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Subcellular retrograde transport of cargo receptors from
endosomes to the trans-Golgi network is critically involved in a
broad range of physiological and pathological processes and
highly regulated by a genetically conserved heteropentameric
complex, termed retromer. Among the retromer components
identified in mammals, sorting nexin 5 and 1 (SNX5; SNX1)
have recently been found to interact, possibly controlling the
membrane binding specificity of the complex. To elucidate how
the unique sequence features of the SNX5 phox domain (SNX5-
PX) influence retrograde transport, we have determined the
SNX5-PX structure by NMR and x-ray crystallography at 1.5 Å
resolution. Although the core fold of SNX5-PX resembles that
of other known PX domains, we found novel structural features
exclusive to SNX5-PX. It ismost noteworthy that in SNX5-PX, a
long helical hairpin is added to the core formed by a new �2�-
helix and a much longer �3-helix. This results in a significantly
altered overall shape of the protein. In addition, the unique dou-
ble PXXP motif is tightly packed against the rest of the protein,
rendering this part of the structure compact, occluding parts of
the putative phosphatidylinositol (PtdIns) binding pocket. The
PtdIns binding and specificity of SNX5-PX was evaluated by
NMR titrations with eight different PtdIns and revealed that
SNX5-PX preferentially and specifically binds to phosphatidyl-
inositol 4,5-bisphosphate (PtdIns(4,5)P2). The distinct struc-
tural and PtdIns binding characteristics of SNX5-PX impart
specific properties on SNX5, influencing retromer-mediated
regulation of retrograde trafficking of transmembrane cargo
receptors.

The early work on retromer revealed its role in the trafficking
of cargo proteins between endosomes and the trans-Golgi net-

work (TGN),2 although recently, retromer involvement in
many other physiological and developmental processes has
been uncovered (1, 2). The best studied proteins associated
with retromer activity are intracellular sorting receptors such
as the yeast vacuolar protein-10 (Vps10) andmammalian man-
nose 6-phosphate receptors (3, 4). These receptors sort acid
hydrolases, enzymes essential for protein degradation, out of
the TGN into the yeast vacuole or the mammalian lysosome.
Upon releasing their substrates, these cargos traffic back to the
TGN tomediate further rounds of cargo-hydrolase transporta-
tion. Similar retrograde trafficking of cargo proteins involving
signalingmolecules such asWnt and amyloid precursor protein
(APP) are thought to be critical for their secretion and function
(5, 6). Retrograde transportation is highly regulated by the het-
eropentameric retromer complex that consists of a sorting
nexin (SNX) dimer (e.g.Vps5 and Vps17 in yeast) and a Vps26/
29/35 trimer (7). In mammals, the binding of the SNX dimer to
specific phosphatidylinositol (PtdIns) determines its subcellu-
lar membrane association and governs the recruitment of the
Vps trimer to endosomal compartments. Mammalian
orthologs of the trimer have been biochemically characterized,
and their interaction and function in cargo protein trafficking is
well established (8). More recently, crystal structures of three
Vps proteins in the trimer suggested how this trimer interacts
with the SNX dimer and cargo proteins as well as with curved
membranes (9–12). In the SNX dimer, SNX1 and SNX2 are
thought to be interchangeable Vps5 orthologs (13, 14). The
NMRstructure of SNX1 revealed details of PI(3)P specific bind-
ing, thereby explaining its role in endosomal trafficking (15).
The identity for SNX5 as a potential functional mammalian
ortholog of Vps17, however, was not revealed until recently.
Although initially identified as a Fanconi anemia comple-

mentation group A (FANCA)-binding protein (16), SNX5 was
later shown to play an important role in membrane trafficking
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signature feature in defining the SNX family, composed of 30
members at present (20) (Fig. 1B). In addition, SNX5 possesses
a C-terminal BAR (Bin/Amphiphysin/Rvs) domain that has
been reported to interact with a number of other proteins
involved in endosomal trafficking (17, 21–27). It functions as a
dimerization module that senses and/or induces membrane
curvature (28, 29). Our previous biochemical study suggested a
specific interaction between SNX5 and SNX1 through which
the two SNXsmutually influence each other’s effect in endoso-
mal trafficking of epidermal growth factor receptor upon epi-
dermal growth factor stimulation (17). In support of this obser-
vation are several recent reports that indicate a critical role of
SNX5 and the closely related SNX6, beyond that of SNX1 and

SNX2, on retrograde sorting of mannose 6-phosphate receptor
(24, 27). Therefore, SNX5 and SNX6may be functionally inter-
changeable orthologs of Vps17 inmammalian cells (7, 24). Fur-
thermore, in contrast to some reports (18, 30), SNX5 partially
localizes to late endosomes and the TGN, exhibiting very low
binding affinity for PtdIns(3)P (17), the substrate for phox
domain proteins associating with early endosome association.
Therefore, the subcellular localization and function of the SNX
dimer in SNX5 function may depend on its unique structure
that is different from other known PX domains.
Most PX domains of SNX family proteins preferentially bind

