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Abstract: Sortilin is a multifunctional receptor involved in sorting and apoptosis. We have previ-

ously reported a 2.0-Å structure of the Vps10 ectodomain in complex with one of its ligands, the

tridecapeptide neurotensin. Here we set out to further characterize the structural properties of
sortilin and its interaction with neurotensin. To this end, we have determined a new 2.7 Å structure

using a crystal grown with a 10-fold increased concentration of neurotensin. Here a second pep-

tide fragment was observed within the Vps10 b-propeller, which may in principle either represent a
second molecule of neurotensin or the N-terminal part of the molecule bound at the previously

identified binding site. However, in vitro binding experiments strongly favor the latter hypothesis.

Neurotensin thus appears to bind with a 1:1 stoichiometry, and whereas the N-terminus does not
bind on its own, it enhances the affinity in context of full-length neurotensin. We conclude that the

N-terminus of neurotensin probably functions as an affinity enhancer for binding to sortilin by

engaging the second binding site. Crystal packing differs partly from the previous structure, which
may be due to variations in the degree and pattern of glycosylations. Consequently, a notable

hydrophobic loop, not modeled previously, could now be traced. A computational analysis sug-

gests that this and a neighboring loop may insert into the membrane and thus restrain movement
of the Vps10 domain. We have, furthermore, mapped all N-linked glycosylations of CHO-expressed

human sortilin by mass spectrometry and find that their locations are compatible with membrane

insertion of the hydrophobic loops.

Keywords: crystal structure; sortilin; neurotensin receptor 3; neurotensin; Vps10 domain (Vps10p

domain); b-propeller; hydrophobic loop; membrane imbedded loop; N-linked glycosylations

Introduction
Sortilin, also known as neurotensin receptor 3

(NTS3 or NTR3), is a multifunctional receptor

belonging to the Vps10 domain family, or sortilins

family, which in mammals also includes SorLA and

the mutually homologues SorCS1, SorCS2, and

SorCS3.1 It predominates in intracellular compart-

ments and participates in endocytosis as well as

intracellular trafficking, for example, retrograde

Additional Supporting Information may be found in the online
version of this article.

Grant sponsor: Danish Counsel for Independent Research|Medi-
cal Sciences (FSS); Grant number: 271-09-0187). Grant spon-
sor: Lundbeck Foundation, Grant sponsor: Danish council for
independent Research|Natural Sciences(FNU), Danscatt; (Grant
number:12-130893).

*Correspondence to: S�ren S. Thirup, Department of Molecular
Biology and Genetics, Gustav Wieds Vej 10C, DK 8000 Aarhus
C, Denmark. E-mail: sth@mb.au.dk

Published by Wiley-Blackwell. VC 2014 The Protein Society PROTEIN SCIENCE 2014 VOL 23:1291—1300 1291



