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"In those days most believed that protein crystallography
was hopeless [ . . . ]. It is interesting to note the curious mental
attitude of scientists working on "hopeless" subjects. Contrary to
what one might at first expect, they are all buoyed up by
irrepressible optimism. I believe there is a simple explanation for
this. Anyone without such optimism simply leaves the field and
takes up some other line of work. Only the optimists remain."

– Francis Crick,
What Mad Pursuit
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Chapter 1
General introduction

The Vacuolar Protein Sorting 10 (VPS10) family shuttles a myriad
of cargoes within and outside the cell, but how they function at the
molecular level eludes us. Little structural information is available to
better understand their function as sorting receptors. The current state
of the literature concerning sorting receptors in general and the VPS10
family in particular is discussed in the following introduction.

1.1 Cells are compartmentalized entities
Mammalian cells are subdivided into functionally distinct compartments called organelles [1]. Cells constantly undergo many different
chemical processes that require specific conditions, and compartmentalization enables interacting partners to meet in the proper environment.
As a consequence, a tightly regulated distribution system is necessary to
bring together the right molecules in the correct location [2].
1.1.1 Protein synthesis and the secretory pathway
Proteins are the main actors of the cell and need to be shuttled between compartments to perform their function. The entire set of proteins
expressed in human cells or proteome is estimated to be between 620,000
to few millions [3]. At any given moment, a human cell contains approximately two billion proteins [4]. Approximately 2% of the cell DNA
[5], called coding DNA, is transcribed into mRNA which is exported
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out of the nucleus to the cytosol and directed to ribosomes to be translated into a polypeptide by decoding the trinucleotide genetic code. This
unfolded polypeptide also called random coil lacks any permanent threedimensional structure. To be able to perform their biological function,
proteins fold into one or more specific spatial conformations driven by a
number of non-covalent interactions such as hydrogen bonding, ionic interactions, Van der Waals forces, and hydrophobic packing. The correct
three dimensional fold is essential for the protein’s function [6]. Indeed,
misfolded proteins can cause adverse effects due to their propensity to
form toxic aggregate or via inappropriate interactions with partner proteins [7]. The synthesis of membrane proteins and soluble proteins which
are either destined for secretion or other cellular compartments takes
place in ribosomes attached to the cytosolic surface of the endoplasmic
reticulum (ER), a labyrinth-like network of membranous tubules, continuous with the nuclear membrane. In the ER, correct folding is assisted by
chaperones and folding enzymes which either refold, degrade, or deliver
to compartments that sequester potentially harmful misfolded species [6].
Newly synthesized proteins destined for the secretory pathway are targeted to the ER membrane by a signal peptide (SP), which gets cleaved
by the signal-peptidase complex (SPC).
Once properly folded, non ER-resident proteins are directed to the
Golgi apparatus via (COP-II)-coated vesicles [8] for further processing
and sorting through constitutive or receptor-mediated secretion. The
Golgi packages proteins into membrane-bound vesicles inside the cell before the vesicles are sent to their destination. The Golgi apparatus is
made up of a series of compartments consisting of two main networks:
the cis Golgi network (CGN) or entry face and the trans Golgi network
(TGN) which is the exit face. Proteins exit the TGN through secretory vesicles which then fuse with the plasma membrane to release their
contents outside of the cell.
1.1.2 Protein internalization
Three types of endosomes (early, late and recycling endosomes) as
well as lysosomes participate in the endocytic pathway [9]. The role of
this pathway is to internalize molecules from the plasma membrane (early
endosomes), recycle them back to the surface (recycling endosomes), or
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sort them to degradation (late endosomes and lysosomes). Early endosomes are often located close by the cell membrane, and fuse with
vesicles coming from the cell surface, acting as sorting stations [10–12]
where many endocytosed ligands dissociate from their receptors. These
receptors are afterwards often recycled to the cell membrane via recycling
endosomes. Late endosomes receive proteins from the early endosomes
and the TGN, and are a last sorting check-up point before the lysosome;
tight receptor-ligand complexes which have not yet dissociated in early
endosomes will do so in late endosomes [1]. Lysosomes contain a high
number of enzymes which help break down cellular waste products into
simple compounds which are then returned to the cytosol as new building
blocks.
1.1.3 Transport regulation
The functional activity and sorting of the protein can (and usually
will) be regulated by post-translational modifications (PTMs) [13]. Common PTMs include propeptide cleavage [14] (i.e. enzymatic removal of
part of the protein, typically at the C- or N-terminus, which leads to
protein activation), phosphorylation or dephosphorylation (addition or
removal of a phosphate group to an amino acid side chain) [15], ubiquitination (attachment of an ubiquitin tag that signals the protein-transport
machinery to ferry the protein to the proteasome for degradation) [16]
and glycosylation [17] (attachment of a carbohydrate, commonly an NAcetylglucosamine (GlcNAc) to a nitrogen of an asparagine (N-linked
glycan) or to the hydroxyl oxygen of the side chains of a serine or threonine (O-linked glycan)). PTMs can be reversible depending on the nature
of the modification. Glycosylation is sometimes required for proper folding of the protein [17], and the majority of proteins synthesized in the
ER undergo glycosylation for quality control [18]. Glycans play a pivotal
role in regulating various other functions such as oligomerization, quality
control, sorting, and transport [19].

1.2 Receptor-directed protein sorting
Intracellular trafficking can be regulated by specific sorting receptors
such as members of the VPS10 family, which transport their bound ligand
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Figure 1.1 Sorting receptor cycle in the endocytic pathway.
Sorting
receptors are exported to the cell surface by budding secretory vesicles. On the
cell surface, they bind and internalize their cargo via clathrin-coated pits. This
endocytic process is intracellularly mediated by AP2. In the endosome, the cargo
is released and receptors can either be recycled via the retromer to the TGN or
the cell surface, or sent to degradation in the lysosome. GGA and AP1 regulate
anterograde sorting of the receptors from the TGN to the endosome.

to their intended destination. The destination of these protein ligands
is encoded within the protein itself, as sorting receptors can recognize
either a target sequence motif (amino acid sequences found in transported
proteins that selectively guide the distribution of the proteins to specific
cellular compartments) [20, 21] or PTMs like ubiquitination [22] and
glycosylation [23].
Sorting receptors mediate non-constitutive protein export from the
TGN [24] as well as import through receptor-mediated endocytosis (Figure 1.1) [25]. The most common membrane trafficking pathway uses
carrier vesicles coated in clathrin [26]. Protein ligands bind receptors
on a specific region of the membrane covered in clathrin, called clathrin
pit, which can invaginate and engulf its surroundings, budding away and
forming a clathrin-coated vesicle [25].
Adaptor proteins regulate the interaction between receptors and
clathrin on the cytosolic side by recruiting clathrin to the membrane

4

and concentrating specific receptors to clathrin pits [27]. Clathrin recruitment for internalization at the plasma membrane by endocytosis is
mediated by an heterotetrameric adaptor-protein (AP) complex called
AP-2, while AP-1 participates in cycling between the TGN and endosomes [28]. In concert with AP-1, Golgi-localized, Gamma adaptin earcontaining, ARF-binding (GGA) proteins regulate export from the TGN
to early endosomes [28] while receptor recycling from endosomes to the
TGN is controlled by the retromer complex [29]. As endosomes mature,
released ligands and receptor-ligand complexes which are not recognized
by recycling adaptor proteins will be directed to the lysosome for degradation [30]. Progressive acidification of the endosomes as they mature,
from pH 6.0 – 6.5 in early endosomes to 4.5 – 5.5 in late endosomes and
lysosomes, is thought to play a key role in ligand discharge and targeted
degradation in the lysosome [30], however little is known about cargo
release mechanisms, except in the case of the Low-Density Lipoprotein
Receptor (LDLR).
1.2.1 The Low-Density Lipoprotein Receptor (LDLR)
The LDLR is one of the most studied clathrin-mediated endocytosis
receptor for its role in mediating the endocytosis of cholesterol-rich LDL,
thus regulating the plasma level of LDL [31], an important factor in atherosclerosis [32, 33]. Members of the LDLR family have been shown to
regulate many different functions such as transducing signal in neuronal
migration processes, regulating synaptic plasticity or controlling vitamin
homeostasis, through their interaction with diverse cell-surface proteins
[34]. The cytoplasmic tail of the LDLR harbors recognition sites for cytosolic adaptor proteins, including motifs that regulate internalization
via clathrin-coated pits [34], while its ectodomain contains seven LDLR
class A domains, six LDLR class B repeats and three Epidermal Growth
Factor (EGF)-like domains. The LDLR A repeats are the ligand-binding
domains. They contain three disulfide bonds and highly conserved acidic
residues which it uses to coordinate a single calcium ion in an octahedral
lattice, which are necessary to maintain its structural integrity at acidic
pH in the endosome. The role of LDLR B repeats is still unknown. The
EGF-like domains are thought to be responsible for the conformational
change of the receptor at acidic pH which enables cargo release in the endosome [35]. Low density lipoprotein receptor-related protein 1 (LRP1)
5

1

has also been suggested to undergo a conformational change at acidic pH
[36] and is likely using a similar mechanism for cargo release.

1

1.2.2 The retromer complex
The retromer is a highly conserved heteropentameric complex which
plays a central role in recycling transmembrane receptors from endosomes to the TGN [10, 37]. Retromer sorting defects have been linked to
Alzheimer’s [38, 39] and late-onset Parkinson disease [40]. The retromer
is proposed to act in two subcomplexes, a cargo recognition complex
that consist of a vacuolar protein sorting (VPS) trimer (VPS35, VPS29
and VPS26) [41], and either a sorting nexin (SNX) SNX3 or SNX27,
or a SNX-Bin, Amphiphysin and Rvs (SNX-BAR) heterodimer , which
consist of SNX1 or SNX2 and SNX5 or SNX6, that facilitates the formation of vesicles which transport cargo molecules to the TGN [42]. The
retromer has been shown to mediate retrograde trafficking from a number of internalization receptors such as the cation-independent mannose
6-phosphate receptor [42], the Wnt receptor Wntless [43], and members
of the VPS10 family [44]. The structure of VPS26 and VPS35 subunits
of retromer, SNX3, and a recycling signal from the divalent cation transporter DMT1-II has recently been solved, uncovering a new cargo recognition motif and showing that the retromer complex likely functions as a
dimer [45]. This novel discovery suggests that the avidity of retromer for
cargo might be increased by the dimerization of transmembrane receptors
and the affinity might be modulated by post-translational modifications
[45].

1.3 The vacuolar protein sorting (VPS) 10 domain
family
Dysfunction in endosomal sorting has long been known as a risk
factor for neurodegenerative diseases, and the role of the VPS10 family
has recently been linked to retrograde trafficking and its interaction with
the retromer complex [46]. In comparison to the LDLR family, limited
studies have been conducted on the VPS10 family so far, and additional
roles in apoptosis and growth-cone retraction via the proneurotrophin
(neurotrophin precursor) - p75 neurotrophic receptor (p75NTR) pathway
6

1

Figure 1.2 The VPS10 family.
Sortilin’s lumen only consists of VPS10
domains, while the SorCS family carries additional LRR domains. SorLA is significantly more complex. Scheme of the VPS10 family members. LDL B: Low
Density Lipoprotein Receptor, B repeats containing. EGF: Epidermal Growth
Factor-like repeat. LDL A: Low Density Lipoprotein Receptor, A repeats containing. FN3: Fibronectin type III repeat. LRR: Leucine-rich repeat.

have been identified for VPS10 family members [47, 48]. The mammalian
VPS10 family consists of five members: Sortilin, SorLA, and SorCS 1, 2
and 3. They share a common N-terminal VPS10 protein domain, named
after the VPS10 protein initially identified in yeast [49, 50]. The VPS10
protein is a type I transmembrane receptor which sorts the yeast carboxypeptidase Y to the vacuole, the yeast equivalent of the lysosome
[49]. The whole luminal segment of Sortilin consists of the VPS10 domain only, while the other members of the family contain additional
domains (Figure 1.2).
It has been shown that VPS10 family members are synthesized as
precursors and cleaved in the TGN [51–55]. The propeptide might serve
as a chaperone, and for Sortilin and SorLA, prevents binding of ligands to
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the VPS10 domain [56]. SorCS members do not bind their own propeptide and do not depend on precursor cleavage for ligand binding [54].
Furthermore, all receptors from the VPS10 family can shed their luminal domain, but the functional role of this shedding is unknown [57–59].
VPS10 family members contain a short cytosolic (intracellular) domain
containing sorting motifs [60–62], however, SorCS3 does not seem to be
implicated in Golgi-endosomal transport [53].
1.3.1 SorLA
SorLA or Sortilin-related, Low Density Lipoprotein Receptor (LDLR),
A repeats containing, is the largest member of the family (250 kDa) and
contains both LDL A and B repeats (eleven and five, respectively), as
well as six fibronectin-type III (FN3) repeats and a single EGF precursor
type repeat [63]. SorLA has been extensively studied, mainly due to its
capacity to sort the Amyloid Precusor Protein (APP) [60]. The structure of the VPS10 domain of SorLA unbound and in complex with an
APP derived peptide revealed that APP binds at the same site as the
SorLA propeptide, and that the 10CC-b domain is flexible and moves
away from the β-propeller at acidic pH [64]. However, the additional domains of SorLA and their role in specificity and regulation of the receptor
compared to other members of the VPS10 family has not been explored.

1.4 Sortilin
Sortilin or neurotensin receptor 3 was the first VPS10 family member to be identified in mammals [65] due to its propensity to bind the
Receptor Associated Protein (RAP). Sortilin was also the first member of
the family whose structure, in complex with neurotensin (a neuropeptide
thought to inhibit the proneurotrophin pathway), was elucidated [66]. It
revealed that the VPS10 domain consists of three subdomains: a large,
ten-bladed β-propeller, flanked and stabilized by two small β-sheet structures named 10CC due to the presence of ten cysteines within these two
subdomains (Figure 1.3). Neurotensin binds Sortilin within the tunnel
of the β-propeller and is thought to share this binding site with many
other Sortilin ligands, including the Sortilin propeptide, thus inhibiting
binding from other Sortilin partners.
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Figure 1.3
Structure of the VPS10 domain of Sortilin (orange, tenbladed β-propeller; cyan, 10CC domains) bound to neurotensin (yellow
surface). PDB 3F6K .

