D). This ef-
fect was concentration dependent; at low concentra-
tions, a few “pan-handle” buds on liposomes were ob-
served, whereas at higher concentrations, these buds
and longer tubules were more common.

Point mutations of charged residues in either the PX
domain (K214A) or the BAR domain (K429E, K430E,
R431E) [SNX1(KKR-EEE)] blocked the ability of SNX1
to tubulate liposomes. Furthermore, like SNX1 (K214A),
SNX1 (KKR-EEE) was cytosolic when expressed in HeLa
cells (Figure 4E). Therefore, both a functional BAR do-
main (to bind curved membranes) and a functional PX
domain (to bind 3-phosphoinositides) were required for
efficient targeting of SNX1 to tubular elements of the
early endosome. SNX1 therefore constitutes a coinci-
dence detector, which associates preferentially with
highly curved, 3-phosphoinositide-containing mem-
branes.

Figure 3. Endogenous SNX1 Is Enriched on
the Tubular Elements of the Early Endosome

Ultrathin cryosections of HepG2 cells show-

Fo1s Bl ing the colocalization (arrows) of SNX1 (15

nm gold particles) and CI-MPR (10 nm gold

. . particles) on endosomal tubules. The arrow-
head in (A) points to a tubule that is clearly

connected to the endosomal vacuole (E)

within the plane of the section. The scale bar

. e represents 200 nm.

Suppression of Endogenous SNX1 Has no Effect

on EGF Receptor Degradation

In a number of independent studies, overexpression of
SNX1 has been shown to enhance degradation of the
EGF receptor [18, 19]. As overexpression of SNX1 leads
to extensive endosomal tubulation (Figure 4A), we be-
came concerned by the functional interpretation of
these data. To dissect the function of endogenous
SNX1, we employed RNAI to suppress SNX1 expression
in HeLa cells. After 72 hr treatment with SNX1-specific
siRNA duplexes, the level of endogenous SNX1 was
suppressed by greater than 90% as detected by West-
ern blotting or by immunofluorescence, compared to
cells treated with control duplexes (Figures 5A and 5B).
In cells exhibiting RNAi against SNX1, the EEA1-positive
compartment appeared morphologically normal, as did
the internalization of EGF and transferrin receptors (Fig-
ure 5B, data not shown). Initial steps of endocytosis and
the gross morphology of the early endosomal compart-
ment are thus unaffected by SNX1 suppression.

We examined '®|-EGF trafficking in HeLa cells sup-
pressed for SNX1 expression. The rate of '*|-EGF inter-
nalization, recycling, and degradation was unaffected
by SNX1 suppression when compared to control cells
(Figure 5C). Such data demonstrate that endogenous
SNX1 plays no role in the sorting of the EGF receptor—a
conclusion that supports recent data from Gullapalli et
al., 2004 [31]. Given that a population of GFP-SNX1-
decorated tubules was observed to transport Alexa®®-
Tf, we examined the trafficking of '®I-labeled transferrin
in SNX1-suppressed Hela cells. We did not observe a
significant perturbation of transferrin receptor internal-
ization, degradation, or recycling (Figure 5D); therefore,
endogenous SNX1 does not appear to regulate the sort-
ing and trafficking of either EGF or transferrin receptors.

SNX1 Is Necessary for Proper Endosome-to-TGN
Trafficking of the Cation-Independent

Mannose 6-Phosphate Receptor

Given the genetic precedent for a role for yeast SNX1
in endosome-to-TGN retrieval [21, 22] and the functional
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Figure 4. SNX1 Is Able to Tubulate Membranes Both In Vitro and
In Vivo

(A) HeLa cells were transfected with pEGFPC1-SNX1 for 48 hr, fixed,
and imaged. Chronically overexpressed GFP-SNX1 decorates ex-
tensive tubular networks. (B) SNX1 must associate with membranes
to induce tubulation; cells expressing pPEGFPC1-SNX1 K214A exhib-
ited no tubules. (C) Variously curved liposomes were formed by
extrusion, and binding of proteins was assayed by sedimentation.
SNX1 bound preferentially to highly curved membranes, the Epsin1
ENTH domain (which strongly tubulates membranes), and Dab2
(which does not change liposome shape) were insensitive to curva-
ture. Amount of bound protein was normalized to the value for
0.8 um liposomes. Average values for three experiments + SD are
shown. (D) SNX1 can tubulate membranes in-vitro. At 10 .M SNX1,
liposomes with budding tubules were rare, whereas at 20 uM these
structures were more common, and occasionally tubular networks
were seen (i-iii in each case represents three independent experi-
ments). Liposome tubulation by SNX1 was rarer than tubulation
by Drosophila amphiphysin (top left). At the 20 .M concentrations
shown, Drosophila amphiphysin tubulated approximately 45% of
the liposomes in a field while SNX1 tubules accounted for approxi-