transport and cycling between endosomes and the

trans-Golgi network.1 Sortilin is, however, also

found at the cell surface and is capable of triggering

neuronal apoptosis by forming a death-signaling tri-

meric complex with proneurotrophins and the

p75NTR receptor.2,3 Sortilin is synthesized as a pro-

protein with a 44 residues long propeptide, which

plays an important role in facilitating transport of

the proreceptor through the biosynthetic pathway,

until it is cleaved off in the trans-Golgi network.4,5

Neurotensin (NT) is a neuropeptide of 13 amino

acids, which may induce a number of different bio-

logical activities including hypothermia, analgesia,

hypotension, and cell proliferation involving a vari-

ety of neuronal systems including dopaminergic and

serotonergic circuits.6 The physiological role of bind-

ing of NT to sortilin is still unclear, but it has been

suggested that sortilin, alone or in complex with the

G protein-coupled NT receptor-1, may convey NT

signaling.7–9 Notably, both NT and the released sor-

tilin propeptide (Sort-pro) bind mature sortilin with

high affinity and can effectively compete for binding

with each other, as well as with almost all other

known ligands.2–4,10 We have previously reported

the structure of the Vps10 ectodomain of human sor-

tilin (sSortilin) in complex with NT (PDB accession

code: 3F6K).11 This structure revealed that the

Vps10 “domain” is composed of three individual

domains; a large 10-bladed Asp-box b-propeller

domain and two small cysteine rich domains named

10CC-a and 10CC-b, and that it contains at least

two N-linked glycosylations. NT was found to bind

within the tunnel of the b-propeller domain via its

three C-terminal residues, YIL,11 and we have

recently shown that also small molecule inhibitors of

NT binding occupies this YIL binding site.12,13

Here we have set out to further study the struc-

tural properties of sortilin and the binding of NT

using a broad biophysical approach. The data pro-

vided here suggest that NT is completely contained

inside the tunnel of the b-propeller, firmly bound by

its C-terminus in the previously reported binding

site, and further attached by its N-terminal part at

a low affinity site on the opposite side of the tunnel.

In addition, our data suggest possible roles for

the hydrophobic loops and glycosylations of the

b-propeller domain.

Results

Overall structure and crystal packing

We have determined a structure of sSortilin in com-

plex with NT (sSort:NTHigh) at 2.7-Å resolution

using a crystal grown with a 10-fold increased con-

centration of NT as compared with the previously

determined structure of sSort:NT (PDB: 3F6K;

sSort:NTLow). Overall, the two structures are almost

identical, which is reflected in a very low pairwise

root mean square deviation of 0.44 Å for 603 Ca

positions. However, a few interesting differences

exist; a second peptide binding site is occupied in

sSort:NTHigh, as discussed later, and additional dif-

ferences exist in the glycosylations and hydrophobic

loops. These additional differences seem to relate to

differences in crystal packing. The new structure

represents a less compact crystal form than sSort:N-

TLow [Fig. 1(a,b)], although some packing interac-

tions are shared between the two forms [Fig. 1(c,d)].

Interestingly, the far majority of crystals grown at

low concentration of NT or with small molecule

inhibitors used in previous studies, adopt the same

crystal form as sSort:NTHigh, even though they were

grown under similar and sometimes even identical

conditions to those used for the sSort:NTLow native

crystal. Hence, it is neither the type and concentra-

tion of the peptide ligand nor the differences in the

composition of the crystallization solution that dic-

tates which of the two crystal forms is adopted. One

possibility is that the crystals adapt to variation in

glycosylation site occupancy (also known as glycosy-

lation macroheterogeneity), which is a common phe-

nomenon for proteins purified from mammalian cells

including CHO cells.14 Thus, whereas there in

accordance with the mass spectrometry data (see

later) is weak electron density for a single N-acetyl

glucosamine residue at Asn129 in the new structure,

no glycosylation seems present here in sSort:NTLow.

Indeed, modeling of a glycosylation at Asn129 sug-

gests that a glycosylation here is incompatible with

the crystal packing of sSort:NTLow (Supporting

Information Fig. 1).

Hydrophobic loops
Due to the differences in crystal packing interac-

tions, the hydrophobic loop 97–108 at blade 1 of the

b-propeller and the neighboring loop 557–563 at

blade 10, which is hydrophobic at the tip (F559,

L560), could be modeled to different extents in the

two structures. Loop 557–563 is partly disordered in

the new structure, whereas it is well ordered in

sSort:NTLow, presumably because it is involved in

crystal packing in this crystal form. In contrast, loop

97–108 is much better ordered in the new structure

due to formation of packing interactions in the b-

propeller tunnel of a symmetry related molecule. It

could, therefore, for the first time be modeled in its

entirety and presents itself as the most protruding

loop of all the loops of the sSort:NTHigh structure

[Fig. 2(a,b)]. We have previously reported a multiple

sequence alignment of sSortilin from eight species

with pairwise identities ranging from 60 to 95%.11 A

closer examination of this alignment shows that the

hydrophobic loop at blade 1 is markedly better con-

served than the loop at blade 10 [Fig. 2(c)], but not

more than moderately conserved as compared to the

overall conservation of the Vps10 domain. Yet, the
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hydrophobic positions are fully conserved as hydro-

phobic in both loops. Interestingly, a multiple align-

ment of the five human sortilins (Supporting

Information Fig. 2) shows that both loops are mark-

edly less hydrophobic in SorLA and SorCS1–3 than

in sortilin [Fig. 2(d)]. A computational prediction of

putative membrane inserting loops suggests that

both residues 100–106 (using sSort:NTHigh as input)

and residues 558–561 (using sSort:NTLow as input)

may be membrane-imbedded segments [Fig. 2(a)].