PtdIns(3)P (30–34), with few exceptions that interact with
other PtdIns (30, 32, 35). There are about a dozen structurally

FIGURE 1. Amino Acid sequence alignment of phox domains and domain architecture of the mammalian sorting nexin family. A, comparative sequence
alignment of PX domains for residues equivalent to Gly49–Leu119 of the p40-PX domain (adapted from Worby and Dixon (21)). Prolines in the Pro-X-X-Pro motif
are highlighted in yellow, and residues involved in phospholipid binding in the p40-PX domain are boxed in magenta. Arg58 and Arg105 are marked with
magenta triangles, and Tyr59 and Lys92 are marked with black stars at the bottom of the sequences. The two conserved Arg residues and Lys92 of p40-PX in other
PX domains are highlighted in dark blue boxes; those corresponding to Tyr59 are boxed in green. The secondary structure elements of p40-PX are indicated by
yellow arrows (�-sheets) and red ovals (�-helices). The three sequence stretches that are unique in SNX5-PX (or SNX6-PX) are enclosed in a bright blue box.
B, domain architecture of SNX family members. The four classes within the SNX family are designated as PX SNXs, PX-BAR SNXs, SH3-PX-BAR, and PX-other
domain SNXs. Each individual domain is depicted in a different color and/or shape. The following domains are depicted: PX (phox), BAR (Bin-Amphiphysin-Rvs),
SH3 (Src homology 3), TM (transmembrane), PXA (PX domain-associated), RGS (regulator of G-protein signaling), MIT (microtubule interacting and trafficking),
B41 (band 4.1 homology), TPR (tetratricopeptide repeat), PDZ (postsynaptic protein PSD-95/SAP90, the Drosophila melanogaster septate junction protein
Discs-large, and the tight junction protein ZO-1), and RA (Ras association).
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characterized PX domains from the SNX family or other PX
domain-containing proteins currently deposited in the Protein
Data Bank (PDB) data base. Their structures all share common
core features, a three-stranded �-sheet that is abutted by three
�-helices and an irregular strand containing the PXXP region.
Analyses of the representative p47-PX and SNX3-PX domain
structures suggested that PtdIns(3)P binding involves two con-
served Arg residues at positions equivalent to Arg58 and Arg105

in p40-PX (36). Because equivalent Arg residues are found in
the PX domains of most SNX family members, it is generally
assumed that all SNX proteins interact with the PtdIns(3)P-
enriched elements of the early endocytic compartments. The
amino acid sequences of the PX domains of both SNX5 and
SNX6, however, lack the two conserved Arg residues that are
involved in PtdIns(3)P binding as well as comprising a �30-
residue insertion immediately after the PXXPmotif (Fig. 1A). In
addition, the PXXPmotif is extended into a double PXXPmotif
with the sequence PXXPXXP. These unique sequence features
set SNX5/6 apart from the other SNX family members. In the
p40-PX domain and yeast SNX3, the two conserved Arg resi-
dues, the loop between the PXXP motif, and the �3-helix are
involved in forming the binding pocket for the phosphate
groups of PtdIns(3)P (36, 37). Therefore, changes in length and
sequence in this region in SNX5/6-PX are expected to have
profound impact on the specific structure and conformation
required for PtdIns recognition.
To elucidate how its unique sequence features influence the

function of SNX5 in retromer-mediated retrograde membrane
trafficking, we structurally investigated the SNX5-PX domain
by NMR spectroscopy and x-ray crystallography. Using direct
NMR titrations, we established the PtdIns binding specificity of
SNX5-PX. The high resolution (1.5 Å) crystal structure of the
domain revealed its distinct features when compared with pre-
viously known family members. Our results demonstrate that
the SNX5-PX domain is indeed unique, both with respect to its
structure as well as with respect to ligand binding. These find-
ings have important implications for the function of SNX5 in
the subcellular membrane trafficking and retrograde sorting.

EXPERIMENTAL PROCEDURES

SNX5-PX Expression, Purification, and Crystallization—The
SNX5-PX domain (residues 1–180) derived from the rat SNX5
gene was expressed in Escherichia coli BL21(DE3) (Stratagene)
as a N-terminal His-tagged fusion protein using the vector
pET-15B (Novagen). After purification on a Ni2� column (GE
Healthcare), fractions were dialyzed into 50 mM Tris-HCl, 100
mM NaCl, 5 mM CaCl2, pH 7.5, and the His tag was cleaved off
the protein with thrombin at room temperature overnight. In
addition to the canonical thrombin site after the His tag, a sec-
ondary cleavage site was discovered between residue Arg19 and
Ser20. Complete cleavage at this site was allowed to occur
(confirmed by mass spectrometry; data not shown). The
cleaved protein was separated from the His tag and N-termi-
nal peptide on a Superdex-75 gel filtration column in 20 mM

Tris�HCl, 100 mM NaCl, 0.02% NaN3, pH 8.0. Purified pro-
tein fractions were collected and concentrated using Cen-
triprep devices (Millipore).