The founding member of the VPS10 family is also the best characterized. Akin to the LDLR, Sortilin is a multifunctional receptor which
interacts with a large variety of ligands and transports them between the
compartments from the secretory and endocytosis pathways as well as
the cell surface. Dysregulation of Sortilin expression has been linked to
diseases ranging from cancer to obesity and neurodegeneration to diabetes [46, 67, 68]. Sortilin is almost ubiquitously expressed; it has been
predominantly studied in the central and peripheral nervous systems [69],
but is also present in hepatocytes [70]. During development, Sortilin is
highly expressed in diverse epithelial tissues including the lung, kidney
and pancreas [71].
At the cellular level, Sortilin is preferentially (80 to 90%) expressed
in the Golgi complex and insulin-regulated, glucose transporter type 4
(glut4)-containing secretory vesicles while the remaining receptors are
localized on the cell surface [72, 73]. Sortilin is essential and sufficient
for the formation of glut4 storage vesicles [74]. Upon insulin-dependent
Sortilin activation, glut4 vesicles are translocated to the plasma membrane [75]. In insulin-resistant diseases like type-II diabetes and obesity, Sortilin is downregulated and this translocation is defective [76, 77].
9
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Furthermore, Sortilin has been shown to have an important role in differentiation of adipocytes and myocytes through acquisition of insulin
responsiveness via modulation of proNGF-p75NTR [74, 78].
Sortilin has mainly been studied because of its additional role as a coreceptor in proneurotrophin-p75NTR-mediated apoptosis [47]. However,
new functions for Sortilin in lipid metabolism have been discovered and
Sortilin’s role in atherosclerosis is currently being investigated [79–82].
Sortilin participates both in secretion of Protein Convertase Serine Kinase 9 (PCSK9) and very low density lipoprotein (VLDL), and in uptake
of low density lipoprotein (LDL) [81, 82], lipoprotein lipase (LpL) [83]
and apolipoprotein E (APOE), the latest being implicated in Alzheimer’s
disease [84]. The phospholipid phosphatidylinositol (3,4,5)-trisphosphate
(PIP3) has also been shown to bind to Sortilin and compete with neurotensin, which could regulate the VLDL interaction with Sortilin [85].
Sortilin is also linked to heart disease through its role in promoting mineralization of the extracellular matrix, leading to coronary artery calcification [86, 87].
Other roles for Sortilin have been identified in many cancers such
as brain, prostate, colon, pancreas and skin cancers, either through neurotensin activation or through a TrkB-EGFR-Sortilin complex [67]. Recently it was discovered that Sortilin regulates the sorting and secretion
of the oncogene protein Sonic hedgehog (SHH) [88, 89]. Overexpression
of Sortilin appears to be correlated with breast cancer aggressiveness by
contributing to tumor cell adhesion and invasion [90].

1.5 SorCS2
The SorCS subfamily contains three closely related members, with at
least 49% identity between the VPS10 domains [91]. SorCS members also
contain a leucine rich region (LRR), with 63% identity between SorCS1
and SorCS3 versus only 35% identity between SorCS1 and SorCS2 [91].
The three SorCS genes are differentially expressed and regulated in mature neurons [91]. Unlike Sortilin and SorLa, SorCS1 and SorCS3 do
not bind their propeptide nor neurotensin [54]. Since their discovery
a growing number of studies have linked SorCS genes to diverse neurodegenerative diseases such as autism, schizophrenia, bipolar disorder,
attention deficit hyperactivity disorder, late-onset Alzheimer disease and
multiple sclerosis [92–98]. SorCS1 has been shown to traffic neurexins
10

and AMPA receptors in synapses [99], while SorCS3 binds proNGF and
NGF with the same strength. SorCS1 and SorCS3 have also been linked
to diabetes [100–102]. However, at the molecular level, little is known
about SorCS receptors.
SorCS2 is the VPS10 family member that is the least characterized. Ten years after its identification [103], a first role for SorCS2
in proneurotrophin-mediated neurodegeneration as co-receptor of the
p75NTR was uncovered [48]. Roles for SorCS2 in amyotrophic lateral
sclerosis, bipolar disorder and schizophrenia have been suggested [92,
95, 104], but the mechanism of action of SorCS2 is poorly understood
[105], though recent studies have shown that SorCS2 regulates proBDNFdependent synapse plasticity [106, 107]. Furthermore, SorCS2 has been
linked to obesity and colorectal cancer, suggesting a role akin to Sortilin’s
for SorCS2 in these diseases [108–110].
SorCS2 is localized predominantly in the brain, but also in heart,
liver and kidney [71, 103]. Unlike Sortilin, SorCS2 is preferentially located at the cell surface in mature neurons of the central nervous system
(CNS) and glia of the peripheral nervous system (PNS), making it the
preferred co-receptor for p75-dependent apoptosis [55].
SorCS2 contains a leucine-rich region linking the VPS10 domain and
the transmembrane domain. It has been shown to exist both as a singlechain receptor in the neurons of the CNS and as a cleaved two-chains
receptor in the glia of the PNS [55]. The proteolytic processing site yielding this two-chain version of SorCS2 is located in the leucine-rich region
at residue S1031. SorCS2 interacts with proneurotrophins [48, 106, 107],
mtHTT and mediates NR2A subunit trafficking [111]. Both single and
double-chain SorCS2 interact with proneurotrophins (and with less affinity to mature neurotrophins) and form a ternary complex with p75NTR,
but the single chain receptor induces growth cone collapse of dopaminergic neurons while the double-chain receptor transduces apoptosis signals
in PNS glia [55].

1.6 The proneurotrophin pathway and neurotensin
As indicated, some VPS10 family members are not only sorting receptors, but have a supplemental role as co-receptors of p75NTR in the
proneurotrophin pathway. Neurotrophins (Nerve Growth Factor (NGF),
Brain-derived Neurotrophic Factor (BDNF), Neurotrophin 3 (NT3) and
11
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Neurotrophin 4 (NT4)) are most well-known for their role in neuronal
survival, differentiation and growth [112]. However, neurotrophins are
initially synthesized as precursors called proneurotrophins, and the unprocessed proNGF and proBDNF form a high-affinity ternary complex
with the p75NTR and either Sortilin or SorCS2 as coreceptors [48, 113–115].
This ternary complex induces p75NTR-mediated growth cone retraction
and apoptosis through the cleavage of its death domain present on its
cytoplasmic tail [48, 116, 117]. The proneurotrophin pathway has been
linked to multiple neurodegenerative diseases such as Alzheimer’s disease
(AD) or Parkinson’s, seizures, and tissue damage resulting from spinal
cord injury [118]. The presence of Sortilin or SorCS2 is necessary for
the apoptosis signal transduction [47]. Interestingly, both Sortilin and
SorCS2 have been shown to directly bind to p75NTR through its highly
O-glycosylated and flexible stalk and not its ligand binding domain [47,
55, 119]. The p75NTR is a covalently linked homodimer [120] which can
form 1:2 and 2:2 complexes with proneurotrophins [115]. The asymmetric complex has been suggested to be an intermediate state for VPS10
coreceptor binding [121]. Additionally, a common polymorphic single mutation V66M in proBDNF has been identified has inducing acute growth
cone retraction through SorCS2 and is linked to an enhanced risk for
depression and anxiety disorders in humans [107, 122, 123].
Neurotensin is a tridecapeptide present mainly in the CNS and its
periphery [124]. Neurotensin exerts a variety of roles, from the regulation of the dopaminergic system to analgesia and hypothermia in the
CNS [125–127] and facilitation of lipid digestion, regulation of insulin secretion and protection of pancreatic beta cells against cytotoxicity in the
periphery [128–131]. Low levels of neurotensin have also been reported in
many mental disorders including schizophrenia [132] and treatment with
anti-psychotic drugs restored neurotensin levels to the normal range [133].
Sortilin is also called neurotensin-receptor 3, and is the only nonGPCR receptor identified for the neuropeptide so far [134]. Neurotensin
binds Sortilin with high affinity and inhibits binding from other Sortilin
ligands such as proneurotrophins [51, 115], thus preventing proneurotrophin-induced apoptosis [135]. Furthermore, it has recently been discovered that neurotensin stimulates Sortilin production in microglia where
Sortilin is the only neurotensin receptor expressed [136] and stimulates
fatty acid absorption in a Sortilin-dependent manner in mice and cultured intestinal cells [68], thus indicating that there might be a larger
12

role to the neurotensin interaction with Sortilin than sole inhibition of
the p75NTR-mediated apoptotic pathway.
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1.7 Thesis overview
This thesis explores the link between structure and function of receptors from the VPS10 family. Chapter 2 focuses on Sortilin and its
role as an endocytosis receptor. Crystal structures of the VPS10 domain of Sortilin (s-Sortilin) at acidic and neutral pH show substantial
conformational change which enable dimer formation at endosomal pH,
triggering ligand release through a double mechanism. Such flexibility
in a β-propeller was previously unreported. Dimerization brings the Ctermini of the Sortilin dimer in close proximity which suggests a role in
signal transmission for recycling of the receptor. The structures enable
precise mechanistic insights into Sortilin trafficking further confirmed by
biophysical and cellular assays.
In Chapter 3, the extracellular domain of SorCS2 (sSorCS2) is
characterized. The protein production and purification is optimized and
the oligomerization state is probed. The crystal structure of sSorCS2
is solved and reveals that the leucine-rich region consists of two PKD
domains and an unreported domain with an RNA-binding like fold. The
additional domains of SorCS2 enables the receptor to form a cross-braced
dimer through a large dimerization interface involving all domains but
the 10CC-a. This dimerization interface is completely different from
Sortilin’s and likely pH independent. Finally, the oligomerization state
of sSorCS2 in solution is probed and sSorCS2 dimerization is confirmed
by several biophysical assays.
Chapter 4 explores the interactions of SorCS2 with proneurotrophins. Surface plasmon experiments confirm that SorCS2 is able to directly bind proneurotrophins with nanomolar affinity without the presence of co-receptors, and show the presence of a second, low-affinity binding site. The crystal structure of SorCS2 in complex with proNGF uncovers a 2:4 SorCS2-proNGF complex with a new binding surface for the
mature part of proNGF on the top face of the SorCS2 β-propeller. The
structure shows that a conformational change is necessary for ternary
complex formation with p75NTR, and a model for the ternary complex
formation is proposed.

13
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Finally, Chapter 5 discusses the important implications of the findings presented in this thesis for the VPS10 family both for the endocytosis as well as the proneurotrophin fields, and points out opportunities
for future research.
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Chapter 2
Low pH-induced conformational change
and dimerization of Sortilin triggers endocytosed ligand release

2

2.1 Introduction
Receptor-mediated endocytosis is an essential mechanism for eukaryotic cells. Ligands are bound extracellularly to endocytosis receptors, internalized and subsequently discharged from the receptors by low
pH. The free receptors can then be recycled to the cell surface for new cycles of endocytosis. Different families of endocytosis receptors have been
identified but our understanding of how their ligands are released at low
pH after endocytosis remains incomplete. For the low density lipoprotein (LDL) endocytosis receptor it has been shown that an intramolecular conformational rearrangement of domains discharges ligands [35]
but whether such a conformational change mechanism applies to other
endocytosis receptors is not clear [137].
Sortilin (Sort1, neurotensin receptor-3) is a type I transmembrane
endocytosis receptor that has a multifunctional role in protein sorting and
cell signaling [60, 138] in a diverse range of cell types such as neurons,
hepatocytes and white blood cells [71, 138]. Sortilin can trigger internalization of ligands from the cell surface via endocytosis and sorts ligands
between several intracellular compartments such as the trans-Golgi network (TGN), endosomes, lysosomes and the secretory pathway [139–141].
For example the neuropeptide neurotensin that is implicated in hormonal
and dopaminergic regulation [142] is internalized by Sortilin [139]. In
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addition, Sortilin signaling induced by binding pro-neurotrophins leads
to neurodegeneration via the p75-Sortilin-proneurotrophin complex, and
neurotensin has been suggested to inhibit this pathway by preventing
proneurotrophin binding to Sortilin [65, 115].
Sortilin binds and sorts a broad range of ligands, and dysfunction of
Sortilin has been linked to a wide range of disorders [138]. Upregulation
of Sortilin is a risk factor in cardiovascular diseases such as hypercholesterolemia through its role in the clearance of Low-density lipoprotein
(LDL) [82] and secretion of Proprotein convertase subtilisin/kexin type
9 (PCSK9) [143] as well as obesity through the stimulation of fatty acid
absorption via neurotensin signaling [68]. Sortilin is also associated to
neurodegenerative diseases such as Huntington’s [144] and Alzheimer’s
disease [145] due to its involvement in the proneurotrophin pathway [118]
and progranulin sorting [146].
The 49 residue-spanning C-terminal cytosolic tail of Sortilin is required for endocytosis and shuttling between cellular compartments [61].
It harbors sorting motifs that can be recognized and bound by adaptor
proteins such as the clathrin adaptors Golgi-localized, γ-ear containing,
Arf binding proteins 1-3 (GGA1-3), thereby mediating Sortilin endocytosis and shuttling.
The N-terminal luminal region of Sortilin (s-Sortilin) is N-linked
glycosylated and essentially formed by the VPS10p domain. Previously
solved crystal structures of s-Sortilin revealed that the VPS10p domain
in fact consists of three domains; a ten-bladed β-propeller and two 10CC
domains (10CC-a and 10CC-b) that have substantial interactions with
the β-propeller [66]. Sequence analysis indicates that these three domains are followed by a transmembrane helix and the aforementioned
cytosolic tail that is predicted to be predominantly disordered. The
available structures of human s-Sortilin are either in complex with the
13 amino acid peptide neurotensin [66, 147] or small molecule inhibitors
[148, 149]. Each of the ten β-propeller blades consists of four anti-parallel
β-strands with strand-linking loops forming the two propeller faces. The
two 10CC domains are stabilized by disulfide bonds and interactions with
the β-propeller. These structures reveal a rigid and compact conformation, in which the 10CC domains stabilize the ten-bladed β-propeller,
and indicate that s-Sortilin is a monomer.
The large surface formed by the Sortilin luminal segment provides a
platform for ligand binding. Sortilin interacts with a diverse set of ligands
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such as signaling receptors (e.g. Tropomyosin receptor kinase B, Epidermal Growth Factor Receptor,) enzymes (e.g. PCSK9), adaptor proteins
(e.g. Apolipoprotein E [84] and sphingolipid adaptor proteins [141]) and
signaling proteins such as Sonic Hedgehog, (pro)neurotrophins, progranulin and neurotensin. Sortilin also interacts with its own pro-peptide
(called spadin or Sort-pro) that is generated by furin cleavage. It is not
well understood what defines the promiscuity of Sortilin for interaction
with such a large collection of interacting partners but an important role
for the large β-propeller has been suggested [66]. Neurotensin binds in the
central tunnel formed by the β-propeller and competes for binding with
(pro)neurotrophins and spadin [51, 66, 115]. Spadin, like neurotensin,
competes with receptor-associated protein (RAP) for Sortilin binding
[51] and is believed to prevent ligand binding to Sortilin in the TGN
[51].
Release of ligands from endocytosis receptors is generally believed
to be induced by the increasing acidity within compartments along the
endocytic pathway while going from early endosomes to late endosomes
and lysosomes [150]. Indeed, for Sortilin it has been shown that interaction with several ligands is lost at acidic pH [51, 65]. For example, the
interaction between Sortilin and RAP is lost at pH 4.0 [65], spadin and
Amyloid Precursor Protein interactions are substantially weakened at
pH 5.0 [51, 151], binding of PSCK9 and the conotoxin-TxVI propeptide
to Sortilin is almost completely abrogated at pH 5.5 [143, 152]. These
ligands belong to different protein families that are structurally and functionally unrelated, and probably do not all bind to the same site on the
Sortilin surface.
How Sortilin is capable of binding such a diverse set of ligands, different in size and structure, and release them at acidic pH is not clear.
The structures available for s-Sortilin do not inform on the molecular
mechanism that underlies this discharging mechanism nor on the signal
that triggers shuttling between cellular compartments. In this study,
we detail that Sortilin undergoes a conformational change within the
three luminal domains and dimerizes while transitioning from neutral
to acidic pH. This transition provides an altered Sortilin structure and
surface. We show that this double mechanism, of dimerization and conformational change, is required for the release of ligands representative
of two common Sortilin ligand families, the neuropeptide neurotensin
and (pro)neurotrophins. This ligand discharging mechanism is strikingly
17
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different from that of the LDL receptor and represents a new release
mechanism that could apply to a wide diversity of endocytosis receptors and ligands. In addition, the pH-induced dimerization brings the
s-Sortilin cytosolic segments in close proximity of each other which could
provide the signal for cytosolic adaptor proteins to shuttle Sortilin to various intracellular compartments. Our results indicate how discharging of
receptor-bound ligands in the endosomes by pH-induced conformational
change and dimerization can be recognized at the cytosolic side by adaptor proteins for subsequent regulation of receptor shuttling.