Ligand binding

In the sSort:NTHigh structure, we observe no

changes in the previously identified binding site at

blade 6, which we will now refer to as binding Site

1, but additional electron density has appeared at a

second binding site (Site 2) on the opposite side of

the tunnel at blade 1 (Fig. 3). This density suggests

the presence of a pentapeptide forming a short b-

strand interacting with Strand 1 of Blade 1, but the

side chains are not unambiguously defined [Fig.

3(c)]. The electron density for the peptide in Site 2

adjoins its symmetry related counterpart, suggesting

that one molecule of NT may span two molecules of

sSortilin. If this is the case, it would be incorrect to

process the data and refine the structure in the C2

space group. However, when refined in space group

P1, the final electron density map was in best agree-

ment with one peptide in Site 2 per one molecule of

sSortilin, and no clear improvement was observed

with respect to the definition of side chain electron

Figure 1. Crystal packing. (a) Packing of sSort:NTHigh. sSortilin is shown in cartoon colored rainbow (N-terminal blue, C-

terminal red). The glycosylations and NT (hardly visible) are colored pink and shown in space-fill and sticks, respectively. The

NT molecule trapped in a crystal packing interface is labeled along with the glycosylations and hydrophobic loops. (b) Packing

of sSort:NTLow. Some interactions are shared with sSort:NTHigh (violet arrows). However, one interaction face, which includes

the hydrophobic loops, is very different (light blue arrow) leading to more compact packing with additional interaction faces (red

arrows), which no doubt underlies the higher diffraction potential. (c) Common packing interactions across the b-sheet of

10CC-a (this is the interaction face that is indicated by the top violet arrow in panel b). sSort:NTLow is light and dark blue and

sSort:NTHigh is yellow and green. This interface is mainly formed by polar interactions. Hydrogen bonds are indicated by dashed

lines and selected residues are labeled (an asterisk is used for the symmetry related molecule). (d) Common packing interac-

tions between a stretch of C-terminal residues and loops of blade 8 (violet arrow at bottom left in panel b). This interface is

formed both by polar interactions involving the main chain of the C-terminal stretch and by burial of Leu713 in a hydrophobic

pocket formed by the side chains of Tyr433, Gln437, Ile465, and Val467.
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density (not shown). We are confident that the pep-

tide observed in Site 2 is not an artifact from purifi-

cation, since we found no peptide here in complexes

formed at low NT concentrations using the same

preparation of sSortilin. It follows that it either rep-

resents a second molecule of NT, or the N-terminal

part of the molecule bound in Site 1 by its C-

terminus. If the latter is true, the middle part of the

peptide would be disordered, as we see no peptide

electron density in the middle of the tunnel. To fur-

ther examine this, we first tested the ability of full-

length NT and NT8–13 to compete for binding with

GST-PYIL (PYIL corresponds to NT10–13) in a sur-

face plasmon resonance (SPR) experiment. A sixfold

reduction in the IC50 values obtained shows that

the N-terminal residues of NT are important for effi-

cient competition [Fig. 4(a)]. Next we examined the

affinity of sSortilin for NT1–8, NT8–13, and full-

length NT by isothermal titration calorimetry (ITC).