evidence for a mammalian retromer [6, 7, 26], we exam-
ined the relationship between SNX1 and the CI-MPR.
We followed the trafficking of internalized CI-MPR en
route to its steady-state distribution by using HeLaM
cells stably expressing a CD8-CI-MPR chimera [7].
HeLaM cells expressing low levels of GFP-SNX1 were
labeled at 4°C with an anti-CD8 antibody and then incu-
bated at 37°C for various times before fixation. By stain-
ing against CD8, we determined the distribution of the
internalized CD8-CI-MPR chimera. After 10 min of inter-
nalization, the CD8-CI-MPR entered the SNX1-labeled
early endosome, from where the receptor was sorted
and transported to the TGN via SNX1-labeled membrane
tubules (Figure 6A).

We next determined the steady-state distribution of
endogenous CI-MPR. In control cells, endogenous Cl-
MPR localized predominantly to a perinuclear structure
(Figure 6B) previously identified as the TGN [6]. In con-
trast, in SNX1-suppressed cells the CI-MPR failed to
localize to the TGN and was found in dispersed periph-
eral structures (Figure 6C), although the TGN (Figure 6D)
and Golgi complex (data not shown) appeared normal.
The peripheral CI-MPR-labeled structures exhibited sig-
nificant colocalization with endogenous SNX2 (Figure
6C). As endogenous SNX2 normally colocalizes with
SNX1 (Figure 6E), this defines the CI-MPR-positive pe-
ripheral structures as early endosomes. Thus, when
SNX1 is suppressed, the CI-MPRis poorly retrieved from
endosomes to the TGN. Consistent with this failure in
retrieval, the rate of degradation of the CI-MPR was
significantly enhanced in SNX1-suppressed cells, com-
pared with control (half-life of 10.1 = 1.8 and 34.5 =+
0.4 hr respectively [n = 4]) (Figure 7). Thus, in SNX1-
suppressed cells, the CI-MPR is retained within the early
endosome, from where it is delivered to and degraded
within the lysosome. A similar phenotype has been pre-
viously demonstrated for cells in which the cargo selec-
tive subcomplex of the retromer has been suppressed
[6]. These data establish a role for endogenous SNX1
in the retrieval of the CI-MPR from early endosomes to
the TGN. Taken with the data on other components of
the mammalian retromer [6, 7, 26], we suggest that SNX1
plays an evolutionarily conserved role in endosome-to-
TGN retrieval.

Discussion

In this study, we have examined the role of endogenous
SNX1. We have established that in addition to a 3-phos-
phoinositide binding PX domain [19, 20], SNX1 contains
a carboxyl terminal BAR domain. This domain aids in
dimerization and acts as a membrane binding domain
that can sense membrane curvature and drive mem-
brane tubulation.

Previous work has demonstrated that the binding of
the SNX1-PX domain to 3-phosphoinositides is crucial

mately 2% of the liposomes (data not shown). (E) Point mutations
of charged residues in the BAR domain (KKR-EEE) blocked the
tubulation ability of SNX1.

In all cases, the scale bar represents 300 nm.
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Figure 5. siRNA Induced Suppression of SNX1 Has No Gross Affect on Endosomal Trafficking