2

2.2 Results
2.2.1 Crystal structures of Sortilin reveal a dimer at low pH
We determined the structures of the glycosylated luminal segment
of mouse Sortilin, s-Sortilin, from crystals grown at neutral pH (pH 7.5,
one crystal form, 2.1 Å maximum resolution) and acidic pH (pH ranging
from 5.0 to 6.2, three crystal forms, maximum resolution ranging from 2.3
to 4.0 Å) (Figure 2.1, S2.1 and Table 2.1). The structures reveal two
distinct conformations, a monomer at neutral pH and a dimer at acidic
pH. The Sortilin monomer adopts a nearly identical structure to that of
human Sortilin previously determined from crystals grown at pH 7.2 to
7.9 [147–149] (Figure S2.1C) with a root mean square deviation (rmsd)
of 0.67 Å for 586 Cα atom positions, of a total of 590 Cα atoms modeled (see Methods for details). This is similar to the differences that are
apparent when comparing the four human s-Sortilin structures to each
other. The eight independent s-Sortilin molecules in the three crystal
forms grown at acidic pH all form homodimers with an identical interface and highly similar structure (Figure S2.1B). The rmsd between the
s-Sortilin chains in the dimers is 0.80 Å for all of the 650 Cα atoms modeled. S-Sortilin dimerizes through the top face of the β-propeller, i.e. the
large side of the β-propeller disk opposite to the bottom face at which the
10CC domains are located. This provides an outward and separated position for the 10CC domains in the two s-Sortilin chains (Figure 2.1B.
The predominantly hydrophobic dimer interface is large with a buried
surface area of 4882 Å2 and is formed mainly by loops protruding from
the blades (Figure 2.1B and 2.2). β-Propeller blades 1,4,6,7,8,9 and
18

2

Figure 2.1 Crystal structures of s-Sortilin at acidic pH reveal a dimer. A.
Cartoon representation of a single chain from the mouse s-Sortilin dimer viewed
from the top face of the β-propeller (left) and from the side (right), domains
numbered and colored according to scheme C. B. Side-view of the crystallographic
s-Sortilin dimer and its proposed orientation on the cell surface. Termini are
indicated by N and C. The nine residues missing from the structure to the cell
surface are indicated with a dotted line. C. Schematic domain organization of
mouse Sortilin. PRO, prodomain; TM, transmembrane region; CT, cytosolic tail.
The domains present in the structures are colored.

10 are involved in dimer formation. The two-fold symmetry axis that
describes the s-Sortilin homodimer passes through the dimer parallel to
the dimerization interface and exits at blades 4 and 5 on one side and
blades 9 and 10 on the other side of the dimer. As a consequence, the
following β-propeller blades interact with each other across the dimerization interface: blade 1 interacts with blades 7 and 8 of the other chain,
blade 4 interacts with blade 6 of the other chain, and blade 9 interacts
with blade 10 of the other chain.
The s-Sortilin dimer structures reveal how the full-length transmembrane Sortilin could be oriented on the cell-surface. In the s-Sortilin
dimer the C-termini are in close proximity to each other with 37 Å distance between the two N713 Cα atoms. Each C-terminus has extensive
interactions with its own β-propeller that limits their flexibility (Figure
2.3). The dimer crystal structures lack nine residues to the transmembrane helix. Most likely the two-fold axis that describes the Sortilin
dimer is oriented perpendicular to the cell surface. In this orientation,
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Table 2.1

X-ray diffraction data collection and refinement statistics.

Crystal Form

1

2

3

4

Data Collection

2

Space Group

P212121

P212121

P212121

C2

a (Å)

98.0

150.3

79.8

200.6

b (Å)

132.3

151.8

137.2

62.6

c (Å)

154.8

162.7

147.6

67.3

β (°)

90

90

90

101

Resolution
(Outer shell) (Å)

69.64-2.30
(2.34-2.30)

71.72-4.00
(4.22-4.00)

62.20-3.21
(3.40-3.21)

65.99-2.10
(2.16-2.10)

Rmerge

0.096 (1.158)

0.199 (1.506)

0.073 (0.325)

0.099 (0.499)

I/σ(I)

9.8 (1.4)

7.7 (2.0)

14.1 (4.8)

6.3 (2.6)

CC (1/2)

0.996 (0.432)

0.998 (0.778)

0.997 (0.964)

0.985 (0.710)

Completeness (%)

99.4 (98.7)

100.0 (100.0)

99.7 (99.6)

97.5 (95.7)

Redundancy

6.3 (6.0)

12.0 (11.0)

6.3 (6.4)

3.1 (2.9)

Molecular Replacement & Refinement
Solvent content (%)

58

55

50

51

Molecules in ASU

2

4

2

1

Rwork

0.1917

0.2040

0.2351

0.193

Rfree

0.2278

0.2532

0.2645

0.2178

Average B (Å2)

60.40

189.80

98.80

38.00

RMSD Bond
length (Å)

0.0103

0.0028

0.0074

0.0072

RMSD Angles (Å)

1,309

0.575

0.773

0.992

Ramachandran
Favored (%)

95.5

95.3

94.2

96.6

Ramachandran
Outliers (%)

0.2

0

0.2

0.2

Rotamer Outliers (%)

0.8

0

0.8

0.6

the Sortilin β-propellers face the cell surface in a perpendicular fashion
and the C-termini, the 10CC-b domains and β-propeller blades 4 and 5
are closest to the cell surface whereas blades 9 and 10 would be furthest
away from it (Figure 2.1B). Interestingly, the interface on the Sortilin
dimer that faces the cell-surface in this proposed orientation is lined by
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Figure 2.2 A conformational change accompanies the monomer-dimer
transition. A. Cartoon representation of the dimer (red) and monomer (orange,
PDB 3F6K) conformations. Superpositions of the monomer and dimer conformation of each domains reveal substantial conformational changes within the
domains (bottom). B. A conformational change is required to prevent steric
clashes. Monomer s-Sortilin conformation as hypothetical dimer leads to clashes
predominantly arising from loop 97-108 (left panel). This loop is flexible and
not visible in the monomer mouse structure. It transitions to a structured form
and provides interactions in the dimer (right panel). C. Open book view of the
dimer in surface representation (top) with the interface colored yellow. Blades
involved in the dimerization are numbered. Below, gradient visualization from
red (-10 kT/e) to blue (10 kT/e) of the electrostatic surfaces at pH 5.5 and 7.4,
calculated with the APBS server [153, 154] based on residue pKa determined by
PROPKA [155].

ten lysine residues that may aid surface adhesion by interacting with
negatively charged glycolipids in the cell-membrane (Figure 2.3).
2.2.2 Sortilin undergoes a conformational change
The s-Sortilin monomer-dimer transition is accompanied by a substantial conformational change (Figure 2.2A). The conformational change
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Figure 2.3 Model for the orientation of Sortilin dimer on the cell surface.
The 10CC-b domain of s-Sortilin interacts extensively with the β-propeller and
brings the C-termini in 37 Å proximity in the dimer. Ten lysines are oriented
towards the membrane and may stabilize this proposed orientation of the Sortilin
dimer by providing interactions with negatively charged lipids at the membrane.

is an unusual rearrangement within the β-propeller and the two 10CC
domains. No rigid body movement is observed, i.e. the positions of the
domains do not change with respect to each other when comparing the
s-Sortilin monomer with a dimer chain (Figure S2.1A). In the dimer
structure, the β-propellers are more compact and all blades are more
evenly distributed around the center of the propeller. In the transition
of the β-propeller from monomer to dimer, blade 1 moves in towards the
center of the propeller and away from blade 2 (the blade 1 - propellercenter distance decreases from 13.5 Å to 10.9 Å). Blades 8 – 10 are
pushed away from the center of the propeller while blade 6 moves in and
blades 3 – 5 remain relatively unperturbed. The distance between the
centers of mass of opposing blades 1 and 6 thus increases from 39.0 Å
in the monomer to 42.1 Å in the dimer, while all other opposing blades
are further away from each other in the monomer compared to the dimer
s-Sortilin. The biggest blade center of mass distance decrease, from 46.4
Å in the monomer to 44.5 Å in the dimer, arises from opposing blades
4 and 9. This conformational change seems to be necessary for dimer
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formation as otherwise a few steric clashes would occur. The most predominant steric clash would arise from loop 97 – 107 in blade 1 of one
dimer chain to loop 459 – 469 in blade 8 of the other chain (Figure
2.2B). The loop 97 – 101 is flexible in the monomer and, together with
associated β-strands, undergoes a rearrangement to provide substantial
hydrophobic interactions in the dimerization interface (Figure 2.2B).
In addition to the rearrangements within the β-propeller also domains 10CC-a and 10CC-b undergo a conformational change. The core
β-sheet in 10CC-a, formed by three β-strands in the monomer, has largely
disappeared in the dimer structure. Nonetheless, both conformations, as
adopted in the monomer and in the dimer, seem to be relatively rigid
(Figure 2.2A, S2.1), most likely due to the stability provided by extensive interactions with the β-propeller. The 10CC-b domain in our mouse
monomer structure is partially disordered but adopts a conformation similar to those in the human monomer s-Sortilin structures (Figure S2.1).
The analysis of the rearrangements within the 10CC-b domain is therefore based on comparison of the human monomer to the mouse dimer
versions (89% sequence identity). Despite three internal disulfide bonds
in 10CC-b, the three α-helices that form a small hydrophobic core in
the s-Sortilin monomer change their conformation into a three-stranded
β-sheet in the dimer (Figure 2.2A, S2.1).
This conformational change also impacts the position of the Sortilin
C-terminus. In the monomer conformation, the s-Sortilin C-terminus is
exposed and pointing away from the β-propeller; whereas in the dimer
conformation, it is interacting, through conserved hydrophobic interactions, with the rim of the β-propeller at blades 4 and 5 (Figure 2.3).
This change in positioning of the C-terminus during the monomer to
dimer transition may be important for the shuttling of Sortilin between
cellular compartments since it would bring the cytosolic domains of the
dimer into close proximity (Figure 2.3).
2.2.3 pH-dependent interactions
The sequence of s-Sortilin contains a total of 66 negatively charged
residues (combined glutamic and aspartic acids) against 50 positively
charged residues (combined arginines and lysines). Most of these charged
residues are exposed, so at neutral pH the surface of Sortilin is predicted
to be negatively charged on patches scattered on the β-propeller top face
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(residues 313 – 345, 366 – 368, 386 – 387, 397 – 403, 461 – 475 and
518 – 542) (Figure 2.2C). This likely results in Coulombic repulsion at
neutral pH and prevents dimerization (besides the steric clashes described
earlier). At pH 5.5 the dimerization interface of s-Sortilin is predicted
to become neutral, likely aiding the dimerization (Figure 2.2C). Five
histidines (residues H182, H239, H406, H428 and H506) are predicted to
change from neutral at pH 7.4 to positively charged at pH 5.5, and three
aspartic acids (residues D333, D399 and D476) as well as seven glutamic
acids (residues E154, E405, E448, E496, E520, E442 and E638), are
predicted to change from negatively charged at pH 7.4 to neutral at pH
5.5. It is worthwhile to note that the negative patch present on 10CC-a
at residues 580 – 596 that is not involved in the dimerization interface,
is predicted to remain negatively charged at acidic pH. The changes in
surface charge explain the propensity of Sortilin to transition from a
monomer at neutral pH to a dimer at acidic pH.
The conformational rearrangement and pH-induced charge transitions allow disruption and formation of salt bridges. For example, within
the β-propeller, at pH 7.4 residue H428 in the monomer is predicted
to be neutral [155] and positioned away from D370, at pH 5.5 H428 in
the dimer is predicted to be positively charged and now forms a buried
salt bridge with D370 (Figure 2.4 and S2.2). Also in the interface
between the β-propeller and the 10CC domains charge-related conformational transitions occur. At neutral pH, salt bridges between E542/D86
and R622 as well as E520 – R611 and D476 – K614 stabilize the interface
between 10CC-a and the propeller (Figure 2.4 and S2.2). At acidic
pH, E542, E520 and D476 are predicted to be neutral [155], and in the
dimer structure these residues are positioned away from each other at
distances larger than 7.1Å (Figure 2.4, S2.2). H406 is predicted to be
neutral [155] at pH 7.4 and positively charged at pH 5.5, forms a new
salt bridge (with E650 in 10CC-b) in the dimer structure. The substantial rearrangement within 10CC-b also prevents Coulombic repulsion at
acidic pH between H676 (though not predicted to be positively charged
at acidic pH) and R349 or K673, as H676 instead forms a salt bridge with
E665 at neutral pH (Figure 2.4, S2.2). These observations indicate that
the large-scale pH-induced structural rearrangement in s-Sortilin may be
the result of local, residue level, changes in charge.
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Figure 2.4 Different charge-dependent salt bridges stabilize the monomer
and dimer conformation of s-Sortilin.
Monomer β-propeller represented
in orange and 10CC domains (PDB 3F6K) in lightblue; dimer β-propeller represented in red and 10CC domains in purple. Interacting residues are shown
in sticks. Three salt bridges stabilize the monomer structure (two top panels
at the left) while these interactions are broken and the involved residues have
moved apart in the dimer structure (two top panels at the right) (distances >
7.1 Å; middle two panels). On the other hand, two salt bridges in the dimer
(two middle panels at the right) are disrupted and far apart in the monomer (two
middle panels at the left). These new salt bridges in the dimer are enabled by the
protonation of H406 and H428 at acidic pH. Interestingly, protonation of H676
(bottom panels) would lead to a coulombic clash between the β-propeller and
the 10CC-b domain in the monomer structure (left), while after rearrangement
H676 takes part in a charged interaction with E665, away from the β-propeller
(right).