For crystallization, the protein solution in gel filtration buffer
was concentrated to 8 mg/ml. The Se-Met derivative and the
2.19 Å crystals were obtained using an optimized initial crystal-
lization condition of 8 �l of protein versus 1 �l of reservoir
solution (0.2 M (NH4)2SO4, 0.1 M sodium cacodylate trihydrate,
pH 6.5, 30% polyethylene glycol 8000) at 4 °C by sitting drop
vapor diffusion. The 1.47 Å crystal was obtained using an opti-
mized second crystallization condition (0.2 M NH4CH3COO,
0.1 M sodium cacodylate trihydrate, pH 6.5, 30% polyethylene
glycol 4000).
Diffraction Data Collection and Structure Determination of

the SNX5-PX Domain—The x-ray diffraction data for the Se-
Met derivative crystals obtained from the first crystallization
conditions were collected at the Southeast Regional Collabora-
tive Access Team(SERCAT) facility sector 22-ID beam line of
the Advance Photon Source at the Argonne National Labo-
ratory, Chicago, IL. TheMADdata at wavelengths corresponding
to the edge, peak, and remote point of the anomalous scattering
plots for selenium (0.9795, 0.9793, and 0.9718, respectively)
were processed using the d*TREK software (38). The crystal
belongs to a primitive orthorhombic space group P212121 with
one molecule per asymmetric unit.
The selenium atom sites and MAD phases after solvent

flattening were automatically determined using the program
BnP (39). Initial model building with additional iterative den-
sity improvement was automatically carried out using the
RESOLVE program (40). The generated, incomplete initial
model was further refined through cycles of rebuilding and
refinement using the program Coot (41) and RefMac (42).
The MAD structure refined at 2.56 Å resolution was used as

a molecular replacement model to extend the resolution of the
data collected on the home source (Rigaku FR-E generator with
a Saturn 944 CCD detector and high flux VariMax optics) for
the second, similar crystal form to 2.19 Å. This model was
refined to working and free R-factors of 23.6 and 28.4%, respec-
tively, using the RefMac program (42) in the CCP4 package
(43).
For a crystal obtained using the second condition, a diffrac-

tion data set was collected on the home source (Rigaku FR-E
generator with a Saturn 944 CCD detector and high flux Vari-
Max optics). The data were processed with the d*TREK soft-
ware (38). The crystal diffracted to 1.47 Å and belonged to a
primitive monoclinic space group P21, with one molecule per
asymmetric unit. The 2.19 Å orthorhombic structure was used
as a molecular replacement probe for solving the structure in
themonoclinic crystal form. Themodel was refined to working
and free R-factors of 18.4 and 23.4%, respectively, using the
RefMac program (42) in the CCP4 package (43).
The final model has 98.4 and 1.60% of all residues in the

favored and allowed regions of the Ramachandran plot, respec-
tively, and contains no residues in the disallowed region as eval-
uated by PROCHECK (44). The electron density of the final
1.47 Å resolution map clearly reveals two conformations for 10
side chains (Asn26, Ile33, Ser40, Thr78, Asp84, Ile90, Gln107,
Glu131, Ser141, and Ser142). Refinement statistics for all models
are provided in supplemental Table S1.
The atomic coordinates of SNX5-PX have been deposited in

the RCSB Protein Data Bank under accession codes 3HPB and
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3HPC for the 2.19 Å orthorhombic and the 1.47 Å monoclinic
crystals, respectively. All structure figures were generated with
the atomic coordinates of the monoclinic crystal using the pro-
gram Chimera (45).
NMR Spectroscopy—NMR spectra were recorded at 25 °C on

Bruker AVANCE800, AVANCE700, and AVANCE600 spec-
trometers equipped with 5-mm triple-resonance, three-axis
gradient probes or z axis gradient cryoprobes. Spectra for back-
bone resonance assignments were recorded on a 13C/15N-la-
beled sample in 20 mM Tris buffer, 100 mM NaCl, 0.02% NaN3,
pH 7.4. The maximum protein concentration attainable was
�0.5 mM due to limited protein solubility. Three-dimensional
HNCACB, CBCA(CO)NH, and 1H-15N NOE spectroscopy
HSQC (mixing time 120 ms) experiments (46, 47) were used
and allowed for �99% complete backbone atom chemical shift
assignments. All spectra were processed with NMRPipe (48)
and analyzed using NMRView (49).
Binding of soluble di-C8 PtdIns (Echelon Biosciences) was

investigated at 25 °C by NMR titration experiments using 15N-
labeled protein in 20 mM Tris buffer, 100 mM NaCl, 0.02%
NaN3, pH 7.4. Increasing amounts of PtdIns from a stock solu-
tion in NMR buffer were added to the protein solution, and
1H-15N HSQC spectra were recorded for each addition up to a
final molar ratio of PtdIns:protein of 20:1. Titration isotherms
were plotted for four resonances that exhibited sizable and sat-
urable shifts and no peak overlap or broadening. Dissociation
constants were calculated by non-linear best fitting the data for
four 1HN titration curves simultaneously using KaleidaGraph
(Synergy Software, Reading, PA).