(A) HelLa cells were treated for 72 hr with scrambled or SNX1-specific siRNA duplexes. SNX1, SNX2, and tubulin levels were examined by
Western blotting. Specific suppression of SNX1 can be achieved with no compensatory up-regulation of SNX2 compared to cells treated with
scrambled siRNA duplexes. (B) HeLa cells were treated with either scrambled or SNX1-specific siRNA duplexes for 72 hr, stimulated with 100
ng/ml EGF for 10 min as indicated, and then fixed. Cells were stained for SNX1, SNX2, EEA1, or EGFR as indicated. (C) HeLa cells were
treated with either scrambled or SNX1-specific siRNA duplexes for 72 hr. Cells were serum starved for 3 hr and labeled with 1 kBqg per well
125I.EGF for 1 hr at 4°C, allowed to internalize surface bound '?’I-EGF for 5 min at 37°C, and then returned to 4°C. Cells were chased into 100
ng/ml cold EGF-containing media for various times at 37°C. Recycled, degraded, and internalized fractions were subjected to y counting. (D)
Hela cells were treated with either scrambled or SNX1-specific siRNA duplexes for 72 hr. Cells were serum starved for 3 hr and labeled with
1 kBq per well "#I-transferrin for 60 min at 37°C. Cells were chased into 50 pg/ml cold transferrin-containing media for various times at 37°C.
Recycled, degraded, and internalized fractions were subjected to y counting.

for association with the early endosome [19, 20]. The
data presented here establish that for efficient mem-
brane association, SNX1 also requires a functional BAR
domain. We propose that the targeting of SNX1 to endo-
somal tubules is mediated by coincidence detection.
Although a number of proteins associate with endo-
somes through binding 3-phosphoinositides, SNX1 is
preferentially enriched within an endosomal microdo-
main defined by two parameters: the presence of
3-phosphoinositides and high membrane curvature.
To define the functional consequence of SNX1’s asso-
ciation with such a microdomain, we employed RNAi to
suppress SNX1 expression. In contrast to other studies

reliant upon ectopic expression, we find that endoge-
nous SNX1 plays no detectable role in the internaliza-
tion, recycling, or degradation of receptors for trans-
ferrin or EGF; in the case of the latter receptor, our
detailed kinetic analysis supports and extends the con-
clusions drawn by Gullapalli et al., 2004 [31].

The proposed roles for SNX1 generated through either
overexpression or suppression are clearly contradic-
tory. We feel that given the extensive tubulation of the
endosomal network, observed upon overexpression of
SNX1, a likely explanation for this discrepancy is that
overexpression of SNX1 perturbs global transport and
sorting of endosomal cargo and, therefore, has the effect
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Figure 6. siRNA Induced Suppression of SNX1 Alters the Steady-State Distribution of the CI-MPR

(A) HeLaM cells stably expressing the CI-MPR C terminus fused to CD8 were transfected with pEGFPC1-SNX1 for 22 hr. Cells were labeled
with anti-CD8 for 30 min at 4°C and then warmed to 37°C for 10 min, fixed, and stained against CD8. GFP-SNX1-decorated tubules contain
anti-CD8, indicating that they are intermediates that transport CI-MPR from early endosomes. The scale bar represents 10 um. (B and C)
Hela cells were treated for 72 hr with scrambled (B) or SNX1-specific (C) siRNA duplexes. Cells were fixed and stained against SNX1 (Cy5,
pseudocolor blue), SNX2 (Cy3, pseudocolor red), and CI-MPR (Cy2, pseudocolor green) and imaged. Suppression of SNX1 results in a
redistribution of the CI-MPR from the TGN to peripheral SNX2-positive endosomes. The scale bar represents 20 um. (D) HelLa cells were
treated for 72 hr with scrambled or SNX1-specific siRNA duplexes. Cells were fixed and stained against SNX1 and TGN46. TGN morphology
is not grossly disrupted in cells that have reduced SNX1 expression. The scale bar represents 20 um. (E) HelLa cells were fixed and stained
against SNX1 and SNX2. Near-complete overlap of SNX1 and SNX2 is observed in the merged image. Images are representative of greater
than ten imaged cells in each case. The scale bar represents 10 pm.
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Figure 7. The CI-MPR Is Destabilized in SNX1 Suppressed Cells

(A) HeLa cells were treated twice with either control or SNX1-specific
siRNA duplexes, each time for 72 hr (total suppression time of 144
hr). Cells were chased into DMEM containing 40 png/ml cyclohexi-
mide for the indicated time period, lysed, and blotted against the
CI-MPR. Representative results are shown. (B) Results from four
independent experiments were quantified. The half-life of the CI-
MPR is reduced to 10.1 = 1.8 hr in cells treated with SNX1-specific
siRNA duplexes.

of masking the true physiological function of SNX1. In
this context, our data suggest that endogenous SNX1
controls endosome-to-TGN transport of the CI-MPR; a
conclusion supported by the recent demonstration that
other components of the mammalian retromer also regu-
late this pathway [6, 7]. This evidence, when incorpo-
rated with the data presented here, clearly establish
that, together with other components of the mammalian
retromer complex, endogenous SNX1 regulates endo-
some-to-TGN retrieval.