2.2.4 Sortilin is in a pH-dependent dimerization equilibrium
We verified that s-Sortilin undergoes a reversible, pH-induced, monomer-dimer transition in solution using size-exclusion chromatography
(SEC) coupled Small Angle X-ray Scattering (SAXS) analysis and SEC
coupled Multi-Angle Light Scattering (MALS). At pH 5.5, the monomerdimer equilibrium is shifted towards dimer; at similar concentration, the
SEC retention volume of s-Sortilin at pH 5.5 is decreased compared to its
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retention volume at pH 7.4 (Figure 2.5A). The weight average masses,
as determined by MALS, are 84 ± 2 kDa for the SEC peak at pH 7.4
and 149 ± 7 kDa at pH 5.0 (Figure S2.3). Native mass spectrometry
(MS) analysis indicates the s-Sortilin monomer has a mass of 89.6 kDa
and the dimer a mass of 179.0 kDa (Figure S2.4). These data indicate
that at acidic pH s-Sortilin has more propensity to dimerize (Figure
2.5A). Also, SEC-SAXS analysis shows that at pH 5.5 the particle is
larger and has a higher mass compared to pH 7.4 (Figure 2.5B–F, S2.5
and Table 2.2) indicative of more dimer at pH 5.5 compared to pH
7.4. This is shown by the molecular mass (Mm) based on the excluded
particle volume (Porod volume Vp), the radius of gyration (Rg) based on
the Guinier plot and on the pair distance distribution function (P(r)),
and the maximum interatomic distance (Dmax) that are all larger at
pH 5.5 (Table 2.2). The Mm based on the Vp is dependent on the
shape, flexibility and glycosylation state of the protein [156]and is not
suitable here as an absolute measure [156], but can still be used as a
relative indicator for s-Sortilin dimerization. In addition, the fit of the
calculated scattering curves from the s-Sortilin crystal structures to the
SAXS data is best for the monomer to the SAXS data at pH 7.4 and for
the dimer to the SAXS data at pH 5.5 (Figure 2.5C and D). Native MS
analysis, which retains non-covalent interactions in the gas phase [157],
shows that at similar s-Sortilin concentrations, the dimer is the minor
species at pH 7.5 but the predominant species at pH 5.0 (Figure 2.6A).
These data show that in solution s-Sortilin undergoes a pH-dependent
monomer-dimer transition with more dimers at acidic pH compared to
neutral pH.
Table 2.2a

SAXS data collection and analysis.
A464E
s-Sortilin,
pH 5.5

A464E
s-Sortilin,
pH 7.4

wt s-Sortilin, wt s-Sortilin,
pH 5.5
pH 7.4

Data-collection parameters
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Instrument:

ESRF BM29

Beam geometry

0.7 mm × 0.7 mm

Wavelength (Å)

0.99

q-range (Å-1)

0.005 – 0.49

Table 2.2b

SAXS data collection and analysis.

Exposure time (sec)
Concentration range (mg/ml)

1 per frame
0 – 0.35

0 – 0.3

0 – 0.62

Temperature (K)

293

Flux (photons/s)

1.5·1012

n.a.

Structural parameters
Mass (kDa) [from Guinier]

98 ± 10

86 ± 9

168 ± 17

n.a.

Rg (Å) [from Guinier]

33.8 ± 0.2

32.6 ± 0.3

38.9 ± 0.1

36.9 ± 0.5

qminRg - qmaxRg
used from Guinier

0.43 – 1.27

0.31 – 1.29

0.49 – 1.3

0.45 – 1.29

I0 (cm-1) [from P(r)]

n.a.

n.a.

n.a.

n.a.

Rg (Å) [from P(r), GNOM]

34.2

32.9

38.2

38.8

Dmax (Å) [from GNOM]

100

105

110

110

Porod volume Vp (103 Å3)
[from p(r) from GNOM]

200

187

329

260

Porod exponent [from Scatter]

4.0

4.0

4.0

4.0

217 ± 3

184 ± 3

336 ± 6

275 ± 5

Mass (kDa) [from
Vp from Scatter]

127

108

198

162

Correlated volume Vc (Å2)

654

613

898

755

Mass (from Vc)

100

94

170

120

(103

Porod volume Vp
Å3) [from Scatter]

Predicted Rg monomer
(Å-1) [from WAXSiS]

27.1

Predicted Dmax monomer
(Å-1) [from Scatter]

84

Expected mass monomer (kDa)

90

Predicted Rg dimer
(Å-1) [from WAXSiS]

34.6

Predicted Dmax dimer
(Å-1) [from Scatter]

108
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Table 2.2c

SAXS data collection and analysis.

Expected mass dimer (kDa)

180
Software employed

Primary data reduction

BM29 online data analysis, pyFAI, Primus

1D Data processing

Primus, Gnom, Scatter

Computation of model intensities

WAXSiS, CRYSOL

2
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Figure 2.5 S-Sortilin is in a pH-dependent dimerization equilibrium. Behavior of wt s-Sortilin at pH 5.5 (red) and 7.4 (pink). A. Superose 6 size-exclusion
chromatography traces show that s-Sortilin appears larger (smaller retention volume) at pH 5.5 than at pH 7.4. B. Small Angle X-ray Scattering (SAXS) traces
show that s-Sortilin has different shapes depending on the pH. C. Overlay of wt
s-Sortilin SAXS trace at pH 5.5 and CRYSOL [158] fits based on the monomer
(grey, χ2 = 9.1) and dimer (black, χ2 = 1.7) crystal structures indicates that
s-Sortilin in solution at pH 5.5 is predominantly a dimer. D. Overlay of wt sSortilin SAXS trace at pH 7.4 and CRYSOL fits based on the monomer and
dimer structures indicates that s-Sortilin in solution at pH 7.4 is predominantly a
monomer (χ2 = 1.6 for the monomer and χ2 = 2.2 for the dimer). E. The normalized Pair-Distance Distribution function P(r) shows that s-Sortilin is larger at
pH 5.5 compared to pH 7.4. F. The normalized Kratky plot shows the difference
in conformation between s-Sortilin at pH 5.5 and 7.4.

We quantified the affinity of s-Sortilin dimerization at two different pH
conditions with sedimentation equilibrium analytical ultracentrifugation
(SE-AUC). For each sample, a global analysis was performed at three
concentrations, three centrifugal speeds and two wavelengths. Deglycosylated s-Sortilin (Figure S2.3), displays a three orders of magnitude
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difference in the KD of dimerization; 8.4 × 102 µM at pH 7.4 and 0.5 µM
at pH 5.5 (Table 2.3, Figure S2.6 and S2.7). The fit of the data to
a monomer-dimer equilibrium model indicates that dimer formation is
reversible and concentration-dependent. SE-AUC data for glycosylated
s-Sortilin could not be modeled with a monomer-dimer model at pH 5.5
but the mass calculated with a single species model indicates that most
of the s-Sortilin is in a dimer conformation (Table 2.3). At pH 7.4 the
glycosylated sample has a KD of dimerization of 4 µM, which is a substantially higher affinity than that of deglycosylated s-Sortilin, and suggests that N-linked glycans stabilize the s-Sortilin dimer. Using s-Sortilin
proteolytic digestion followed by LC-MS/MS-based peptide analysis, we
identified five N-linked glycan sites (N129, N241, N373, N549 and N651)
and one O-glycan at position T715 (Table S2.1 and Figure S2.8). Of
these residues, only N241 is near the dimerization interface. The glycan
on this residue is not resolved in any of our crystal structures and, due to
very low expression levels we have not been able to produce a N241Q glycan mutant for further experiments. Limited s-Sortilin secretion due to
inhibition of N-linked glycosylation has been observed by others before,
indicating that some of the glycans are required for proper folding and/or
intracellular transport of the receptor [147]. Taken together these results
reveal that s-Sortilin dimerizes more readily at acidic pH compared to
neutral pH and that N-linked glycans might help s-Sortilin dimerization.
2.2.5 Dimerization interface mutant A464E disrupts dimerization
of s-Sortilin
To validate the dimer interface observed in the crystal structures, we
generated an interface mutant, s-Sortilin A464E. This mutant is expected
to interfere with dimerization but not with folding (Figure 2.7A). The
large and negatively charged glutamate is likely to disturb a hydrophobic
pocket in the dimerization interface (Figure 2.7B). S-Sortilin A464E has
similar size exclusion retention volumes at pH 7.4 and 5.5. These curves
fall in-between the monomer and dimer wild type (wt) s-Sortilin, but are
closest to s-Sortilin wt at pH 7.4 (Figure 2.7C). SEC coupled SAXS
analysis shows at both pH conditions that s-Sortilin A464E is slightly
smaller than wt s-Sortilin at pH 7.4. The Mm based on the Vp, the Rg
based on the Guinier plot and on the P(r), and the Dmax all indicate
the smaller size for s-Sortilin A464E at pH 7.4 and 5.5 compared to wt
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Table 2.3

a

SE-AUC parameters.
Molecular
Weight KD (μM)
(Da)

Global
reduced

Sample

Glycans

pH

Model

Molecular
weight

wt s-Sortilin

deglycosylated

5.5

monomerdimer

fixed

79400

0.5

1.54

wt s-Sortilin

deglycosylated

7.4

monomerdimer

fixed

79400

841

0.97

wt s-Sortilin

nativea

5.5

single
species

floated

162578

n.a.

1.25

wt s-Sortilin

nativea

5.5

single
species

fixed

180200

n.a.

2.96

wt s-Sortilin

nativea

7.4

monomerdimer

fixed

90100

4

1.21

wt s-Sortilin,
2x neurotensin

nativea

7.4

monomerdimer

fixed

93500

259

1.71

A464E s-Sortilin

nativea

5.5

single
species

floated

123704

n.a.

1.99

A464E s-Sortilin

nativea

7.4

single
species

floated

101914

n.a.

1.97

χ2

2

produced in HEK293-E cells

s-Sortilin at pH 7.4 (Table 2.2). Although the curves for the A464E mutant are highly similar at both pH conditions, we observed also small differences (Figure 2.7D–F, Table 2.2 and Figure S2.5). The calculated
scattering curve from the monomer crystal structure fits better to the
SAXS data of s-Sortilin A464E collected at pH 5.5 and pH 7.4 compared
to the scattering curve calculated from the dimer structure (Figure 2.7G
and H). However, at very low scattering vectors (0 – 0.1nm-1), s-Sortilin
A464E at pH 5.5 fits better to the calculated dimer scattering than to
that of the monomer (Figure 2.7G). Also, the Mm based on the Vp, the
Rg based on the Guinier plot and on the P(r) indicate s-Sortilin A464E
at pH 5.5 is somewhat larger that at pH 7.4 (Table 2.2). It is unlikely
that this is due to the pH-induced conformational rearrangement within
a monomer as the calculated scattering curves from a single s-Sortilin
chain of the dimer and monomer crystal structures are identical, i.e. the
conformation differences within a chain cannot be distinguished by SAXS
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analysis. Most likely, s-Sortilin A464E is not entirely monomeric at pH
5.5. Native MS shows some dimers of s-Sortilin A464E are present at
both pH conditions but much less compared to wt s-Sortilin (Figure
2.6A and 2.7B). We attempted to quantify the s-Sortilin dimerization
affinity with SE-AUC at pH 5.5 and pH 7.4 (Table 2.3). It is however not possible to fit the data to a monomer-dimer equilibrium model.
The fit to a single species model indicates an average mass for s-Sortilin
A464E of 102 kDa at pH 7.4 and 124 kDa at pH 5.5. In comparison, an
identical analysis for wt s-Sortilin at pH 5.5 indicates an average mass of
163 kDa, much closer to the expected value of 180 kDa. Taken together,
these data show that, as predicted, s-Sortilin A464E forms less dimers
compared to wt s-Sortilin but that the dimerization properties are not
completely disrupted by the mutation.
2.2.6 S-Sortilin homodimerization prevents ligand binding
We explored the role of s-Sortilin dimerization in modulating ligand
binding. The high affinity neurotensin binding site is located in the tunnel of the s-Sortilin β-propeller [66] and mainly involves loop 317 – 320
and R292 with some contribution from residues K227, F273, G274, F281,
S283 and I294 [66, 147] (Figure 2.8). This site is not at the s-Sortilin
dimerization interface, but the neurotensin binding site does undergo
a conformational change in the monomer-dimer transition, which would
prohibit binding of neurotensin to the dimer conformation (Figure 2.8).
Indeed, neurotensin drives the monomer-dimer equilibrium at pH 7.4 towards the monomeric form: SE-AUC data shows that s-Sortilin dimerization at pH 7.4 is reduced 65-fold in the presence of neurotensin (KD of
dimerization shifts from 4 µM for s-Sortilin to 2.6 × 102 µM for s-Sortilin
with neurotensin) (Table 2.3). Furthermore, in SEC-SAXS addition of
neurotensin narrows the peak by reducing the size of the shoulder stemming from the s-Sortilin dimer (Figure S2.9). Thus, neurotensin stabilizes the monomer form of s-Sortilin and prevents dimer formation. It
can be inferred from this data that pH induced Sortilin conformational
change and dimerization will trigger release of neurotensin form Sortilin.
We tested the propensity of three members of a second Sortilin ligand family, the (pro)neurotrophins, to interact with wt s-Sortilin and the
monomer mutant A464E at neutral and acidic pH using Surface Plasmon
Resonance (SPR) (Figure S2.10 and Table 2.4). At neutral pH, the
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Figure 2.6 Native MS of wt and dimerization mutant s-Sortilin A. Native
MS of wt s-Sortilin produced in HEK293-ES cells (resulting in shorter, more
homogeneous oligo mannose glycans) shows that at pH 5, s-Sortilin is mainly
present as a dimer, while at pH 7.5, s-Sortilin is predominantly a monomer. B.
Native MS of s-Sortilin A464E produced in HEK293-E cells (resulting in larger,
less homogeneous hybrid glycans) shows that both at pH 5 and pH 7.5, s-Sortilin
A464E is predominantly a monomer.

A464E mutation does not impact the binding of proBrain-Derived Neurotrophic Factor (proBDNF) to s-Sortilin, as indicated by the similar
affinities of proBDNF for wt s-Sortilin (0.31 µM) and s-Sortilin A464E
(0.40 µM). On the other hand, Nerve Growth Factor (NGF) and proNGF
have less affinity for s-Sortilin A464E (0.32 µM and 0.81 µM for NGF and
proNGF, respectively) compared to wt s-Sortilin (0.06 µM and 0.28 µM
for NGF and proNGF, respectively). This indicates that this mutation
interferes with NGF and proNGF binding. In addition, it points to a difference in binding specificity between NGF or proNGF and proBDNF.
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Figure 2.7 Dimerization interface s-Sortilin mutant A464E is predominantly a monomer at acidic pH. A. Based on the s-Sortilin dimer structure
mutant A464E (stick representation, blue) was constructed to prevent dimer
formation. B. The A464E mutation prevents hydrophobic interactions by introducing a charged residue. C. Size-exclusion chromatography traces show no
difference in retention volume between A464E at pH 7.4 and pH 5.5. D-F. Overlay of the SAXS traces (D), Normalized Pair-Distance Distribution function P(r)
(E) and Normalized Kratky plot (F) of A464E at pH7.4 and 5.5 show relatively
little difference between the shape of A464E in solution at pH 7.4 and pH 5.5.
G-H. Overlay of A464E s-Sortilin SAXS trace at pH 7.4 (G) or pH 5.5 (H) and
CRYSOL [158] fits based on the monomer (grey, χ2 = 1.4 at pH 7.4 and χ2 =
1.5 at pH 5.5) and dimer (black, χ2 = 2.2 at pH 7.4 and χ2 = 2.3 at pH 5.5)
structures show that s-Sortilin A464E is mainly a monomer independently of the
pH.