For NT1–8, no binding was observed, that is, no

heat release/absorption could be measured under the

experimental conditions (data not shown), whereas

we for full-length NT and NT8–13 obtained Kd 5 85

nM and Kd 5 337 nM with a stoichiometry of 1,

respectively [Fig. 4(b,c)]. We conclude that the N-

terminal part of NT contains elements, which

increase the affinity for sortilin, but are insufficient

for binding with high affinity on its own. In the final

Figure 2. Hydrophobic loops. (a) Cartoon of sSort:NTHigh, the propeller is gray, 10CC-a is green, 10CC-b is orange, glycosyla-

tions are shown in yellow sticks and the hydrophobic residues of loop 97–108 are shown in turquoise. The position of the mem-

brane was predicted using the PPM server (light brown transparent spheres). However, the tilt angle is somewhat unreliably

predicted due to missing residues. A similar analysis of sSort:NTLow shows that also loop 557–563 is likely to insert into the

membrane (not shown). (b) Close-up of loop 97–108. The 2Fo-1Fc electron density map is shown at the 1r level in turquoise

wire mesh. Part of a symmetry related molecule that interacts with loop 97–108 can also be seen in this view (green). (c) Multi-

ple alignments of sSortilin and seven vertebrate homologues (colored in shades of blue according to conservation). The regions

around loop 97–108 and loop 557–563 are shown. (d) Multiple alignments of the Vps10 domains of all human Vps10 proteins.

The regions around loop 97–108 and loop 557–563 are shown (the full alignment can be seen in Supporting Information Fig. 2).

Both loops appear to be longer in sortilin, loop 97–108 is markedly more hydrophobic, and there are two rather than one hydro-

phobic residues at the tip of loop 557–563.

1294 PROTEINSCIENCE.ORG Structure of Sortilin-Neurotensin Complex



structure we have therefore chosen to model the

pentapeptide observed in Site 2 as the N-terminal

part of the NT molecule that is bound in Site 1 via

its C-terminus. Specifically, we have modeled the

peptide as NT1–5, as shifting the sequence to for

example, NT2–6 would not leave enough residues to

connect the N- and C-terminal segments. A third

peptide binding site was also identified, but we

interpret this as an artifact, since it is found at a

nonconserved patch on the outside of the propeller

and is part of a crystal packing interface [Fig. 1(a)].

Glycosylation pattern
To further expand on the structural characterization

of sortilin, we next mapped all N-linked glycosyla-

tions by mass spectrometry [Supporting Information

Table I and Fig. 5(a)]. Most are on the bottom face

(Asn373, Asn549) or rim (Asn65, Asn129) of the b-

propeller, but one is also found at the 10CC-b

domain (Asn651) and one at the top face (Asn241).

It should be mentioned that the peptide containing

Asn549 for unknown reasons was not observed in

the MS data. However, both sSort:NT structures

clearly show that it is present. To test the function

of the glycosylations, we carried out a chase experi-

ment on CHO cells grown with tunicamycin, a

known inhibitor of N-linked glycosylation [Fig. 5(b)].

This experiment showed that under these condi-

tions, sSortilin is secreted at a strongly reduced

rate, indicating that at least some of the glycosyla-

tions are required for proper folding and/or intracel-

lular transport of the receptor.

Discussion

Differences in crystal packing

Due to a pronounced difference in crystal packing,

the new sSort:NT structure presented here could not

be determined to as high a resolution as the previ-

ously determined structure. The reason for these

packing differences is unknown, but they may be

caused by variable glycosylation site occupancy at

Asn129. We have shown that the N-linked glycosyla-

tions are important for folding and/or transport of

sortilin, but it is possible that some of the six glyco-

sylations are dispensable. If it is possible to mutate

Asn129, for example, to alanine, without compromis-

ing secretion, it may thus prove possible to reprodu-

cibly obtain well diffracting crystals of future

sSortilin:ligand complexes.