RESULTS

SNX5-PX Domain Structure—Structural assessment of
SNX5-PXwas carried out in solution byNMR spectroscopy for
rat SNX5-PX, which exhibits �99% amino acid sequence iden-
tity with the human homolog. The protein sequence comprises
Met1–Lys180, His-tagged at the N terminus. However, mass
spectrometric analysis of the protein after thrombin cleavage
and removal of the His tag revealed that an additional cleavage
had occurred between residues Arg19 and Ser20. The initial
NMRanalysis prior to cleavage showed that the first 19 residues
of SNX5-PX were highly flexible and essentially unstructured.
Therefore, susceptibility to proteolysis is not surprising. The
final protein after cleavage and purification that was used for
structural work by NMR and crystallography contains residues
Ser20–Lys180.

The 1H-15N HSQC spectrum of the protein (Fig. 2) exhibits
well dispersed and narrow resonances, indicative of a well
folded, monomeric structure. Complete backbone assignments
were achieved using three-dimensional HNCACB, CBCA-
(CO)NH, and 1H-15N NOE spectroscopy HSQC spectra. For
the C-terminal residues (Leu172 to Arg175), two sets of reso-
nances are observed,most likely caused by nonspecific cleavage
of the protein at the C terminus. This was confirmed by mass
spectrometry.
The x-ray structure of the SNX5-PX domainwas determined

at 1.47 Å resolution. Clear electron density was observed for
residuesVal21–Val174. Ser20 and the last sixC-terminal residues
exhibit high B-factors and were excluded from the model as

they could not be accurately traced. The overall architecture of
SNX5-PX comprises a three-stranded antiparallel �-sheet
abutted by three �-helices. In addition, a one-turn 310-helix
that connects helices 4 and 3 and a polyproline region that leads
into a long, protruding helical hairpin are present (Fig. 3A). The
three �-strands are formed by residues Leu31–Glu41, Lys44–
Thr53, and Glu62–Arg67, respectively, with �-strand 1 contain-
ing a �-bulge between residues Asp34 and Pro36. The four
�-helices comprise residues His69–Glu81 (�1), Asp100–Ser115
(�2�), Lys118–Leu133 (�3�), Ala134–Ser152 (�3), and Arg160–
Glu167 (�4). Helices �2� and �3� are novel features in SNX5-PX
that are absent in other known PX domain structures. The �2�-
helix follows after the polyproline (PXXPXXP) region that com-
prises residues Leu88 to Phe99. The short 310-helix is formed by
residues Val155–Lys158. The rest of the structure consists of
loops and turns connecting the regular secondary structure ele-
ments. At the N terminus, residues Val21–Asp28 form a long,
irregular strand and exhibit random coil � and � backbone
angles. Interestingly, however, good electron density is
observed for these residues because they engage in intermolec-
ular interactions and hydrogen bonding with residues located
in the �1-strand of the adjacent molecule (Fig. 3B).
Comparison of SNX5-PX with Other PX Domain Structures—

The first two PX domain structures that were determined were
theNMRstructure of p47-PX (50) and the x-ray structure of the
p40-PX/PtdIns(3)P complex (36). Currently, 14 different PX
domain structures from the SNX family or other PX domain-
containing proteins are deposited in the PDB data base (51).
These structures are all very similar (Fig. 4A), although their
sequences exhibit only 6–19% identity with p40-PX. All con-
tain a three-stranded�-sheet abutted by three�-helices and the
irregular PXXP region. The polyproline motif resides between
the first two �-helices (�1 and �2), and the loops that connect
strands �1 and �2 and the PXXP region with the �2-helix are
generally long and not well ordered. The short 310-helix is pres-
ent only in a few structures.
Although the core of the SNX5-PX domain resembles that of

other known PX domains (Fig. 4A), several unique features are
present (Fig. 4, B and C). As mentioned above, a long �-helical
hairpin protrudes out from the bottom of the generic PX
domain fold. This additional structural element is formed by
the new �2�-helix and helix �3�, which is an extension of the
common �3-helix in our structure (note that �3 in SNX5-PX is
equivalent to �2 in the other PX domain structures). In this
manner, a very longhelix (�3� � �3) is created,with�2� and�3�
forming the helical hairpin (Fig. 4B). This helical hairpin com-
prises all the inserted amino acids between the PXXP region
and the �3-helix (�30) and is absent in all other SNX-PX
domains, except SNX6-PX (Fig. 1A). We therefore suggest that
the long helical hairpin is the unique structural hallmark of the
SNX5-PXdomain (andmost likely SNX6-PX). The helical hair-
pin is also present in solution asNMRbackbone chemical shifts
and NOE connectivities clearly indicate that residues Asp100 to
Leu133 reside in a helical conformation.
Another difference between the SNX5-PX domain structure