Figure 2.8 The conformational change accompanying the dimerization
would trigger release of neurotensin. Left panel: neurotensin (sticks, yellow) bound to monomer s-Sortilin (orange) based on the neurotensin-s- Sortilin
complex (PDB 3F6K) [159]. Right panel: neurotensin modeled on s-Sortilin
dimer (red) by superposing the monomer-neurotensin complex onto the dimer
based on blade 6. In this model L13 and Y11 of neurotensin are clashing with
I294 and β-strand 1 of blade 6 of the s-Sortilin dimer, respectively.
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The affinity of NGF and proNGF for Sortilin has been determined by
others but differed substantially; 0.09 µM (NGF) and 5 nM (proNGF)
[47] and 8 µM (NGF) and 0.77 µM (proNGF) [115]. The value that
we determined for NGF-Sortilin interaction agrees with that of Nykjaer et al. [47] and that of proNGF with Sortilin is similar to that of
Feng et al. [115] but in contrast to these earlier reports we find that
NGF interacts with higher affinity to s-Sortilin than proNGF does. The
differences in affinity may come from differences in protein origin. We
expressed and purified proNGF in HEK293 cells compared to proNGF
produced in E. Coli [47] and Sf9 cells [115], and we used mouse proteins instead of the human versions. Unfortunately, the affinity of wt
s-Sortilin to (pro)neurotrophins in acidic conditions could not be determined due to nonspecific binding of wt s-Sortilin to the SPR sensor
surface. The A464E mutant however, had substantially less nonspecific
binding and showed that (pro)neurotrophins are able to interact with
s-Sortilin A464E albeit with weakened affinity at pH 5.0 compared to pH
7.4 (Table 2.4). Binding of NGF and proNGF to s-Sortilin A464E at
acidic conditions was reduced by a factor of 2 compared to neutral pH
while binding of proBDNF was reduced by a factor 4. The somewhat
weakened ligand affinity for s-Sortilin A464E at pH 5.0 compared to pH
7.4 may be due to the conformational change, the remaining albeit much
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Table 2.4
KD in µM

2

SPR dissociation constants.
wt

A464E

pH 7.4

pH 5.0

pH 7.4

pH 5.0

NGF

0.06 ±
0.01 (n=6)

Aspecific
binding

0.32 ±
0.04 (n=6)

0.73 ±
0.16 (n=6)

proNGF

0.28 ±
0.05 (n=5)

Aspecific
binding

0.81 ±
0.09 (n=6)

2.28 ±
0.26 (n=6)

proBDNF

0.31 ±
0.07 (n=3)

Aspecific
binding

0.40 ±
0.04 (n=2)

2.28 ±
0.29 (n=6)

reduced dimerization propensity, or both properties of s-Sortilin A464E.
Taken together, our data in combination with that of others that show
drastically reduced wt Sortilin - ligand interactions at acidic pH [51, 65,
84, 143, 152] indicate that dimerization and conformational change of
Sortilin at acidic pH prevents ligand binding.
2.2.7 Membrane bound Sortilin dimerizes in cells
We tested the ability of wt and A464E mutant versions of cell membrane bound Sortilin, Sortilinmb (containing a human GPA33 transmembrane α-helix and lacking the cytosolic segment) to dimerize in cells using
an in situ Proximity Ligation Assay (PLA) [160] in adherent HEK cells
(Figure 2.9). We omitted the Sortilin cytosolic tail in the Sortilinmb
construct to exclude dimerization effects arising from the cytosolic tail
and to limit internalization with concomitant acidic pH induced dimerization [161]. PLA events will only be observed if the cytosolic tags (myc
and flag) are within 40 nm distance of each other [162]. Co-expressed wt
Sortilinmb-myc and Sortilinmb-flag were able to form dimers in cells. In
addition, the A464E mutant versions of Sortilinmb-myc and Sortilinmb-flag
showed a significant decrease of Sortilin dimer formation in cells. Since
A464E is an interface mutant based on the s-Sortilin dimer structure,
these data indicate that membrane bound Sortilin homodimerizes in cells
via the top face of the β-propeller, in a fashion similar to s-Sortilin in the
crystals. The dimerization is however not completely abrogated by the
A464E mutation, an effect we also observe for s-Sortilin A464E in solution. Alternatively, it is possible that two monomer Sortilin molecules are
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within 40 nm proximity to give rise to a PLA event and that the counts
from the Sortilin A464E mutant are mainly from monomer protein. On
average, 52 ± 19 PLA events per cell were detected in cells transfected
with the wt construct (N = 28) against 36 ± 19 PLA events for the
mutated construct (N = 23). An unpaired t-test indicated a p-value of
0.0036 for the difference between the wt and mutant Sortilin. Sortilin
is thus able to dimerize in cells through its luminal domain, and this
dimerization brings its cytosolic domains into less than 40 nm proximity.

2.3 Discussion
Progressive acidification of compartments along the endocytic pathway (from pH 6.0 – 6.5 in early endosomes to 4.5 – 5.5 in late endosomes
and lysosomes) plays a role in release of ligands from endocytosis receptors, in protein sorting and targeted ligand degradation in the lysosome
[30].
The mechanisms underlying ligand release are largely unresolved.
For the LDL endocytosis receptor a low pH-induced conformational change
consisting of domain rearrangements of the luminal segment discharges
ligands [35]. It is not clear if this mechanism is used by other endocytosis
receptors to discharge ligands after endocytosis. Low pH induced conformational changes have been shown for receptors for epidermal growth
factor and asiaglycoproteins, human cellular receptor CD81, and LDL
receptor-related protein 1 [36, 163–165]. On the other hand low pHinduced dimerization has only been observed in a few instances [166–172]
for virus and plant proteins [163–165, 173, 174]. To identify if there are
other mechanisms, besides the low pH-induced domain rearrangement
described for the LDL receptor to discharge ligands, we have focused on
Sortilin, which has been implicated in the endocytosis of a broad range
of ligands.
We detail that Sortilin dimerizes and undergoes a conformational
change at acidic pH. All structures of s-Sortilin determined previously
were either of s-Sortilin-neurotensin or s-Sortilin-inhibitor complexes and
indicated s-Sortilin to be a monomer [66, 147–149]. The pH of the crystallization conditions (between 7.2 to 7.9) or the bound ligands most
likely limited formation of Sortilin dimers. In particular, the ligands
bind in a hydrophobic pocket in the central hole of the β-propeller and
are sterically hindering the required conformational change in the Sortilin
37
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Figure 2.9 Sortilin dimerizes on the cell surface.
A. Analysis of the
interaction of wt Sortilinmb-myc with Sortilinmb-flag by Duolink PLA in adherent
HEK cells that co-express wt Sortilinmb-myc and Sortilinmb-flag. Flag-tagged
proteins were detected with mouse anti-flag antibodies (in cyan) and myc-tagged
proteins with rabbit anti-myc antibodies (in green). Protein interactions were
detected with Duolink PLA labeled in red. Each red spot is regarded as a single
interaction. Images were collected by confocal microscopy. Scalebars, 20 µm.
B. Similar to A but now with Sortilin A464E. C. Distribution of the number of
PLA events per cell (N > 22) expressing wt or mutant A464E Sortilinmb-myc and
Sortilinmb-flag. The upper and lower quartiles of each sample are represented by
the upper and lower sides of the boxes; the medians are represented by the black
horizontal lines, and the means by hollow diamonds. The range of the whiskers
indicate the statistical outliers with a coefficient 1.5. Student’s t-test was used,
∗∗P, p < 0.01.

β-propeller and thus stabilize the monomer conformation. Our mouse
s-Sortilin structure, crystallized at pH 7.5, also adopts a monomer structure of nearly identical conformation compared to the human s-Sortilin
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structures. Unmodelled poorly resolved electron density is present in
this mouse structure at the well-resolved neurotensin binding site. This
additional electron density may correspond to a low occupancy small
molecule co-purified from the expression medium, but this has not been
modelled (Figure S2.11). The s-Sortilin dimer structures, crystallized
at acidic pH, reveal that dimerization is accompanied by a substantial
conformational rearrangement within the β-propeller and two 10CC domains. The conformational change within the β-propeller is unexpected
and, to our knowledge, such structural plasticity has not been observed
for the supposedly stable β-propeller fold before. This adds a new structural dimension to the large β-propeller containing protein family [175]
and may provide additional control for these proteins over catalytic function, ligand binding or signaling roles.
Sortilin dimerization and conformational change may provide a double mechanism for ligand release at acidic pH. Both processes provide an
altered surface for Sortilin; dimerization shields a large interaction interface on the top face of the β-propeller and the conformational change
modifies the surface properties locally but over a much larger area (except for blades 3 – 5). Hydrophobic loops on the top face of the Sortilin β-propeller, previously hypothesized to be interacting with the cell
membrane [147] are buried in the Sortilin dimerization interface. The
conformational change at acidic pH is required for release of neurotensin
and, probably, other peptide-based ligands such as spadin, whereas the
dimerization may sterically hinder other Sortilin ligands (Figure 2.10.
This ligand-release mechanism is different from that of the LDL receptor in two ways; the conformational change in Sortilin occurs within the
domains as opposed to a domain movement described for LDL receptors and Sortilin dimerizes whereas the LDL receptor does not change
its oligomeric state between different pH conditions. The Sortilin dimer
presents a new surface that may be preferentially recognized by ligands
in acidic cellular compartments to enable Sortilin mediated sorting of
these ligands between acidic cellular compartments. Such ligands would,
presumably, be released by monomerization of Sortilin at neutral pH.
The concomitant change of conformation and oligomerization state, described here for Sortilin, is a novel ligand release mechanism for sorting
and endocytosis receptors in general.
Ligand release by Sortilin dimerization could be coupled to shuttling
and recycling of Sortilin by cytosolic adaptor complexes such as GGA1
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Figure 2.10 Proposed role of dimerization for Sortilin function. After
expression, Sortilin is a monomer due to the presence of its propeptide. Once the
pH drops in the late TGN, the propeptide is released and Sortilin is transported
to the cell surface or the endosome as a dimer. At the cell surface, Sortilin is in
an equilibrium between monomer and dimer, but ligands are bound preferentially
to the monomer form. Ligand bound Sortilin is internalized. Upon endocytosis,
Sortilin dimerizes due to the acidification along the endosomal pathway and
thereby releases its ligand. Sortilin dimers may control recycling by the retromer
and GGA.

(for transport from the TGN to endosomes) and the retromer complex
(for transport from endosomes to the TGN or the plasma membrane).
In the Sortilin dimer structure the C-termini at the luminal side are in
close proximity and at a distance of 37 Å. The Sortilin dimerization
also brings the transmembrane α-helices and cytosolic tails in proximity
of each other. Nine residues, between the C-terminus in the structure
and the α-helix are disordered and the orientation of the α-helices and

40

structure of the cytosolic tail is unresolved. Both the GGA and retromer
complex are homodimers of which each of the two chains individually
recognize and bind a Sortilin cytosolic tail [45, 176]. Possibly, the dimerization of Sortilin on the luminal side enhances the binding of the adaptor
complexes to Sortilin on the cytosolic side by the avidity effect arising
from Sortilin homodimer to adaptor homodimer interactions [45]. In
this mechanism, dimerization of Sortilin would provide the trigger for
shuttling of Sortilin to different compartments (Figure 2.10), but this
hypothesis has not been experimentally verified.
Sortilin dysfunction is associated with numerous pathologies due to
its multifunctional role in protein sorting, and Sortilin requires tight regulation for proper function. Dimerization of Sortilin is not completely
abrogated at neutral pH. Most likely, the structure of the Sortilin dimer at
neutral pH is similar to that of the dimer at acidic pH. This is supported
by our observation that the A464E dimerization interface mutation also
shifts the equilibrium of dimerization towards more monomers at neutral
pH in native MS experiments and on the cell surface in the PLA analysis.
Possibly, the conformational change required for dimerization provides an
extra level of control to keep the dimerization in check. In addition, cells
may have mechanisms to fine-tune the Sortilin dimerization process by
modifying the glycosylation pattern, either at the biosynthesis level or by
glycan trimming by glycosidase enzymes. We have shown that glycosylated s-Sortilin forms dimers more readily compared to the deglycosylated
form. Indeed, two forms of Sortilin that differ in N-linked glycosylation
have different signaling and transport roles in HT29 cells; a higher glycosylated form is responsible for neurotensin endocytosis whereas a less
glycosylated form binds neurotensin in the TGN [139]. Another control
mechanism is provided by the Sortilin propeptide spadin that prevents
ligand binding to newly synthesized Sortilin in the ER or cis-Golgi network at neutral pH [51]. Spadin competes with neurotensin for Sortilin
binding, indicating an overlapping binding site, and is released from Sortilin at acidic pH [51], most likely in a fashion similar to neurotensin
release. Possibly spadin is able to limit the amount of Sortilin dimerization, in a similar fashion as we have shown for neurotensin, and can thus
regulate the transport of Sortilin between cellular compartments. At
more acidic pH during receptor secretion, dimerization of Sortilin may
take over the ligand-binding inhibiting role of spadin to prevent overzealous ligand binding to Sortilin that has been newly produced or is being
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recycled (Figure 2.10). Thus, Sortilin dimerization is regulated at the
cellular level by pH, processing and glycosylation.