Putative peripheral membrane anchors

The long protruding hydrophobic loop at Blade 1

and the neighboring loop with a hydrophobic tip at

Blade 10 expose a large number of hydrophobic resi-

dues to the solvent. This is energetically highly

unfavorable and yet they are conserved as hydropho-

bic in all species. We therefore believe that they

serve important functions. Furthermore, it is note-

worthy that they protrude from the top face of the

b-propeller, since the functionally important loops of

all other known structures of Asp-box b-propellers

are all found on this face.15 Notably, any function of

the loops is probably specific to sortilin rather than

applying to the Vps10-D family in general, since

they are somewhat shorter and less hydrophobic in

SorLA and indeed much less hydrophobic in

SorCS1–3. We have previously speculated that they

could be involved in membrane anchoring in con-

junction with the single transmembrane helix found

C-terminally of the Vps10 domain, or in interaction

with hydrophobic patches on protein ligands or

receptor partners. Hydropathy plots did indeed

Figure 3. Neurotensin binding sites. (a) Cross-section of

sSort:NTHigh shown in surface representation. The propeller

domain is blue, 10CC-a is green (hardly visible in this view),

10CC-b is orange, the glycosylations are yellow and labelled,

and NT is shown in pink sticks. (b) Stereo image of NT in

binding site 1 of sSort:NTHigh. Sortilin residues within 4 Å of

the bound NT are shown. Dashed lines indicate positions of

hydrogen bonds, i.e., distances shorter than 3.2 Å, and the

green wire mesh represents the SA-omit map of NT con-

toured at 3r. Labels of selected residues of sortilin and NT

are shown in black and pink respectively (c) Stereo image of

NT in binding site 2 of sSort:NTHigh. Hydrogens bonds, SA-

omit map and labels are shown as in panel b.
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identify the loop at Blade 1 as a putative transmem-

brane segment, but it is highly unlikely that it

tightly fixes the top face of the b-propeller against

the membrane surface, as the top face is not dis-

tinctly basic, and as ligands are probably unable to

enter the tunnel from the very narrow entrance

found at the bottom face.11 It is however possible

that the loops serve as membrane anchors, which

reduce the freedom of movement of the domain with-

out clamping it tightly to the membrane surface.

This hypothesis is supported by a computational

analysis, which suggests that both hydrophobic loops

may function as peripheral membrane anchors. It is

also noteworthy that the only glycosylated residue

on the top face is Asn241, which is located on a long

flexible loop >35 Å away from the hydrophobic

loops. Glycosylation of the protein is thus unlikely to

impede membrane insertion of the hydrophobic

loops. Furthermore, anchoring via hydrophobic loops

may also explain why tumor necrosis factor a-

converting enzyme (TACE)-mediated ectodomain

shedding is much slower for sortilin than for any of

the other human Vps10-D receptors except

SorCS2,16 since such anchoring may hamper the

release of ectodomains from the membrane. If indeed

the hydrophobic loops serve as membrane anchors,

they could for example be important for proper

alignment of the domain for interaction with its cog-

nate receptor partners and/or for controlling access

to the ligand binding sites within the b-propeller

tunnel.

A second neurotensin binding site

The peptide observed in Site 2 in the sSort:NTHigh

structure may in principle either represent a second

molecule of NT, or the N-terminal part of the

Figure 4. Peptide binding experiments. (a) Competition of NT and NT8–13 with GST-Linker-PYIL measured by SPR. Derived

IC50 values are indicated. (b) ITC measurement of NT binding to sSortilin. (c) ITC measurement of NT8–13 binding to sSortilin.

Table I. Diffraction Data and Structure Refinement
Statistics

sSort-NTHigh

Beamline I911-5, MAX-lab
Data statistics
Wavelength (Å) 0.90736
Resolution limit (Å) 21.0–2.66 (2.76–2.66)
Space group C2
Unit-cell

a 162.01 Å
b 78.65 Å
c 110.98 Å

b 126.62�

Rmerge (I) 5.4 (74.4)
Completeness 99.2 (99.0)
I/sigma 16.8 (2.23)
Wilson B-factor 68.1
Refinement statistics
R-factor 0.166 (0.254)
Rfree 0.212 (0.293)
Number of atoms in model 5518
sSortilin and NT 5305
Ligands 105
Water 108
Mean B-factor (Å2) 86.3
sSortilin 86.4
NT in binding site 112 118.1
NT at packing interface 121.3
Glycosylations 110.9
Solvent (water, glycerol) 70.6
Geometry
RMSD bond lengths 0.004 Å
RMSD bond angles 0.74�

Phi-Psi distribution
Most favored 95.0%
Allowed 4.7%
Dissallowed 0.3%

Numbers in parentheses are for the highest resolution shell.
The structure belongs to the same space group as the previ-
ously reported sSort:NTLow structure (PDB: 3F6K), but the
cell dimensions are substantially different (cell parameters
for 3F6K: a 5 145.76, b 5 74.53, c 5 108.33, b 5 131.87).
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molecule bound to site 1 by its C-terminus. However,

we strongly favor the latter hypothesis. Early

experiments on binding of NT to sortilin thus sug-

gested a 1:1 stoichiometry,17 which is also in agree-

ment with the ITC data presented here. In addition,

neither NT1–8 nor C-terminally amidated NT8–13

can displace full-length NT in binding competition

experiments,11,18 which strongly disfavors the

hypothesis that two peptides are bound, as binding

at Site 2 is clearly not dependent on the presence of

a free C-terminus. Furthermore, we find that the

ability of NT to compete for binding with GST-PYIL

is reduced sixfold in an SPR experiment, and that

the affinity of binding, as determined by ITC, is

reduced fourfold when the 7 N-terminal most resi-

dues are removed, implying that these residues are

involved in binding. Yet, we were unable to detect

any binding of the C-terminally truncated NT1–8

peptide using ITC. We, therefore, conclude that the

N-terminal residues enhance the affinity in context

of full-length NT, but are insufficient to bind on

their own with appreciable affinity. A role of the N-

terminal part in acting as an affinity enhancer in

context of full-length NT is furthermore supported

by the observation that arginylation of Glu4, a natu-

rally occurring NT modification, leads to a threefold

increase in binding affinity to sortilin.19 We there-

fore conclude that NT is most likely bound as fol-

lows: The C-terminus is bound in Site 1 with high

affinity, the middle part is disordered in the tunnel,

and the N-terminus is bound in Site 2 with low

affinity and probably low specificity, as indicated by

the absence of well-defined side chain electron den-

sity for bound NT. Notably, binding of NT in Site 2

may not only enhance the affinity of binding but

may also partly underlie the striking ability of NT

to compete for binding with most other ligands, as it

would cause severe steric hindrance of access to

binding sites within the tunnel of the b-propeller

domain. Binding Site 2 is in likeness with Site 1

found in a highly conserved patch, indicating that it

probably serves an important function (Supporting

Information Fig. 3). This may solely relate to its

apparent role as an auxiliary binding site for NT.

However, it is possible that binding Site 2 is also

involved in binding of other ligands as either a pri-

mary or auxiliary binding site. Additional binding

experiments and structures of more sSortilin:ligand

complexes may help to resolve this.

Materials and Methods

Protein and peptide preparation

The ectodomain of human sortilin, sSortilin, includ-

ing the signal peptide (amino acids 233 to 725), was

expressed in CHO-K1 cells and purified in one single

step by RAP affinity chromatography as described

previously.2,20 NT was purchased from Sigma and

was more than 95% pure. Prior to crystallization,

the purified protein was dialyzed into a buffer con-

taining 50 mM Tris-HCl pH 7.9 and 150 mM NaCl

and concentrated to 4.5–5.5 mg/mL, as determined

by Bradford assay, using either Centricon (Millipore

Corp.) or Vivaspin (Sartorius Ltd.) concentrators.

Protein samples prepared in this way are very stable

and can be stored at 220�C for at least 5 years.