and other PX domains pertains to the PXXP region. In SNX5-
PX, this stretch of the polypeptide is very well ordered and
packed against the core of the domain, whereas in other known
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PX domain structures, it is irregular and somewhat removed
from the rest of the protein (Fig. 4C). This is easily appreciated
from the comparison of C�–C� distances for residues in the
polyproline stretch and adjacent ones in the �2-strand. For
example, the C�–C� distance between Pro97 and Val45 is �7.5
Å in the SNX5-PX structure, whereas the equivalent distance
between Val93 and Phe39 in the p40-PX structure is �13.5 Å.
The compactness of this region in SNX5-PX is unlikely the
result of crystal packing because this area is solvent-exposed
and not involved in crystal contacts with any neighboring mol-
ecules (supplemental Fig. S1). The order in this region is most
likely caused by the additional PXXP motif in the SNX5-PX
sequence that is absent in the other SNX sequences (Fig. 1A).
The extended PXXP region comprises the sequence
91PPAPTKP97, and the side chains of Pro91, Pro94, and Pro97
(bold letters in sequence) engage in hydrophobic interac-
tions with residues on strand �2 and helices �1 and �3. Pro91
interacts with Leu79, Phe146, and Leu150, whereas Pro94
interacts with Phe72 and Phe146. Further important contacts
are made between Pro97 and the neighboring Phe99 side
chain and Val45, Phe47, and Thr139 located on strand �2 and
helix �3, respectively.

The difference in the local structure of SNX5-PX and other
PX domains is illustrated for the example of p40-PX in Fig. 4,C
and D. Comparing SNX5-PX with the PtdIns(3)P-bound form
of p40-PX clearly shows that the PXXP region in p40-PX is
located farther away from the �1-�2 tip than in SNX5-PX.
Indeed, the C�–C� distance between Phe39 and Val93 in
p40-PX (equivalent to residues Val45 and Pro97 in SNX5-PX) is
almost twice that observed in SNX5-PX. This renders the
region of the protein somewhat open and potentially allows for
easy access of poly(Pro)-interacting proteins. The same applies
to yeast SNX3 (ySNX3), both in its complex with PtdIns(3)P
and in its ligand-free form (supplemental Fig. S2). It is worth
pointing out that this area forms part of the PtdIns(3)P binding
pocket in the p40-PX, ySNX3, and other known SNX-PX
domains. Therefore, any conformational difference present in
the PXXP region of SNX5-PX will influence how and which
PtdIns binds to SNX5.
Identification of the PtdIns Specificity of SNX5-PX—At the

present time, conflicting data with respect to PtdIns specificity
have been reported for SNX5. One group described binding to
PtdIns(3)P as well as PtdIns(3,4)P2 (30), whereas Liu et al. (17)
did not find any interaction with PtdIns(3)P. This discrepancy

FIGURE 2. 1H-15N two-dimensional HSQC spectrum of SNX5-PX. Backbone amide resonances are labeled by amino acid type and number. The amides of
residues Arg42, Gln68, His69, and His83 are marked by dashed circles. They exhibit faster solvent exchange than average and therefore are only observed at low
contour levels (see insets). Assignments for the crowded region in the middle of the spectrum (gray contours) are provided in an expansion of this region in the
lower right hand corner of the spectrum. Note that two sets of resonances are observed for residues Leu172, Ser173, Val174, and Arg175 caused by C-terminal
heterogeneity (blue dashed circles). The spectrum was recorded at 25 °C on a 0.1 mM protein sample in 20 mM Tris buffer, 100 mM NaCl, 0.02% NaN3, pH 7.4.
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may be the result of using different protein constructs, different
types of assays, and diverse sources of PtdIns. In a liposome
binding assay, Merino-Trigo et al. (30) used GST-SNX5-PX-
(64–166), whereas Liu et al. (17) used GST-SNX5-PX-(1–180).
Based on our current structure, it is transparent that a protein
construct starting at position 64 will not be correctly folded
and, in turn, cannot behave like the native, full-length protein.
Indeed, our structure clearly shows that the previous domain
assignment that positioned the phox domain between residues
64 and 168 based solely on sequence data is incorrect. Experi-
ments using such protein constructs will give erroneous results
because the entire three-stranded �-sheet that is important for
maintaining the stable architecture of the domain is missing.
Therefore, results obtained from binding experiments with
SNX5-PX-(64–168) that assign specificity for PtdIns(3)P as
well as PtdIns(3,4)P2 are problematic and should be treated
with extreme caution.
With the structure in hand and NMR assignments avail-

able, it is possible to directly investigate PtdIns binding to
SNX5-PX using NMR titrations. A series of 15N-1H HSQC
spectra were recorded for 15N-labeled SNX5-PX (0.1 mM),
adding eight different soluble di-C8 PtdIns. In each series,
the ligand concentrations were 0, �0.1, �0.2, �0.4, �0.8,
�1.6, and �2.0 mM PtdIns. Chemical shift mapping of 1HN
and 15N resonances for free and ligand-saturated SNX5-PX