2.4 Materials and methods
2.4.1 Generation of protein constructs and mutagenesis

2

The sequence of the Mouse Sortilin luminal segment, residues 1 –
722 (numbering excluding the signal sequence), was obtained from DNA
2.0 as codon-optimized version for expression in human cell lines. The
A464E point mutation, in the dimerization interface, was introduced by a
two-step PCR with overlapping primers. The sequences of furin-resistant
mouse proNGF and proBDNF (with all furin sites modified from RR/KR
to AA), were obtained from DNA 2.0 as codon-optimized versions for
expression in human cell lines. All constructs were subcloned using
BamHI/NotI sites in pUPE107.03 (cystatin secretion signal peptide, Cterminal His6-tag, U-Protein Express), unless indicated otherwise.
2.4.2 Protein expression and purification
Constructs were transiently expressed as secreted version either in
Epstein-Barr virus nuclear antigen I (EBNA1)-expressing HEK293 cells
(HEK293-E) or in N-acetylglucoaminyltransferase I-deficient (GnTI−)
EBNA1-expressing HEK293 cells (HEK293-ES) (U-Protein Express).
HEK293-ES cells produce proteins with shorter, more homogeneous high
mannose glycans (“short” glycan type), while HEK293-E cells produce
native-like protein with hybrid glycans (“native” glycan type). Proteins produced in HEK293-ES cells were used for crystallization and
deglycosylation. Proneurotrophins produced in HEK293-ES cells were
used in Surface Plasmon Resonance experiments. S-Sortilin produced in
HEK293-E cells was used for all other experiments unless stated otherwise. Medium was harvested six days after transfection and cells
were spun down by 10 min of centrifugation at 1000 × g. Supernatant
was concentrated fivefold and diafiltrated against 500 mM NaCl, 25
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5
(IMAC A) using a Quixstand benchtop system (GE Healthcare) with a
10 kDa molecular weight cut-off (MWCO) membrane. Cellular debris
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were spun down for 10 min at 9500 × g and the concentrate was filtered
with a glass fibre prefilter (Minisart, Sartorius). Protein was purified by
Nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography. For crystallization experiments, this was followed by size exclusion chromatography (SEC) on a Superdex 200 Hiload 16/60 column (GE Healthcare)in
150 mM NaCl, 20 mM HEPES pH 7.0, for all other experiments the
SEC was performed in 25 mM MES pH 5.5, 150 mM NaCl because in
our hands s-Sortilin does not form aggregate or precipitate at pH 5.5,
while contaminants precipitate, forming a white powder on the side of
the tube which is easily spun down and separated from pure s-Sortilin
which remains in solution. Protein was concentrated to 14.2 mg/mL for
s-Sortilin, 11.3 mg/mL for proNGF and 9.9 mg/mL for proBDNF using
a 30 kDa MWCO (10 kDa MWCO for proNGF and proBDNF) concentrator before plunge freezing in liquid nitrogen and storage at -80°C.
2.4.3 Crystallization of mouse s-Sortilin
Samples were concentrated to 14.2 mg/mL in buffer 25 mM HEPES
pH 7.0, 150 mM NaCl. Sitting-drop vapour diffusion at 18 °C was used
for all crystallization trials, by mixing 150 nL of protein solution with
150 nL of reservoir solution. S-Sortilin was also set up for crystallization
after deglycosylation, in which case it was deglycosylated using EndoHf
1:100 O/N at RT in buffer pH. Crystal forms 2, 3 and 4 (also see Table 2.1) were grown from a 1:1 molar ratio mixture of s-Sortilin with
proneurotrophins, but proneurotrophins were not present in the crystals.
Crystal form 1 was obtained from deglycosylated s-Sortilin concentrated
to 14.2 mg/mL in a condition containing 0.18 M magnesium formate dihydrate pH 7.0, 18% polyethylene glycol (PEG) 3350 (w/v) and 10 mM
tris(2-carboxyethyl)phosphine hydrochloride; final pH 6.2. Crystal form
2 was obtained from deglycosylated s-Sortilin at a final concentration of
5.6 mg/mL and 2.0 mg/mL proBDNF in a condition containing 0.2 M
NH4Cl, 1 mM CaCl2 and 20% PEG 3350 (w/v), final pH 5.0. Crystal
form 3 was obtained from deglycosylated s-Sortilin at a final concentration of 8.0 mg/mL and 3.0 mg/mL proNGF in a condition containing
0.18 M magnesium formate dihydrate pH 7.0, 18% PEG 3350 (w/v),
1 mM CaCl2 and 1 mM L-Glutathione reduced and L-Glutathione oxidized, final pH 6.2. Crystal form 4 was obtained from s-Sortilin at a
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final concentration of 8.0 mg/mL and 3.0 mg/mL proNGF in a condition containing 0.1 M HEPES pH 7.5, 1 mM CaCl2 and 25% PEG 2000
monomethyl ether (w/v). Crystals were harvested and flash-cooled in
liquid nitrogen in the presence of reservoir solution supplemented with
25% ethylene glycol.
2.4.4 Data collection

2

Diffraction data were collected at 100 K at the Swiss Light Source
(SLS Villigen, Switzerland) and the European Synchrotron Radiation
Facility (ESRF Grenoble, France). Data were processed by MOSFLM
or XDS and AIMLESS [177–179]. Resolution limits were determined
by applying a cut-off based on the mean intensity correlation coefficient
of half-datasets, CC1/2. The structure of mouse s-Sortilin was solved
by molecular replacement using either the structure of human s-Sortilin
(PDB code 3F6K; crystal form 4) or the structure of monomeric mouse
s-Sortilin (crystal form 4) as search model in Phaser [180]. Model building for Sortilin was performed manually using COOT [181]. Structure
refinement was performed using PHENIX [182] and REFMAC5 [183] (see
Table 2.1 for dataset and refinement statistics). Molprobity [184] was
used for structure validation. Structural analysis was performed using
various programs of the CCP4 suite. Comparison of the monomer and
dimer structures was done on the basis of an overlay of all monomer and
dimer chains available. The electrostatic properties of both monomer and
dimer forms at pH 7.4 and pH 5.5 were analyzed using the PDB2PQR
server [153, 154] with a PARSE forcefield and the PROPKA software
[155]. Figures were generated with PyMol (Schrödinger).
2.4.5 Size Exclusion Chromatography - Multi-Angle Laser Light
Scattering (SEC-MALS)
SEC-MALS was used to determine the oligomeric state of s-Sortilin
at pH 5.0 and 7.4. For each SEC-MALS run, 10 µl of 10 mg/mL sSortilin was injected into a Superdex 200 10/300 GL gel filtration column
(GE Healthcare) and separated with a flow rate of 0.5 ml/min in 25 mM
HEPES pH 7.4, 150 mM NaCl or 25 mM 2-(N-morpholino)ethanesulfonic
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acid (MES) pH 5.0, 150 mM NaCl. For molecular weight characterization, light scattering was measured with a miniDAWN TREOS multiangle light scattering detector (Wyatt), connected to a differential refractive index monitor (Shimadzu, RID-10A) for quantitation of the protein
concentration. Chromatograms were collected, analyzed and processed
by ASTRA6 software (Wyatt, using a calculated dn/dc value of 0.185
ml/g, determined from a dn/dc of 0.188 for the protein part, a dn/dc of
0.145 for the glycans and 8.3% glycosylation based on the native mass
spectrometry data). The calibration of the instrument was verified by
injection of 10 µl of 10 mg/mL monomeric bovine serum albumine (BSA,
Sigma-Aldrich).
2.4.6 SEC-SAXS measurements and data analysis
SEC-SAXS experiments were carried out on the BM29 beamline at
ESRF Grenoble [185]. Interpretation of batch experiments of s-Sortilin
suffered from aggregation even at concentrations as low as 0.2 mg/ml.
Given the sensitivity for batch SAXS for small amounts of large aggregates we used SEC-SAXS instead and the problem of protein aggregation was alleviated in these experiments. 40 µL wild type s-Sortilin at
12.2 mg/mL and mutant s-Sortilin A464E at 10 mg/mL were loaded
on a Superose 6 10/300 column (GE Healthcare) via a high performance liquid chromatography (HPLC) system, consisting of an in-line
degasser (DGU-20A5R, Shimadzu, France), binary pump (LC-20ADXR,
Shimadzu, France), valve for buffer selection and gradients, UV-VIS
array photospectrometer (SPD-M20A, Shimadzu, France) and a conductimeter (CDD-10AVP, Shimadzu, France) attached directly to the
sample-inlet valve of the BM29 sample changer [186]. Each sample was
measured in two different conditions, either in 25 mM HEPES pH 7.4,
150 mM NaCl or 25 mM MES pH 5.5, 150 mM NaCl. The effect of
neurotensin was measured by adding neurotensin from a 1 mM stock
in 10 mM acetic acid pH 3.5 to a final 2:1 neurotensin:s-Sortilin molar
ratio. Samples were buffer exchanged and the column was equilibrated
with 1.5 CV to the corresponding buffer and a stable background signal
was confirmed before measurement. Measurements were performed at
room temperature and a flow rate of 0.6 mL/min was used for all sample
measurements. All the SAXS data from the run were collected at a wavelength of 0.99 Å using a sample-to-detector (PILATUS 1M, DECTRIS)
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distance of 2.81 m. The scattering of pure water was used to calibrate
the intensity to absolute units [187]. The intensities were scaled such
that the forward scattering corresponds directly to the concentration (in
mg/mL) times the molar mass (in kDa) of idealized proteins, i.e. 1 a.u. =
8.03 10-4 cm-1, unless explicitly stated otherwise. 2400 frames (1 s each)
were collected per 40 min run. Data reduction was performed automatically using the EDNA pipeline [188]. Frames in regions of stable Rg were
compared with CORMAP [189] to ensure signal stability in these ranges
and 10 to 20 frames with good signal to noise were selected and averaged using PRIMUS [156] to yield a single averaged frame corresponding
to the scattering of an individual SEC species. Protein concentrations
were estimated based on the absorbance at 280 nm assuming a molecular
extinction coefficient of 103 M-1 cm-1 for the monomer and of 206 M-1
cm-1 for the dimer. Guinier, Kratky and Pair distance distribution function analyses were performed in PRIMUS [190], Gnom [191] and Scatter
[192]. Theoretical curves were obtained and fitted with CRYSOL [158].
Theoretical Rg were predicted with WAXSiS [193, 194].
2.4.7 Surface Plasmon Resonance
Equilibrium binding studies were performed using an MX96 instrument (IBIS Technologies). Mouse NGF purified from submaxillary glands
was purchased from Biorad. NGF, proNGF and proBDNF at 150, 200
and 250 µg/mL were amine-coupled for 45 min at pH 4.5 to a planar-type
P-COOH SensEye SPR sensor (IBIS Technologies) after 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride / N-Hydroxysuccinimide (EDC/NHS) activation. Wt and A464E s-Sortilin were flowed over the
sensor chip, as analyte, in buffer containing either 25 mM HEPES pH 7.4
or 25 mM MES pH 5.0, 150 mM NaCl and 0.005% Tween 20. Temperature was kept constant at 25°C. The data was analyzed using SprintX
(IBIS Technologies) and SigmaPlot and modeled with a 1:1 Langmuir
binding model to calculate the dissociation constant (KD) and the maximum analyte binding (Bmax).
2.4.8 Analytical Ultra Centrifugation
Sedimentation velocity experiments were carried out in a Beckman
Coulter Proteomelab XL-A analytical centrifuge with An-60 Ti rotor
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(Beckman) at 42,000 revolutions per minute (r.p.m). Three concentrations of s-Sortilin, 1, 2 and 10 µM, were measured in 25 mM HEPES pH
7.4 and 150 mM NaCl at 20°C. Absorbance was determined at 230 nm
for the 1 and 2 µM samples and at 280 nm for the 10 µM sample. A
total of 350 scans were collected per cell. Every sixth scan was used in
continuous c(s) mode analysis in SEDFIT [195]. Sedimentation equilibrium experiments were carried out in a Beckman Coulter Proteomelab
XL-I and a Beckman Optima XL-A analytical ultracentrifuge. Either 12
or 3 mm centerpieces with quartz windows were used, 12 mm for the
lowest concentrations and 3 mm for the others. An-60 and An-50 Ti
rotors (Beckman) were used to carry out the measurements. S-Sortilin
constructs were diluted with and dialyzed against buffer (either 25 mM
HEPES pH 7.4 or 25 mM MES pH 5.5, 150 mM NaCl) using a 30 kDa
MWCO membrane. The effect of neurotensin was measured by adding
neurotensin from a 1 mM stock in 10 mM acetic acid pH 3.5 to a final 2:1
neurotensin:s-Sortilin molar ratio before dialysis. Protein concentrations
of 2, 10 and 50 µM were used. Sedimentation equilibrium runs were performed at 20°C and at 7,500, 14,000 and 20,000 r.p.m. Absorbance was
determined at 250 and 280 nm using the respective buffer as reference.
Extinction coefficients were determined by Protparam [196] based on the
mature s-Sortilin sequence and kept constant for each wavelength. Buffer
density and viscosity were determined by SEDNTERP as 0.99823 g/ml
and 0.001002 Pa⋅s, respectively. The partial specific volume for s-Sortilin
of 0.729 mL/g is based on the amino acid sequence excluding the glycans
and was determined with SEDNTERP. Analysis and fitting of the data
was performed using the program SEDPHAT v.14.3 [197].
2.4.9 Fluorescence microscopy and in situ proximity ligation assay
Constructs containing the Sortilin residues identical to the crystal
structure construct followed by a single transmembrane helix from human GPA33 were subcloned in pUPE07.30 and pUPE07.14 (cystatin
secretion signal peptide, C-terminal myc-tag for 07.30 and flag-tag for
07.14, U-Protein Express) and transfected in adherent HEK293T (Large
T antigen) cells, using Polyethylenimine (PEI, 1: 6 DNA: PEI ratio) in
a 10 cm Petri dish, containing 3 × 106 cells in 8 ml Dulbecco’s Modified Eagle’s Medium. A DNA titration of 1:100 (w/w) with dummy
DNA was used [198] and both constructs were mixed 1:1. After 5 h,
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the transfection medium was displaced by culture medium. After two
days about 150 000 cells were plated onto Menzel cover glasses (19 mm
diameter, Fisher Emergo) in a 12-wells plate. 24 h later the cells were
washed 2 times 5 min in phosphate buffer saline (PBS) and fixed for 30
min in 4% paraformaldehyde. After 3 times 5 min PBS washes, cells
were permeabilized 3 min in 0.1% Triton in PBS, then blocked 30 min
at 37°C in 8% BSA in PBS. Cells were washed three times for 5 min in
PBS before overnight incubation with primary antibodies (Rabbit antic-myc and Mouse anti-flag M2 monoclonal, Sigma, 1:300 dilution in 1%
BSA, 1% Tween 20 in PBS (PBST)). Cells were washed 3 times 5 min
in PBST before following the Duolink® In Situ protocol. Negative controls, by omitting either one of the Sortilin constructs or by omitting
the primary antibody, did not show any PLA events. Both Minus and
Plus PLA probes interact with a rolling-circle nucleotide template when
the distance between them is less than 40 nm. These complexes were
ligated in the presence of a ligase in hybridization solution. The circular template was then amplified using a polymerase, while red-labeled
probes hybridized the amplified sequence. Cover slips were mounted
using Vectashield mounting medium with DAPI. Images were acquired
using a Zeiss LSM 700 microscope. The analysis was done using FIJI.
To minimize effects arising from differences in Sortilin expression levels,
only individual cells with a combined average pixel intensity for the myc
and flag antibodies in the range of 3,400 – 10,200 units were taken in
account. The distribution of fluorescence intensity for cells transfected
with wt or mutant Sortilin was similar. A background intensity cutoff
of 30 intensity units for the PLA events was applied. The robustness of
the analysis was tested by three different cutoffs for the size of one PLA
event (0.5 µm², 1 µm² and 2 µm²). All cutoffs showed a significant difference in the number of PLA event between the wt and A464E mutant
Sortilin, with 1.5 times more PLA events in cells transfected with the wt
construct compared to the cells containing the mutated construct.
2.4.10 Native Mass Spectrometry
Wt s-Sortilin and A464E were produced recombinantly in HEK293-E
and HEK293-ES cells, purified as described above and subsequently buffer
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exchanged to 150 mM ammonium acetate (pH 5.0 or pH 7.5) using Amicon Ultra-0.5 mL centrifugal filter units with a 30 kDa MWCO (Milipore). Next, the samples were diluted to about 4 µM final protein concentration, loaded into gold-coated borosilicate capillaries and analyzed
by native nano-electrospray ionization MS using a modified quadrupoletime of flight mass spectrometer (MS Vision, Waters) operated in positive
ion mode [199]. The instrument parameters were set as follows: 1.3 –
1.4 kV capillary voltage, 90 V sample cone voltage, 60 V extraction cone
voltage, 30 V collision energy, 10 mbar source pressure, 1 – 1.5 × 10-2 Xe
gas pressure in the collision cell. Singly charged, monoisotopic CsI cluster ions were used as an external mass calibrant. The reported standard
deviations of the molecular weights were calculated from the different
charge states of the respective species. The mass spectra were analyzed
using MassLynx v4.1 (Waters). As the monomer and dimer m/z envelopes are well separated the relative abundances of s-Sortilin monomer
and dimer in the native mass spectrometry data were determined from
the extracted ion currents for the m/z ranges of the monomer and of the
dimer, which corresponds to the area under the respective charge state
envelopes.
2.4.11 MS-Based Glycan Mapping
Wild-type s-Sortilin produced in HEK293-E and HEK293-ES cells
was denatured in the presence of 8 M urea, reduced with dithiothreitol and alkylated with iodoacetamide. Subsequently, the samples were
10-fold diluted to reduce the urea concentration and to allow sequential
proteolytic digestion with Glu-C (Roche, protease:substrate ratio (w/w)
1:75, 4 h at room temperature) and trypsin (Promega, protease:substrate
ratio (w/w) 1:100, overnight at 37°C). The peptide mixtures were desalted, dried under vacuum, reconstituted in 10% (v/v) formic acid and
analyzed by nano-high performance liquid chromatography/tandem mass
spectrometry (LC-MS/MS). The analyses were performed using either an
ultra-HPLC Agilent 1200 system (Agilent Technologies) coupled on-line
to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) or
a Proxeon EASY-nLC 1000 system coupled on-line to an Orbitrap Elite
mass spectrometer (both Thermo Fisher Scientific). In both case, peptides were separated by reversed-phase chromatography using in-house
packed columns (Poroshell 120 EC-C18, 2.7 µm (Agilent Technologies))
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and a 60 min gradient elution. All precursor ion (MS1) and fragment ion
(MS2) mass spectra were acquired in the Orbitrap mass analyzer. On the
Orbitrap Fusion, MS1 analysis was performed in top speed mode with 3
s cycle time and 140,000 mass resolution at m/z 200. Precursor ions (z
≥ 2) were fragmented using sequential higher-energy collisional dissociation (HCD) and electron-transfer/higher energy collisional dissociation
(EThcD) and MS2 scans were acquired with 30,000 mass resolution at
m/z 200. On the Orbitrap Elite, MS1 analysis was performed using a
mass resolution of 60,000 at m/z 200. The three most abundant precursor
ions (z ≥ 2) were subjected to sequential HCD-EThcD fragmentation and
MS2 scans were recorded with 15,000 mass resolution at m/z 200. The
MS data were analyzed using Byonic v2.6 (Protein Metrics), allowing 10
ppm precursor mass tolerance and 20 ppm fragment mass tolerance and
forcing the software to skip low-quality mass spectra. For peptide identification, a concatenated target-decoy database was generated based on
the amino acid sequences of s-Sortilin and 47 common HEK cell contaminant proteins (identified in a separate Mascot search) with the following
settings: proteolytic cleavage C-terminal of Asp, Glu, Arg or Lys; up to
6 missed cleavage sites allowed; carbamidomethylation of Cys (as a fixed
modification); oxidation of Met and N-glycosylation of Asn (as common
variable modifications); O-glycosylation of Ser and Thr, phosphorylation
of Ser and Thr, acetylation of N-termini and Lys (as rare variable modifications). Peptides were allowed to carry up to 4 common and 1 rare
variable modification. Glycan trees were identified based on 2 Byonic
glycan libraries containing the 6 most common O-glycans and 38 common biantennary N-glycans. Identified peptides were filtered using an
automatic score cut-off, and are reported at 1% false-discovery rate. In
addition, all MS2 spectra representing glycosylated s-Sortilin peptides
were manually verified.
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Figure S2.1 Two different conformations within the three s-Sortilin domains define the Sortilin oligomeric state.
A. Superposition based on a
single chain of all s-Sortilin structures available in cartoon representation reveals
that s-Sortilin adopts either one of two conformations that correlate with the
oligomeric state. In the three right columns the individual domains are shown.
β-propeller and 10CC domains from the dimer structures coloured red and purple, respectively; β-propeller and 10CC domains from the monomer structures
coloured orange and teal, respectively. B. Superposition of all s-Sortilin dimer
chains. C. Superposition of all s-Sortilin monomer chains. Structure from the
s-Sortilin mouse monomer is shown in magenta.
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Figure S2.2 Electron density of the models showing the different salt
bridges between monomer and dimer conformations.
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(Da)
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m/z
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892.317
1054.370