Crystallization and structure determination

Mixing with NT was done between a few minutes

and an hour before crystallization experiments were

set up using an sSort:NT ratio of about 1:15 (10-fold

increased concentration of NT as compared with the

previous sSort:NTLow structure). Crystallization

experiments were performed at 19�C by sitting-drop

vapor diffusion using 2 lL 1 2 lL of protein and res-

ervoir solution consisting of 20% PEG 6000, 300 mM

sodium malonate pH 6.7, 3% glycerol and 100 mM

Figure 5. Glycosylations. (a) sSort:NTLow is shown in a top

face view with N-linked glycosylations (sticks) added in silico

at sites determined by MS to be glycosylated. They are col-

ored blue at Asn65, light blue at Asn129, green at Asn241,

yellow at Asn373, orange at Asn549, and red at Asn651. For

reference, the hydrophobic loops are also colored; loop 97–

108 is turquoise and loop 557–563 is purple. (b) Tunicamycin

(Tm) effect on sSortilin secretion. Lanes 1–4 show sSortilin

content of lysed cells and lanes 5–8 show sSortilin content in

the growth media after addition of tunicamycin in various

concentrations, as indicated below each lane.
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Tris-HCl pH 7.9. Cryoprotection was achieved by

dehydration: The reservoir was replaced by a buffer

containing the same amounts of PEG and salt, but

with the glycerol content increased to 12% and

resealed to equilibrate over night before flash-

freezing the crystals in liquid nitrogen. The sSort:N-

THigh dataset was collected at Max-lab beamline

911-5 from a crystal with longest dimension of 250

lm. The data were processed using XDS21 (Table I).

Phasing was achieved by molecular replacement

using PDB: 3F6K stripped from carbohydrate, sol-

vent and ligands as input for Molrep.22 Refinement

was carried out by alternating cycles of maximum

likelihood refinement with PHENIX refine23 using

translation libration screw (TLS) restraints (Table I)

and manual rebuilding in O.24

Sequence and structural analysis

Multiple sequence alignment of the Vps10 domains

of human sortilin (UniProtKB/Swiss-Prot Q99523:

Residues 45–716), human SorLA (Q92763: 82–761),

human SorCS1 (Q8WY21:111–801), human SorCS2

(Q96PQ0: 51–784) and human SorCS3 (Q9UPU3:

134–825) was carried out using ClustalW2.25 The

alignment was then edited guided by the sSort:N-

TLow structure using Jalview 2.4.26 Prediction of

membrane interacting loops was carried out using

the PPM server (http://opm.phar.umich.edu/server.

php).27 All figures of the structures were made using

PyMol.28

Surface plasmon resonance experiments
NT and NT8–13 were purchased from Sigma-

Aldrich. SPR competition experiments were carried

out on a Biacore 3000 instrument against 100 nM

GST-linker-Pro-Tyr-Ile-Leu (linker sequence;

QDRLDAPPPPAAPL) using conditions and proce-

dures as previously reported.2 Each measurement of

GST-PYIL with peptide was corrected for the back-

ground with peptide alone and for every second mea-

surement, GST-PYIL was measured alone to correct

the maximal signal for degradation of immobilised

sSortilin. Percentage inhibition was calculated as

the response units of mixed peptide and GST-linker-

PYIL subtracted the response units for the peptide

alone divided by the response units of GST-linker-

PYIL alone. Data were processed in GraphPad

Prism 5 as a least squares nonlinear fit.

Isothermal titration calorimetry experiments
Binding of NT (Sigma), NT1–8 (American Peptide

Company, Sunnyvale, CA) and NT8–13 (Sigma) to

sSortilin was measured on a MicroCal iTC200 iso-

thermal titration calorimeter (MicroCal Inc., North-

ampton, MA). sSortilin for ITC was prepared as

described above and then dialyzed against PBS

buffer, pH 7.4. Peptides were dissolved in PBS

buffer, and to ensure accurate measurements, con-

centration of protein and peptides were determined

by total amino acid analysis as described previ-

ously.29 All solutions were filtered, degassed, and

equilibrated to the corresponding temperature before

each experiment. In a typical ITC experiment,

0.3 mL sSortilin (28 lM) was titrated at 30�C with

300 lM NT1–8 or NT8–13 in 20 steps of 2 lL (first

step, 0.4 lL). Time between injections was set to

150 s and the syringe mixing speed was set at

1000 rpm. Heat of dilution was measured by inject-

ing the ligand into PBS buffer and subtracted from

the heat of reaction to obtain effective heat of bind-

ing. Finally, the binding stoichiometry (n) and equi-

librium dissociation constant (Kd) for the binding

processes were determined by analyzing the titra-

tion data using the ORIGIN software (OriginLab

Corporation, Northhampton, MA).