allows direct delineation of the ligand binding site on the pro-
tein as well as determination of affinities. Consistently, several
resonances exhibited small but increasing shifts upon the addi-
tion of PtdIns(0)P, PtdIns(3)P, PtdIns(4)P, PtdIns(5)P, PtdIns-
(3,4)P2, PtdIns(3,5)P2, or PtdIns(3,4,5)P3 (Fig. 5A and supple-
mental Fig. S3A). They include, for example,Arg42,His69,His76,
andArg175.No saturable bindingwas observedwith these seven
PtdIns, indicating nonspecific interactions.Mapping of the cor-
responding residues onto the structure of SNX5-PX also
reveals that the affected residues are not confined to a single
area in the structure (Fig. 5E). In addition, superposition of the
two spectra in the presence of �2.0 mM PtdIns(0)P and
PtdIns(3)P (final point of the titrations) were very similar (Fig.
5B), indicating that all seven different PtdIns bind in an analo-
gous, very weak, and nonspecificmanner to SNX5-PX (see sup-
plemental Fig. S3 for a detailed comparison). In contrast, titra-
tion with PtdIns(4,5)P2 clearly revealed a distinct perturbation
profile that mapped to a localized area on the structure (Fig. 5,
C and F). Interestingly, only about half of the non-specifically
perturbed residues are affected (Fig. 5, D and F). Most impor-
tantly, the titration with PtdIns(4,5)P2 exhibited a typical, sat-
urable binding isotherm that is associated with specific binding
(Fig. 5D, inset). Superposition of the 15N-1H HSQC spectra of
PtdIns(3)P- and Ptdins(4,5)P2-bound SNX5-PX (Fig. 5D)
clearly shows the difference in perturbed resonances (see also

FIGURE 3. X-ray structure of SNX5-PX domain. A, stereo view of the overall structure of SNX5-PX. �-strands (�1, �2, and �3) and �-helices (�1, �2�, �3�, �3,
�3–10, and �4) are colored in yellow and red, respectively. Residues are numbered at every 10th position. The polyproline (PXXP) motif is located in the irregular
strand connecting helices �1 and �2�. B, intermolecular interaction between the N-terminal residues (Val23–Asp28) of one molecule and the �1-strand of the
neighboring one. Backbone hydrogen bonds are formed between the amide of Asn26 and the carbonyl oxygen of Ala38, the carbonyl oxygen of Asn26 and
amide of Ser40, the amide of Asp28 and the carbonyl oxygen of Ser40, and the carbonyl oxygen of Asp28 and the amide of Arg42.
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supplemental Fig. S3 for a detailed comparison). Residues asso-
ciatedwith chemical shift changes in the PtdIns(4,5)P2 titration
include Ser40, Asp43, Val45, Lys44, Lys46, Asp98, Phe99, Asp100,
Arg103, Lys105, Glu113, and Met116. The binding constant
extracted from the isotherms of four residues (Asp43, Lys44,
Arg103, and Lys105) yield a Kd value of �0.41 � 0.07 mM. Map-
ping of these specifically perturbed residues onto the structure
of the SNX5-PX (Fig. 5F) reveals that they are located in two
loops, the loop connecting strands �1 and �2 and the loop con-
necting strands �3 and �1, the PXXP region, and the helical
hairpin region. Therefore, this region delineates the
PtdIns(4,5)P2 binding site in SNX5-PX. Interestingly, its loca-
tion is very similar to the PtdIns binding sites that were deter-
mined for other PX domains, such as SNX22 (52), Vam7p (34),
p40-PX (36), and yeast SNX3 (or Grd19p) (37). We thus con-
clude that all PX domains bind PtdIns in the same general area,
although the specific interactions that position the cognate

PtdIns in every individual case are different and unique. Among
all eight PtdIns, only PtdIns(4,5)P2 binds uniquely and specifi-
cally to SNX5-PX, establishing unambiguously the ligand spec-
ificity of SNX5.

DISCUSSION

Why Does SNX5-PX Lack PtdIns(3)P Specificity?—It is gen-
erally accepted that the SNX-PX domain interacts primarily
with PtdIns(3)P (30–34), with a few exceptions for which bind-
ing to other PtdIns, such as PtdIns(3,4)P2, PtdIns(3,5)P2, and
PtdIns(3,4,5)P3, has been reported (30, 32, 35). This binding is
mediated by two conserved Arg residues (Arg58 and Arg105 in
p40-PX (36)), and in the structure of the p40-PX/PtdIns(3)P
complex, the guanidinium group of Arg58 interacts with the
3-phosphate and Arg105 is hydrogen-bonded to the C-4
hydroxyl of the inositol ring (Fig. 6A). In addition to these two
critical amino acids, several other residues also contribute to