Our data add significantly to the mechanistic under-
standing of retromer function. The mammalian retromer
complex associates and is enriched on tubular profiles
connected to the vacuolar portion of endosomes [6, 7].
How this specific membrane targeting is achieved is
unclear. By proposing coincidence detection, our data
taken with the evidence that SNX1 directly associates
with the cargo selective retromer subcomplex [26, 31],
suggests that retromer targeting arises indirectly from
the PX and BAR domain-mediated association of SNX1
to high-curvature, 3-phosphoinositide-containing mem-
brane tubules. We propose, as the BAR domain also
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Figure 8. BAR Domains in Mammalian Sorting Nexins

Domain structures and accession numbers of the nine sorting nexins
containing predicted BAR domains. BAR domain alignments can be
found ([32] and on http://www2.mrc-Imb.cam.ac.uk/groups/hmm/
BARdomains/BARS.html), and PX domain alignments can be found
in [14]. The gray color of the BAR domains in SNX8 and SNX18
indicates weaker homology. BAR alignments were found using re-
peated iterations of Psi-BLAST against arfaptin, amphiphysin, SNX1,
and SNX9, selecting only known BAR domains in each iteration. To
confirm the alignments, positive sequences were back-BLASTed
and then aligned to the BAR domains of arfaptin2 and Drosophila
amphiphysin by using ClustalW; sequences were checked for helical
secondary structure using Coils; and the Hydrophobic Cluster Anal-
ysis profiles were compared to known BAR domains. The coils,
clustalW, and HCA programs can be found at www.expasy.org.

conveys an ability for SNX1 to form oligomers, that the
fundamental role of SNX1 is to sense the defined endo-
somal microdomain, from where it acts as a coat com-
plex that aids the formation of membrane tubules. Within
these tubules, SNX1 does not select cargo, rather this
is achieved by SNX1 acting as a scaffold for the associa-
tion of the cargo selective mVps35/mVps29/mVps26
subcomplex [6, 7, 31]. This complex could then partition
the CI-MPR into the SNX1-defined tubular microdomain.
Fission of the tubule and docking with the TGN would
allow for retrieval of the CI-MPR. Through a process of
iterative, tubular-based fractionation, the retromer com-
plex is thus able to retrieve the CI-MPR from the endo-
some [33, 34]. Interestingly, narrow-diameter tubules
have a high surface area to volume ratio and will thus
efficiently partition transmembrane cargo over soluble
content. Retrieval of the transmembrane CI-MPR will
occur most efficiently through a tubular rather than a
vesicular carrier. Thus, by geometric sorting [34, 35],
SNX1-decorated membrane tubules constitute an effi-
cient means for retrieving the CI-MPR over soluble lume-
nal content.

Finally, by establishing that SNX1 possesses a func-
tional BAR domain, our data have raised the issue of
whether other sorting nexins may also possess this do-
main. As currently defined, sorting nexins are a family
of proteins that are characterized by the presence of a
SNX-PX domain [15, 16]. Although this implies that sort-
ing nexins form a family of phosphoinositide binding
proteins, it does not necessarily follow that all of these
proteins will modulate membrane traffic. Of the mamma-
lian sorting nexins, there is only strong evidence of a
BAR domain in nine family members (Figure 8 and [32]).
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We propose that these SNX-PX/BAR domain-containing
proteins may have a general role in regulating membrane
traffic by acting as coincidence detectors that sense
membrane curvature and induce or stabilize membrane
tubulation from compartments enriched in phosphoino-
sitides. Because mammalian PX domains are more pro-
miscuous in their phosphoinositide specificity than their
yeast counterparts, it is tempting to speculate that SNX-
PX/BAR-containing sorting nexins may control transport
from distinct intracellular compartments enriched in
phosphoinositides other than Ptdins(3)P [36, 37].