1054.370
1054.370

1200.428
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N16
N7
N10
N16
N7
N7
N10
N10
N16
N16
N19
N7
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N16
N7

R.SEDYGKNFKDITNLINNTFIR.T

K.DITNLINNTFIR.T

K.NFKDITNLINNTFIR.T

R.SEDYGKNFKDITNLINNTFIR.T

K.DITNLINNTFIR.T

K.DITNLINNTFIRTE.F

K.NFKDITNLINNTFIR.T

K.NFKDITNLINNTFIRTE.F

R.SEDYGKNFKDITNLINNTFIR.T
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129
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3

4

3

3

4

4

3

3

3

3

2

4

3

3

4

3

3
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2704.338 2704.334
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2025.056 2025.053

(Da)
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lated
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2876.343 2876.344

2717.228 2717.228

2633.198 2633.195

3987.874 3987.874

3785.711 3785.715

884.071

926.428

2649.193 2649.190

3701.684 3701.683

1008.473 3022.398 3022.402

878.740

997.976

947.435

1186.216 3555.625 3555.625

1036.486 3106.435 3106.434
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906.750
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776.035
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752.723
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0.02

-1.07

0.1
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4
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4

4
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Identified glycopeptide fragments of s-Sortilin produced in HEK293-ES and HEK293-E. Shown is the analyzed peptide

and the residues N- and C-terminal of the protease cleavage site, each separated by a period.

Table S2.1a

2

1216.423

1216.423
1362.481

N10
N16
N16
N19

K.NFKDITNLINNTFIRTE.F

R.SEDYGKNFKDITNLINNTFIR.T

R.SEDYGKNFKDITNLINNTFIRTE.F

K.LYRSEDYGKNFKDITNLINNTFIR.T
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N16
N14
N14
N14
N14
N14
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K.WGPNNIIFFTTHVNGSCK.A
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K.WGPNNIIFFTTHVNGSCK.A

K.WGPNNIIFFTTHVNGSCK.A

N14

R.HLYTTTGGETDFTNVTSLR.G

568.212

406.159

1362.481

N14
N18
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892.317
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R.SEDYGKNFKDITNLINNTFIR.T

1362.481

N7
N10
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1216.423

1216.423

N10
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N7
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4

3

3

3

3

3

3

3

2

4

4

3

3

5

3

4

3

3

2
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5

0.06
0.71
0.09
-0.05

3717.681 3717.678

1316.930 3947.769 3947.768
4149.926 4149.926

0.17
-1.67
-0.29
0.47
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3863.736 3863.736

1024.462 4093.819 4093.826
1148.046 2294.078 2294.079
2983.318 2983.317

1049.465 3145.373 3145.370

-0.24
-0.94
1.15
-0.46
0.14

1103.480 3307.419 3307.423
1326.592 3976.755 3976.756
1152.166 3453.477 3453.480
1375.280 4122.818 4122.814
2989.414 2989.415
2680.224 2680.224

894.415

748.361

0.13
-1.18

1098.150 3291.428 3291.428

995.447

966.941

0.08
-0.01

2795.248 2795.248

932.757

1062.492 3184.455 3184.455

830.993

930.427

1090.503 3268.487 3268.487

2

1

4

12

3

61

6

28

7

31

1

8

7

18

78

12

44

1.25

1013.807 3038.400 3038.397

8

1.41

1440.650 2879.285 2879.281

and the residues N- and C-terminal of the protease cleavage site, each separated by a period.

Table S2.1b Identified glycopeptide fragments of s-Sortilin produced in HEK293-ES and HEK293-E. Shown is the analyzed peptide

2

55

56
1200.428
1216.423

N18
N14
N18
N14
N18
N14
N18
N5
N14
N18
N3
N3
N3
N3
N13
N13
N13
N13
N13
N8

K.SLDRHLYTTTGGETDFTNVTSLR.G

R.HLYTTTGGETDFTNVTSLR.G

K.SLDRHLYTTTGGETDFTNVTSLR.G

R.HLYTTTGGETDFTNVTSLR.G

K.SLDRHLYTTTGGETDFTNVTSLR.G

R.HLYTTTGGETDFTNVTSLR.G

K.SLDRHLYTTTGGETDFTNVTSLR.G

E.TDFTNVTSLR.G

R.HLYTTTGGETDFTNVTSLR.G

K.SLDRHLYTTTGGETDFTNVTSLR.G

R.SMNISIWGFTE.S

R.SMNISIWGFTE.S

R.SMNISIWGFTE.S

R.SMNISIWGFTE.S

E.DFLCDFGYFRPENASECVEQPELK.G

E.DFLCDFGYFRPENASECVEQPE.L

E.DFLCDFGYFRPENASECVEQPE.L

E.DFLCDFGYFRPENASECVEQPELK.G

E.DFLCDFGYFRPENASECVEQPE.L

D.FGYFRPENASECVEQPELKGHELE.F

1216.423

1200.428

349.137

203.079

1864.634

1702.581

1540.529

1378.476

1864.634

1864.634

1864.634

1702.581

1702.581

1540.529

1540.529

1378.476

1378.476

1216.423

1216.423

N14

R.HLYTTTGGETDFTNVTSLR.G

1054.370

N18

K.SLDRHLYTTTGGETDFTNVTSLR.G

651

651

651

651

651

651

549

549

549

549

373

373

373

373

373

373

373

373

373

373

373

373

4

4

3

4

3

3

2

2

2

2

4

3

2

4

3

4

3

4

3

4

3

4

910.415
3799.681 3799.679
3961.727 3961.732

3908.547 3908.544
3924.538 3924.539
1021.190 4080.729 4080.730

982.142

1384.250 4149.729 4149.723

978.144

1020.091 3057.252 3057.253

1051.798 3152.372 3152.374

1575.119 3148.224 3148.220

1494.093 2986.171 2986.167

1413.066 2824.118 2824.114

1332.037 2662.060 2662.061

1112.980 4447.892 4447.891

1326.556 3976.647 3976.647

1509.614 3017.213 3017.212

1072.467 4285.838 4285.838

1272.538 3814.592 3814.594

1031.956 4123.793 4123.785

1218.521 3652.541 3652.541

991.439

1164.503 3490.487 3490.488

950.928

1110.485 3328.432 3328.435

3637.629 3637.627

-0.36

-0.32

1.5

0.81

-0.43

-0.66

1.44

1.39

1.5

-0.39

0.19

0.17

0.39

0.1

-0.38

2.02

-0.07

-1.26

-0.26

0.51

-0.93
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5
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4

7

3

3

1

2

1

1

5

9

4

5

14

10

9

3

11

10

7
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Identified glycopeptide fragments of s-Sortilin produced in HEK293-ES and HEK293-E. Shown is the analyzed peptide
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T9
T10

K.CTSNFLNPTKQNSK.S

K.KCTSNFLNPTKQNSK.S

947.323

947.323

656.228
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715
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4

3

3

4

4

4

4

2
2

1.9
0.83
0.38
-3.55
-4.33
-3.82
-0.35
-3.42
-2.81
-4.19
-2.8
-2.99

2294.015 2294.011
2585.108 2585.106
2713.202 2713.201
3717.665 3717.678
3266.493 3266.508

1141.250 4560.973 4560.990
1177.765 4707.029 4706.028
3783.585 3783.598

1044.205 4172.792 4172.804
1094.974 4375.865 4375.883
3535.524 3535.534
3859.628 3859.639

679.308

862.710
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1444.534

N10
N16
N16
N7
N10
N10
N14
N14
N14
N14
N14
N5
N18

K.NFKDITNLINNTFIR.T

R.SEDYGKNFKDITNLINNTFIR.T

R.SEDYGKNFKDITNLINNTFIR.T

K.DITNLINNTFIR.T

K.NFKDITNLINNTFIR.T

K.NFKDITNLINNTFIR.T

K.WGPNNIIFFTTHVNGSCK.A

K.WGPNNIIFFTTHVNGSCK.A

K.WGPNNIIFFTTHVNGSCK.A

K.WGPNNIIFFTTHVNGSCK.A

K.WGPNNIIFFTTHVNGSCK.A

E.TDFTNVTSLR.G

K.SLDRHLYTTTGGETDFTNVTSLR.G

1378.476

1378.476

2350.830

2059.735

1913.677

1768.640

1444.534

2553.910

2350.830

2350.830

2204.772

2059.735

1216.423

N16

R.SEDYGKNFKDITNLINNTFIR.T
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241

241

241

241
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129
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129
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129
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4

3

4

4

4

4

4

4

4

4

4

4

4

4

-3.63
-1.87
-2.31

1038.687 4150.719 4150.735
1111.461 4441.814 4441.830
2531.048 2531.053
3961.723 3961.732

991.438

844.690

1.11
-3.71

1002.428 4005.684 4004.677

965.914

884.888

946.904

817.631

930.423

2

2

4

4

3

2

2

2

2

4

2

2

2

9

3

9

3

0.04
-0.54

16

1078.951 4311.773 4311.776

1.06

1018.658 4070.601 4070.597

11

1057.704 4226.788 4226.788

-0.73

1042.436 4165.715 4165.718

Identified glycopeptide fragments of s-Sortilin produced in HEK293-E
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K.CTSNFLNPTKQNSK.S

1362.481

1362.481

N8
N13

D.FGYFRPENASECVEQPELKGHELE.F

E.DFLCDFGYFRPENASECVEQPELK.G

1362.481

N13

E.DFLCDFGYFRPENASECVEQPE.L

1216.423

N13

E.DFLCDFGYFRPENASECVEQPELK.G

and the residues N- and C-terminal of the protease cleavage site, each separated by a period.
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57