FIGURE 4. Comparison between the structures of SNX5-PX and selected PX domains. A, architecture of selected structures of PX domains. PX domains used
for comparison are as follows: PDB numbers 1XTE (crystal structure of mouse CISK-PX domain), 1OCU (crystal structure of yeast SNX3 (Grd19p), 2AR5 (crystal
structure of human C-2 �-phosphatidylinositol 3-kinase), 1O7K (crystal structure of human p47-PX), and 1H6H (crystal structure of human p40-PX). The color
coding in the ribbon representations is as follows: all �-strands are shown in yellow, helix �1 is in bright green, helices �2� and �3� in SNX5-PX are in blue and
cyan, and helices �3 and �4 in SNX5-PX and their counterparts (�2 and �3) in other PX domains are in red and dark green, respectively. B, best fit superposition
of SNX5-PX (blue) and p40-PX (gray) structures. The most striking differences are the additional helical insertion at the bottom (cyan oval), the altered
conformation of the irregular strand that harbors the PXXP motif (cyan arrow), causing tighter packing of this strand against the body of the protein, and a
tighter turn connecting �-strands �1 and �2 (cyan arrow). C, detailed view of the area around the double PXXP motif in SNX5-PX. The compactness is
highlighted by indicating the �7.5 Å C�–C� distance between Val45 and Pro97. D, detailed view of the corresponding region in p40-PX. In this case, the
equivalent C�–C� distance between Phe39 and Val93 is �13.5 Å, almost twice that in SNX5-PX.
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PtdIns(3)P binding. For example, Arg60 and Arg92 are engaged
in charge-charge interactions with the phosphate group at the
C-1 position, Tyr59 packs against the inositol ring, and Tyr94
interacts with the acyl chain of the PtdIns(3)P.
In SNX5-PX, the equivalent amino acids are not conserved;

most importantly, the two pivotal Arg residues are replaced by
Gln68 and Thr139, amino acids with clearly very different chem-
ical properties. The replacement of Arg58 in p40-PXwith Gln68
in SNX5-PX is expected to have a similar effect to the R58Q
mutation in p40-PX, which is known to eliminate PtdIns(3)P
binding, disrupting localization to the PtdIns(3)P-enriched
early endosomes (31). The effect of substituting Arg105 with
Thr139 in SNX5-PX can be appreciated by comparing the
respective regions in the SNX5 and p40 phox structures (Fig. 6).
In particular, the conformation of the PXXP region is dramati-
cally changed. In the p40-PX/PtdIns(3)P complex structure, the
Arg105 side chain protrudes out of the cleft formed by the PXXP
strand and �2 (Figs. 4C and 6A), with the PXXP region posi-
tioned away from strand �2. Indeed, the presence of the posi-
tively charged Arg side chain may help to open up this region,
providing access to the ligand. In contrast, in the SNX5-PX
structure, the short side chain of Thr139 is buried and cannot
reach the hydroxyl group of the inositol (Fig. 6B). Furthermore,
positioning the PtdIns(3)P ligand in the same orientation as
seen in p40-PX results in severe steric clashes between the
Arg60 and Lys92 side chains and PtdIns(3)P, rendering such
interaction highly unfavorable. Therefore, both the lack of the

two specifically interacting Arg res-
idues aswell as the overall structural
change in this region are most likely
responsible for the inability of
SNX5-PX to bind PtdIns(3)P.
Based on the results of direct

NMR titrations, we concluded that
SNX5-PX specifically interacts with
PtdIns(4,5)P2. The question there-
fore arose how this PX domain
accommodates the two phosphate
groups attached to the inositol ring
of PtdIns(4,5)P2 and how it distin-
guishes between PtdIns(4,5)P2 and
the closely related PtdIns(3,4)P2.
Inspection of the structure of Ptd-
Ins(3)P in the p40-PX/PtdIns(3)P
complex suggests that the C-3 and
C-1 phosphate groups will point in
the same direction (Fig. 6A),
whereas a phosphate group at the
C-5 position would point in the
opposite direction. The PtdIns(4,5)P2

binding surface determined by NMR chemical shift mapping
(Figs. 5G and 6B) contains a preponderance of positively
charged residues including Arg42, Lys44, Lys46, Lys96, and
Arg103, all of which may contribute to the interaction with the
two phosphate groups. This overall feature is reminiscent of the
PtdIns binding site on AP180 (53), which is located on the sur-
face of the proteins and recognizes PtdIns(4,5)P2 through a pool
of positive charges. Therefore, the recognition of PtdIns by
SNX5-PX is clearly different from that in yeast SNX3 or p40-
PX, where the binding pocket lies in a groove formed between
the flexible PXXP region and the loop connecting strands �1
and �2.
Binding between SNX5-PX and PtdIns(4,5)P2 is weak, and the

lowaffinity is easily understood from the shallow, surface-exposed
ligand binding site. In this context, it should be pointed out that
NMR is ideally suited to detect and delineate weak interactions.
Although solutionNMR experiments were carried out with the
water-soluble form of PtdIns, di-C8 PtdIns(4,5)P2 most likely
mimics the individual components of PtdIns(4,5)P2-containing
liposomes. Because PtdIns(4,5)P2 is the most abundant phos-
phoinositide, accounting for �1% of all lipid molecules in the
plasma membrane in a typical mammalian cell (at least 25-fold
higher than other PtdIns) (54), the weak interactions will be
sufficient in localizing SNX5-PX specifically to membrane
domains. In addition, the presence of the BARdomain in SNX5,
also a membrane interaction domain, will synergistically
enhance the overall affinity for PtdIns(4,5)P2-containing mem-