Conclusions

We conclude that through coincidence detection, SNX1
associates with a microdomain of the early endosome,
characterized by high curvature and the presence of
3-phosphoinositide, from where it regulates tubular-
based endosome-to-TGN retrieval of the CI-MPR.

Experimental Procedures

Antibodies and Ligands

Anti-SNX1, anti-SNX2, and anti-EEA1 monoclonal antibodies were
from Becton Dickinson. Anti-SNX1 goat polyclonal was from Santa
Cruz. Anti-tubulin monoclonal was from Sigma. Anti-CD8 mono-
clonal was from Alexis. Anti-TGN46 sheep polyclonal was from Sero-
tec. Anti-EGFR monoclonal was a kind gift from Professor Peter
Parker (Cancer Research UK, London, UK). Anti-CI-MPR rabbit poly-
clonal was a kind gift from Professor Paul Luzio (Cambridge Institute
for Medical Research, Cambridge, UK). Secondary antibodies conju-
gated to fluorophores were from Jackson Immunoreagents. Fluores-
cent ligands were from Molecular Probes.

siRNA Transfection

siRNA duplexes designed against SNX1 (target: AAGAACAAGAC
CAAGAGCCAC) or control duplex (target: AAGACAAGAACCAGAA
CGCCA) were from Dharmacon. Cells were seeded in 6-well plates
at 1.15 X 10° cells per well prior to transfection with siRNA duplexes
by oligofectamine (Invitrogen) and 0.2 nM duplex for 72 hr.

cDNA Constructs, Transfection, and Fixed

and Live Cell Imaging

Plasmids encoding SNX1 were as previously described [19]. HeLa
cells were transfected with cDNA using Genejuice (Novagen). Cells
were fixed in paraformaldehyde (4% w/v) for 15 min at room temper-
ature or used live for biochemical or live-cell imaging studies. Indi-
rect immunofluorescence was performed on cells permeabilized
with 0.1% Triton X-100 for 5 min at room temperature and treated
with 0.1% sodium borohydride for 10 min. Fixed and live cellimaging
was performed on a Leica AOBS confocal microscope and a Perkin
Elmer UltraVIEW LCI respectively.

Electron Microscopy, Liposome Tubulation
and Sedimentation, and Radioligand Trafficking Assays
See Supplemental Data.

Supplemental Data

Supplemental Data including Supplemental Experimental Proce-
dures and two movies are available at http://www.current-biology.
com/cgi/content/full/14/20/1791/DC1/.

Acknowledgments

This work was funded in part by Biotechnology and Biological Sci-
ences Research Council and Medical Research Council. We thank
Matthew Seaman (Cambridge Institute for Medical Research, Cam-
bridge, UK) for his kind gift of CD8-CI-MPR expressing cells, and
for extensive discussion on the function of the mammalian retromer.
We also thank the Medical Research Council for providing an Infra-
structure Award (G4500006) to establish the School of Medical Sci-

ences Cell Imaging Facility, and Mark Jepson and Alan Leard for
their assistance. We thank Rene Scriwanek for assistance with the
preparation of electron micrographs of ultrathin cyrosections. JC
and AR are recipients of Biotechnology and Biological Sciences
Research Council Committee and Medical Research Council Stu-
dentships respectively. MB is supported by the Department of Bio-
chemistry, University of Bristol and PerkinElmer Life and Analytical
Sciences. HM is a Wellcome Trust University Award Fellow. PJC is
a Lister Institute Research Fellow.

Received: August 3, 2004
Revised: August 27, 2004
Accepted: August 31, 2004
Published: October 26, 2004

References

1. Gruenberg, J., and Maxfield, F.R. (1995). Membrane transport
in the endocytic pathway. Curr. Opin. Cell Biol. 7, 552-563.

2. Gagescu, R., Gruenberg, J., and Smythe, E. (2000). Membrane
dynamics in endocytosis: Structure-function relationship. Traf-
fic 1, 84-88.

3. Lemmon, S.K., and Traub, L.M. (2000). Sorting in the endosomal
system in yeast and animal cells. Curr. Opin. Cell Biol. 12,
457-466.