Analysis of the glycosylation pattern using mass

spectrometry
For identification of glycosylation sites, sSortilin was

solubilized in 0.2M ammonium bicarbonate (pH 7.4)

containing 10 mM dithioerythritol and incubated for

45 min at 56˚C. Free cysteines were then alkylated

by addition of iodoacetamide to 50 mM and incuba-

tion for 30 min in the dark at room temperature.

After the reduction and alkylation, H2
18O was added

to a final concentration of 50% together with 4.5

mUnits PNGase F and the sample was incubated

overnight at 37�C. Then, the sample was dried in a

vacuum centrifuge and resuspended in 50 mM

ammonium bicarbonate (pH 8.0) and incubated with

trypsin (enzyme-to-substrate ratio 1:30 w/w) at 37�C

overnight. Tryptic peptides were separated by

reverse-phase HPLC and analyzed by MALDI-TOF-

MS. De-glycosylation of Asn residues (leading to the

formation of aspartic acid) in the presence of equal

amounts of H2
16O and H2

18O will result in 50%

incorporation of a 16O and 18O atom, respectively, in

all peptides that contained a glycosylated Asn.

Hence, a characteristic isotopic pattern with mass

increments of 1 and 3 Da can be observed by MS of

these peptides. Modeling of oligo-mannose glycosyla-

tions onto the identified glycosylation sites of

sSort:NTLow was done using the GlyProt server

(http://www.glycosciences.de/modeling/glyprot/php/

main.php).30

Analysis of the effect on secretion of inhibiting

glycosylation
For the secretion experiment, transfected CHO-K1

cells expressing sSortilin were cultured in Nunclone

Multidishes (Nunc, Roskilde, Denmark). At �80%

confluency, the cells were washed twice in Tris/bal-

anced salt solution pH 7.5 (BSS) and incubated for

30 min in modified Eagle’s medium without cysteine

and methionine (Sigma Chemical Co., St Louis, MO)

but supplemented with tunicamycin to 0, 1, 3, or
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6 mg/mL. Excess medium was removed and 1 mL of

the same medium supplemented with tunicamycin

as before and 200 mCi of L-[35S]cysteine and

L-[35S]methionine per milliliter of medium (Pro-mix;

Amersham International, Buckinghamshire, UK) was

then added to the wells. At the end of the labeling

period (4–5 h), the medium was harvested and the

cells were washed twice with BSS (4�C) and subse-

quently lysed for 10 min at 4�C in 1% Triton X-100,

20 mM Tris-HCl pH 8.0, 10 mM EDTA, 150 mM

NaCl, supplemented with a proteinase inhibitor cock-

tail (CompleteMini; Boehringer, Mannheim, Ger-

many). The lysed cells were spun down and CHO

medium was added to the supernatant to 1 mL final

volume of lysate. Each sample, either lysate or super-

natant medium, was incubated with 50 lL Gamma-

bind G-sepharose at 4�C for 2 h, after which the

beads were removed. Next, a preincubated (2 h at

4�C) mixture of 75 lL Gammabind G-sepharose

(Pharmacia), 500 mL CHO-medium, and 5 mL anti-

sortilin Ig was added to the solution. The beads were

spun down and washed five times in BSS with 0.05%

tween. Protein was released from the beads by resus-

pension in 100 mL reducing sample buffer (10 mM

DTT, 2.5% SDS) for 3 min at 95�C. Totally, 30 mL of

this solution was applied to poly-acrylamide gel elec-

trophoresis and autoradiographed.
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Strandbygård D, Pallesen LT, Garc�ıa-Alai MM,
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