FIGURE 5. NMR titration and chemical shift mapping of PtdIns binding to SNX5-PX. A, superposition of the 1H-15N HSQC spectra of free (black) and
PtdIns(0)P-saturated (green) SNX5-PX. B, superposition of the 1H-15N HSQC spectra of PtdIns(0)P-saturated (green) and PtdIns(3)P-saturated (blue) SNX5-PX.
C, superposition of the 1H-15N HSQC spectra of free (black) and PtdIns(4,5)P2-saturated (magenta) SNX5-PX. D, superposition of the 1H-15N HSQC spectra of
PtdIns(3)P-saturated (blue) and PtdIns(4,5)P2-saturated (magenta) SNX5-PX. Titration curves for selected resonances (Asp43, Lys44, Arg103, and Lys105) are shown
in the inset. E, structural mapping of residues affected non-specifically by PtdIns(3)P binding. The protein is displayed in gray surface representation, and
residues whose resonances are perturbed in the titration are colored in blue. F, structural mapping of residues affected specifically by PtdIns(4,5)P2. The protein
is displayed in gray surface representation, and residues whose resonances are perturbed in the titration are colored in magenta. G, detailed depiction of the
PtdIns(4,5)P2 binding site in SNX5-PX. Selected residues are labeled by residue name and number. Pro97 is shown in green.

FIGURE 6. Side-by-side view of the PtdIns binding sites in the p40-PX/PtdIns(3)P complex and in SNX5-
PX. The proteins are show in space-filling representation, and the ligand and selected side chains are show in in
ball-and-stick representation. A, contacts between the positively charged Arg58, Arg60, Lys92, and Arg105 side
chains and the negatively charged phosphate or hydroxyl groups on the PtdIns(3)P ligand in the p40-PX/
PtdIns(3)P complex structure are shown by dashed lines. Tyr59 and Tyr94 side chains involved in stabilizing the
inositol ring and the acyl chain, respectively, are also highlighted. B, PtdIns binding site in free SNX5-PX into
which a PtdIns(3)P ligand was positioned in the same orientation as in the p40-PX/PtdIns(3)P structure. Note
the presence of severe steric clash between Glu70 and the phosphate group at the C-3 position and between
Lys96 and the inositol ring.
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branes through the well known avidity effect associated with
linking two binding domains.
SNX5 and Retrograde Trafficking—The identification of

PtdIns(4,5)P2 as the specific ligand for SNX5, in combination
with its three-dimensional structure, allows us to revisit the role
of SNX5 in retromer membrane trafficking. To date, SNX5
involvement in two different pathways has been proposed: (i)
SNX5 is a constituent of the retromer complex with activity in
regulating transport between endosomes and the TGN (7, 24,
27) and (ii) SNX5 functions as a membrane adaptor and acts in
trafficking between the plasma membrane and early/sorting
endosomes in the process ofmicropinocytosis (18, 19, 30). Both
scenarios can be reconciled with SNX5-PX interacting with
PtdIns(4,5)P2. In addition to residing in the plasma membrane,
PdtIns(4,5)P2 has also been implicated in TGN sorting (55).
Although only low levels of PdtIns(4,5)P2 were detected in Golgi
membranes of mammalian cells and its function is largely
unknown, phosphatidylinositol-4-phosphate 5-kinase (PI4P5K)
activity at the TGN and several Golgi-associated PdtIns(4,5)P2
effector proteins, such as phospholipase D (PLD) and dynamin
2, are well documented (56–58). The presence of PtdIns(4,5)P2
and PtdIns5(P)-phosphatase OCRL1 at the TGN further sup-
ports a role of PdtIns(4,5)P2 in TGN sorting (55). Through
forming an SNX dimer with SNX1 via the BAR domains (7, 17,
23, 24, 27), SNX5 may play a role in one of the sequential steps
of retromer recycling at the TGN, forming, exiting, and disso-
ciating the retromer complex, with recognition of PtdIns(4,5)P2
by SNX5-PX constituting the initial step in these dynamic pro-
cesses. Interestingly, our own data also suggested SNX5
involvement in the maturation of the secretory granule in the
regulated secretory pathway of PC12 cells.3 This suggests a role
of SNX5 at the TGN for exporting secretory proteins. On the
other hand, if recruited to the plasma membrane where
PdtIns(4,5)P2 is highly enriched, SNX5 may interact with this
lipid, with binding further enhanced by its BAR domain as well
as recruitment of othermembrane-interacting proteins.Obser-
vations that SNX5 is transiently associated with the plasma
membrane upon epidermal growth factor stimulation and its
involvement in the micropinosome support this notion (18, 19,
30). Interestingly, SNX5 is thought to interact with CHC22, the
muscle isoform of the clathrin heavy chain, through the coiled-
coil domain present in both partners (25), suggesting a poten-
tial involvement of SNX5 in membrane invagination in the
early stages of clathrin-mediated endocytosis, similar to the
role of epsin (59).
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