4. Maxfield, F.R., and McGraw, T.E. (2004). Endocytic recycling.
Nat. Rev. Mol. Cell. Biol. 5, 121-132.

5. Lin, S.X., Mallet, W.G., Huang, A.Y., and Maxfield, F.R. (2004).
Endocytosed cation-independent mannose 6-phosphate re-
ceptor traffics via the endocytic recycling compartment en route
to the trans-Golgi network and a subpopulation of late endo-
somes. Mol. Biol. Cell 15, 721-733.

6. Arighi, C.N., Hartnell, L.M., Aguilar, R.C., Haft, C.R., and Bonifa-
cino, J.S. (2004). Role of the mammalian retromer in sorting of
the cation-independent mannose 6-phosphate receptor. J. Cell
Biol. 165, 123-133.

7. Seaman, M.N.J. (2004). Cargo-selective endosomal sorting for
retrieval to the Golgi requires retromer. J. Cell Biol. 165,
111-122.

8. Kornfeld, S., and Mellman, I. (1989). The biogenesis of lyso-
somes. Annu. Rev. Cell Biol. 5, 483-525.

9. Dahms, N.M., Lobel, P., and Kornfeld, S. (1989). Mannose
6-phosphate receptors and lysosomal enzyme targeting. J. Biol.
Chem. 264, 12115-12118.

10. Gillooly, D.J., Morrow, I.C., Lindsay, M., Gould, R., Bryant, N.J.,
Gaullier, J.M., Parton, R.G., and Stenmark, H. (2000). Localiza-
tion of phosphatidylinositol 3-phosphate in yeast and mamma-
lian cells. EMBO J. 19, 4577-4588.

11. Corvera, S. (2001). Phosphatidylinositol 3-kinase and the control
of endosome dynamics: New players defined by structural mo-
tifs. Traffic 2, 859-866.

12. Cullen, P.J., Cozier, G.E., Banting, G., and Mellor, H. (2001).
Modular phosphoinositide-binding domains - their role in sig-
nalling and membrane trafficking. Curr. Biol. 17, R882-R893.

13. Simonsen, A., Wurmser, A.E., Emr, S.D., and Stenmark, H.
(2001). The role of phosphoinositides in membrane transport.
Curr. Opin. Cell Biol. 13, 485-492.

14. Birkeland, H.C.G., and Stenmark, H. (2004). Protein targeting to
endosomes and phagosomes via FYVE and PX domains. Curr.
Top. Microbiol. Immunol. 282, 89-115.

15. Teasdale, R.D., Loci, D., Houghton, F., Karlsson, L., and Glee-
son, P.A. (2001). A large family of endosome-localized proteins
related to sorting nexin 1. Biochem. J. 358, 7-16.

16. Worby, C.A., and Dixon, J.E. (2002). Sorting out the cellular
functions of sorting nexins. Nat. Rev. Mol. Cell. Biol. 3, 919-931.

17. Haft, C.R., de la Luz Sierra, M., Barr, V.A., Haft, D.H., and Taylor,
S.1. (1998). Identification of a family of sorting nexin molecules
and characterization of their association with receptors. Mol.
Cell. Biol. 18, 7278-7287.

18. Kurten, R.C., Cadena, D.L., and Gill, G.N. (1996). Enhanced deg-
radation of EGF receptors by a sorting nexin, SNX1. Science
272, 1008-1010.

19. Cozier, G.E., Carlton, J., McGregor, A.H., Gleeson, P.A., Teas-



Current Biology
1800

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

dale, R.D., Mellor, H., and Cullen, P.J. (2002). The phox homol-
ogy (PX) domain-dependent, 3-phosphoinositide-mediated as-
sociation of sorting nexin-1 with an early sorting endosomal
compartment is required for its ability to regulate epidermal
growth factor receptor degradation. J. Biol. Chem. 277, 48730~
48736.

Zhong, Q., Lasar, C.S., Tronchere, H., Sato, T., Meerloo, T., Yeo,
M., Songyang, Z., Emr, S.D., and Gill, G.N. (2002). Endosomal
localization and function of sorting nexin 1. Proc. Natl. Acad.
Sci. USA 99, 6767-6772.

Horazdovsky, B.F., Davies, B.A., Seaman, M.N.J., McLaughin,
S.A., Yoon, S.-H., and Emr, S.D. (1997). A sorting nexin-1 homo-
logue, Vps5p, forms a complex with Vps17p and is required for
recycling the vacuolar protein-sorting receptor. Mol. Biol. Cell
8, 1529-1541.

Nothwehr, S.F., and Hindes, A.E. (1997). The yeast VPS5/GRD2
gene encodes a sorting nexin-1-like protein required for localiz-
ing membrane proteins to the late Golgi. J. Cell Sci. 170, 1063-
1072.

Pelham, H.R. (2002). Insights from yeast endosomes. Curr. Opin.
Cell Biol. 14, 454-462.

Seaman, M.N.J., Marcusson, E.G., Cereghino, J.L., and Emr,
S.D. (1997). Endosome to Golgi retrieval of the vacuolar protein
sorting receptor, Vps10p, requires the function of the VPS29,
VPS30, and VPS35 gene products. J. Cell Biol. 137, 79-92.
Seaman, M.N.J., McCaffrey, J.M., and Emr, S.D. (1998). A mem-
brane coat complex essential for endosome-to-Golgi retrograde
transport in yeast. J. Cell Biol. 142, 665-681.

Haft, C.R., de la Luz Sierra, M., Bafford, R., Lesniak, M.A., Barr,
V.A., and Taylor, S.I. (2000). Human orthologs of yeast vacuolar
protein sorting proteins Vps26, 29, and 35: Assembly into
multimeric complexes. Mol. Biol. Cell 77, 4105-4116.

Takei, K., Slepnev, V.l., Haucke, V., and De Camilli, P. (1999).
Functional relationship between amphiphysin and dynamin in
clathrin-mediated endocytosis. Nat. Cell Biol. 7, 33-39.

Peter, B.J., Kent, H.M., Mills, |.G., Vallis, Y., Butler, P.J.G., Evans,
P.R., and McMahon, H.T. (2004). BAR domains as sensors of
membrane curvature: The amphiphysin BAR structure. Science
303, 495-499.

Nakamura, N., Sun-Wada, G.H., Yamamoto, A., Wada, Y., and
Futai, M. (2001). Association of mouse sorting nexin-1 with early
endosomes. J. Biochem (Tokyo). 130, 765-771.

Kurten, R.C., Eddington, A.D., Chowdhury, P., Smith, R.D., Da-
vidson, A.D., and Shank, B.B. (2001). Self-assembly and binding
of a sorting nexin to sorting endosomes. J. Cell Sci. 114, 1743-
1756.

Gullapalli, A., Garrett, T.A., Paing, M.M,, Griffin, C.T., Yang, Y.,
and Trejo, J. (2004). A role for sorting nexin 2 in epidermal
growth factor receptor down-regulation: Evidence for distinct
functions of sorting nexin 1 and 2 in protein trafficking. Mol.
Biol. Cell 15, 2143-2155.

Habermann, B. (2004). The BAR-domain family of proteins: A
case of bending and binding? EMBO Rep. 5, 250-255.

Geuze, H.J., Stoorvogel, W., Strous, G.J., Slot, J.W., Bleekemo-
len, J.E., and Mellman, I. (1988). Sorting of mannose 6-phos-
phate receptors and lysosomal membrane proteins in endocytic
vesicles. J. Cell Biol. 107, 2491-2501.

Dunn, K.W., McGraw, T.E., and Maxfield, F.R. (1989). Iterative
fractionation of recycling receptors from lysosomally destined
ligands in an early sorting endosome. J. Cell Biol. 709, 3303-
3314.

Mayor, S., Presley, J.F., and Maxfield, F.R. (1993). Sorting of
membrane components from endosomes and subsequent recy-
cling to the cell surface occurs by a bulk flow process. J. Cell
Biol. 121, 1257-1269.

Wang, Y.J., Wang, J., Sun, H.Q., Martinez, M., Sun, Y.X., Macia,
E., Kirchhausen, T., Albanesi, J.P., Roth, M.G., and Yin, H.L.
(2003). Phosphatidylinositol 4-phosphate regulates targeting of
clathrin adaptor AP-1 complexes to the Golgi. Cell 174, 299-310.
Watt, S.A., Kimber, W.A., Fleming, I.N., Leslie, N.R., Downes,
C.P., and Lucocq, J.M. (2004). Detection of novel intracellular
agonist responsive pools of phosphatidylinositol 3,4-bisphos-
phate using the TAPP1 pleckstrin homology domain in immu-
noelectron microscopy. Biochem. J. 377, 653-663.