58
1702.581
1864.634

2059.735
2350.830

N14
N18
N14
N18
N3
N3
N3
N3
N13
N8

R.HLYTTTGGETDFTNVTSLR.G

K.SLDRHLYTTTGGETDFTNVTSLR.G

R.HLYTTTGGETDFTNVTSLR.G

K.SLDRHLYTTTGGETDFTNVTSLR.G

R.SMNISIWGFTE.S

R.SMNISIWGFTE.S

R.SMNISIWGFTE.S

R.SMNISIWGFTE.S

E.DFLCDFGYFRPENASECVEQPE.L

D.FGYFRPENASECVEQPE.L

656.228
656.228

N13
T9
T10
T11
T9
T10
T11

E.DFLCDFGYFRPENASECVEQPE.L

K.CTSNFLNPTKQNSK.S

K.KCTSNFLNPTKQNSK.S

K.KKCTSNFLNPTKQNSK.S

K.CTSNFLNPTKQNSK.S
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Identified glycopeptide fragments of s-Sortilin produced in HEK293-ES and HEK293-E. Shown is the analyzed peptide

and the residues N- and C-terminal of the protease cleavage site, each separated by a period.
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Figure S2.3 S-Sortilin is predominantly a monomer at pH 7.4 and dimer
at pH 5.0 in size-exclusion chromatography experiments. Size-exclusion
chromatography coupled multi angle light scattering of s-Sortilin at pH 5.0 and
7.4. A. UV trace (dotted line), differential refractive index trace (thin dotted line)
and light scattering from the 90° angle detector (line) and molecular mass distribution (left panel) of s-Sortilin (orange) and calibration sample Bovine Serum
Albumine (BSA, 66.7 kDa, blue) at pH 7.4 indicates a mass of 84 ± 2 kDa for
s-Sortilin, corresponding to a s-Sortilin monomer. Debye plot that shows the
Rayleigh ratio for the three measured angles of s-Sortilin at the eluted fraction
with the highest protein concentration and a linear fit (red line) (middle panel).
The flow speed was 0.5 ml/min. B. UV trace and molecular mass distribution of
s-Sortilin (red) and BSA (blue) at pH 5.0 indicates a mass of 149 ± 7 kDa for
s-Sortilin, corresponding to predominantly s-Sortilin dimer (panels the same as
in A). S-Sortilin at pH 5.0 interacts with the Superdex 200 column as revealed
by the delayed elution and tailing beyond the total column volume.
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Figure S2.4 Native mass spectrometry of s-Sortilin produced in HEK293-ES and HEK293-E cells.
A. Expanded views of the mass spectra
displayed in Figure 2.6A. Shown are the most abundant s-Sortilin monomer
and dimer charge states of s-Sortilin produced in HEK293-ES cells. Monomer
and dimer abundances were separately normalized. Every charge state shows a
bimodal pattern, which may be caused by the presence of two s-Sortilin species
(I and II) with a different number of glycosylated residues. Note that the charge
states additionally exhibit a fine structure of peaks with relative mass shifts
corresponding to differences in individual monosaccharide units. This confirms
the presence of various s-Sortilin glycoforms. The fine structure is not resolved for
the s-Sortilin dimer at pH7.5 (top right panel) due to low abundance in the mass
spectrum (see Figure 2.6A for relative abundances of monomer versus dimer
s-Sortilin). B. Native mass spectra of wt s-Sortilin with native glycans (produced
in HEK293-E cells), showing the same pH-dependent dimerization behavior as
seen for wt s-Sortilin with short glycans produced in HEK293-ES cells (Figure
2.6A). The calculated masses of 89.6 ± 0.2 kDa for the monomer and 179.0 ±
0.2 kDa for the dimer are similar to s-Sortilin A464E produced in HEK293-E cells
(Figure 2.6B). Compared to wt s-Sortilin produced in HEK293-ES cells, less well
resolved peaks and higher molecular weights are observed for s-Sortilin produced
in HEK293-E cells, confirming the presence of longer and more heterogeneous
60 glycan trees.
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Figure S2.5 Guinier plots of s-Sortilin. A.Guinier plot of wt s-Sortilin at
pH 5.5 (dark green) and at pH 7.4(red). B. Guinier plot of s-Sortilin A464E at
pH 5.5 (dark blue) and pH 7.4 (light blue). Open symbols represent points not
used for fitting.

Figure S2.6
Sedimentation velocity traces for native wt s-Sortilin at
different concentrations.
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Figure S2.7 Representative SEDPHAT analysis of AUC data for s-Sortilin.
Sedimentation equilibrium of s-Sortilin. A global analysis was performed using
different concentrations and different rotation speeds, in which s-Sortilin was
modeled as a monomer-dimer equilibrium with the MW fixed. Rotation speed
can be read from the second line in each panel (7.5, 14 or 20 krpm) and concentration in µM from the bottom line (after c) in each panel. In the panels
beneath the curves the residuals from the fit are shown. A. Wt deglycosylated
s-Sortilin at pH 7.4. B. Wt deglycosylated s-Sortilin at pH 5.5
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Figure S2.8 Representative fragment ion (MS2) spectra confirming the
novel s-Sortilin O-linked glycosylation site at T715 (A) and the glycan
at N241 near the dimerization interface (B). Gas-phase fragmentation
of the glycopeptide ions was achieved by higher-energy collisional dissociation
(HCD) and electron-transfer/higher energy collisional dissociation (EThcD). The
resulting fragment ions are labeled as follows: a, b, c, y, z = ions resulting from
peptide backbone fragmentation; M = intact glycopeptide ion; Pep = intact
peptide ions lacking the glycan. Furthermore, glycan ions are labeled according
to their monosaccharide composition and sugar oxonium ions are annotated with
their molecular formula. All labeled mass spectra were generated using Byonic
Viewer ver2.4.
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Figure S2.9 X-ray scattering of SEC-SAXS runs of wt s-Sortilin with
(black) and without (red) neurotensin.
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Figure S2.10 (Pro)neurotrophins bind to s-Sortilin A464E at acidic pH.
SPR sensorgrams (left) and equilibrium binding plots (right) of s-Sortilin A464E
binding to NGF (A), proNGF (B) and proBDNF (C) at pH 5.0.
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Figure S2.11
Unmodeled electron density present in the unliganded
mouse monomer s-Sortilin structure at the neurotensin binding site. The
Fo–Fc electron density map contoured at 3σ within 5 Å of the binding site is
shown for the mouse s-Sortilin crystal, with the residues involved in binding neurotensin residue L13 in stick representation (left panel). Same view as in the left
panel of neurotensin bound to the human s-Sortilin structure [159] (right panel).
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Chapter 3
SorCS2 functions as a dimer

3.1 Introduction
Receptors of the Vacuolar Protein Sorting (VPS) 10 family are central to many pathways in control of neuronal viability and function, and
have been associated with numerous neurodegenerative diseases such
as Alzheimer’s [200–202], frontotemporal lobar degeneration [146] and
Huntington’s [111]. The VPS10 receptor family contains five members:
Sortilin, the founding member of the family whose whole ectodomain
consists of the VPS10 motif; Sortilin-related, Low Density Lipoprotein
Receptor (LDLR), A repeats containing, (SorLa); and Sortilin related
CNS expressed receptor (SorCS)1 – 3 which form the SorCS subfamily.
These type I transmembrane receptors are responsible for internalization through the Golgi-localising, Gamma-adaptin ear homology, ARFbinding proteins (GGA) and endosome to lysosome sorting of a diverse
set of cargoes [61, 203]. Dysfunction in endosomal sorting has long been
known as a risk factor for neurodegenerative diseases, and the role of the
VPS10 family has recently been linked to retrograde trafficking and its
interaction with the retromer complex [46].
Unrelated to their function in retrograde trafficking, the proneurotrophins - p75 neurotrophic receptor (p75NTR) mediated apoptotic
activity requires interaction with a coreceptor (Sortilin or SorCS2) from
the VPS10 family [48, 113]. Sortilin is able to trigger neuronal cell death
through the proneurotrophin-p75NTR pathway [204] and SorCS2 has recently been identified as a major actor in apoptotic signaling [48, 55, 106].
Since SorCS3 is able to bind proNGF, it too is implicated in proNGF
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mediated signalling [54]. Neurotensin is a small neuropeptide which has
been suggested to prevent p75NTR-mediated apoptosis by binding to
Sortilin [135]; however it has been shown that SorCS1 and SorCS3 do
not bind neurotensin [54], so neurotensin might not be able to block the
proneurotrophin pathway with a p75NTR coreceptor of the SorCS subfamily. Receptors of the SorCS subfamily thus likely play a key role in
neuronal modulation and neurodegeneration.
Though no structure of proteins from the SorCS subfamily are available, the structures of the VPS10 domains of Sortilin [66] and SorLa
[64] have previously been solved. These structures have revealed that
the VPS10 domain consists of a ten-bladed β-propeller followed by two
cysteine-rich domains called 10CC-a and 10CC-b, which interact with
and stabilize the β-propeller. The β-propeller is a ligand binding platform [64, 159]. Compared to Sortilin, SorLa contains two extra loops
called L1 and L2, located at the top face of the β-propeller that are
flexible and, upon ligand binding, move away from the binding site [64].
Both the Sortilin and SorLA structures adopt different conformations
depending on the pH and, possibly for SorLA on ligand binding. At
acidic pH, the 10CC-b flanks the β-propeller of both SorLA and Sortilin,
and Sortilin dimerizes through the top face of the β-propeller [64, 205]
whereas at neutral pH Sortilin is monomeric and the 10CC-b domains
of both receptors move away from the β-propeller. Except for Sortilin,
dimerization or oligomerization has not been reported for the other family members nor has any structural data other than the VPS10 domain
been reported on.
Little information is available on the role that additional domains
might have on the specificity and regulation of the VPS10 domain in
SorLa or SorCS. Indeed, SorLa is a large receptor and besides the VPS10
domain contains eleven low density lipoprotein receptor A and five low
density lipoprotein receptor B repeats, six fibronectin-type III repeats,
and a single EGF precursor type repeat [63]. These domains enable
SorLa to bind and release apolipoprotein E in a fashion similar to the
low density lipoprotein receptor [60]. However, these domains might
also provide SorLa with more flexibility and a broader range of motion
for the VPS10 domain compared to Sortilin whose transmembrane helix
comes right after the VPS10 domain. The SorCS subfamily consists of
three closely related members containing an additional leucine rich region
(LRR) following the VPS10 domain. While the VPS10 domains of the
68

Figure 3.1
SorCS2 domains and constructs A. Schematic representation of the different domains of SorCS2. The ten-bladed β-propeller (blue) and
10CC-a and b (green) constitute the VPS10 domain. The two Polycystic Kidney Disease (PKD) domains (orange) and SorCS Membrane Proximal (SoMP)
(red) constitute the Leucine Rich Repeat region. Stars indicate N-glycosylation
sites. Proteolytic processing sites are indicated with pairs of scissors. The SorCS2
prodomain (PRO), transmembrane domain (TM) and intracellular domain (ICD),
depicted in white, were not included in the optimized construct. B. Scheme of
all the different constructs tested for expression. Boundaries are identical to the
residues indicated in A. For all the constructs where the prodomain is indicated,
both a construct with and without the prodomain was tested for expression.

3

SorCS subfamily have at least 49% identity between them [91] the LRR
of SorCS1 and SorCS3 is highly similar with 63% identity, in contrast to
only 35% identity between SorCS1 and SorCS2 [91]. Sequence analysis
indicates that the LRR of SorCS2 consists of two PKD (Policystic Kidney
Disease) domains and a C-terminal segment of unknown fold (Figure
3.1). Unlike SorLa, there is no information available on what the role
of the LRR in the SorCS subfamily might be, aside from a possible gain
in flexibility compared to Sortilin. Structural information of a VPS10
receptor containing additional domains might provide key information
concerning modulation of signalization within the VPS10 family.
In this study, we focused on SorCS2. The ectodomain of SorCS2
binds and internalizes a range of neuronal cargoes such as members of
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the neurotrophin family and the N-methyl-D-aspartate receptor 2A [48,
55, 103, 111]. The VPS10 domain is the canonical ligand binding moiety but it is unknown what the role of the additional domains is. The
VPS10 domain consists of approximately two thirds (660 residues) of the
extracellular segment, while the two PKD domains together span 181
residues and the membrane proximal segment spans 115 residues. The
ectodomain contains two canonical furin processing sites, one at residue
67 cleaving off the prodomain of SorCS2, thus yielding the mature form
of the protein; and one at residue 1031 whose processing has been linked
to Schwann cell proneurotrophin-mediated cell-death signal transduction
[55]. It is unclear how the processing of SorCS2 is related to different
signaling at the molecular level. It has been shown that SorCS1 and
SorCS3 do not require their propeptide for efficient secretion, but this
has not been demonstrated for SorCS2 [54]. SorCS2 is predicted to be
glycosylated, with seven N-linked glycosylation motifs on the ectodomain
of SorCS2; four on the β-propeller and three closely clustered sites on the
PKD domains. The function of the glycans and whether all predicted
sites are glycosylated is unknown. Studies providing information at the
molecular level might help improve our understanding of the processing
and post-translational modifications of SorCS2 and their role in signal
transduction.
The detailed structure, the domain composition and oligomeric state
of the SorCS2 ectodomain has remained elusive. The SorCS subfamily
has gathered growing interest over the past years due to their association
with many neurodegenerative and developmental diseases such as autism,
schizophrenia, bipolar disorder, attention deficit hyperactivity disorder,
late-onset Alzheimer disease and multiple sclerosis [92–98]; however, molecular information on these proteins is scarce. In this study, we detail
that the SorCS2 ectodomain consist of six domains of which one was
unpredicted. Five domains directly contribute to a large and extended
dimerization interface. The domains C-terminal of the VPS10 domain
might help to regulate the function of SorCS2. We confirm that the
canonical processing site of SorCS2 present at S1031 is solvent accessible,
and show that the unpredicted membrane proximal domain extensively
interacts with the β-propeller. Our data indicate why SorCS members
are not able to bind neurotensin, and provide the molecular basis to
better understand SorCS function.
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3.2 Results
3.2.1 The full ectodomain domain of SorCS2 does not require the
propeptide for secretion
Out of 14 SorCS2 ectodomain construct with different C-terminal
boundaries tested, the full length mature ectodomain segment expressed
best (Figure 3.1B). Short deletion constructs of SorCS2 did not express
well, and coexpression with binding partners (proNGF and proBDNF)
or chaperones (Receptor Associated Protein, Proprotein convertase subtilisin/kexin type 9) did not improve the yield. However, overexpression
of the constructs containing the full ectodomain domain with or without
the prodomain produced yields of 0.8 mg of purified protein per liter
of transfected HEK293 cells. We used plasmid titration [198] to further improve expression yields (Figure 3.2). A DNA titration ratio of
1:50 SorCS2:Dummy DNA improved the yield of recombinant protein by
tenfold to give a total yield of eight mg of purified protein per liter of
transfected HEK293 cells.
We confirmed that the propeptide of SorCS2 is not required for secretion (Figure 3.2). Purified sSorCS2 ectodomain constructs either with
or without the prodomain (7kDa) were separated on SDS-Page gel electrophoresis and showed similar apparent molecular weights. The small
difference in position on the SDS-Page gel does not account for the expected 7 kDa. It was previously shown that the propeptide of SorCS2
is proteolytically cleaved before secretion [55]. No significant difference
in expression and secretion levels were observed when comparing a construct that included the propeptide with one that lacked a propeptide.
This indicates that the propeptide of SorCS2 is not necessary for folding
of the protein in HEK293 cells. We therefore continued our experiments
with the ectodomain construct which does not contain the propeptide in
order to obtain a more homogeneous sample, thereafter called sSorCS2.
The secreted protein was present in three different forms: a highly glycosylated single-chain sSorCS2 (Figure 3.2A), a less glycosylated singlechain sSorCS2 (Figure 3.2B), and a furin processed two-chain form of
sSorCS2 (Figure 3.2C). Treatment of the sample with the deglycosidase EndoHf reduces the three different forms to two lower molecular
weight sSorCS2 species (a single-chain and a two-chain variant). Treatment of the EndoHf treated sample with trypsin leads to the formation
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Figure 3.2 SorCS2 does not require its propeptide for proper folding.
Expression and secretion of sSorCS2 was optimized using DNA titration. Ratios
of 1:0 (Lane 1), 1:10 (Lane 2), 1:50 (Lane 3) and 1:250 (Lane 4) sSorCS2:Dummy
DNA were tested. A ratio of 1:50 sSorCS2:Dummy DNA (Lane 3) provided the
most secreted protein. Secreted sSorCS2 produced three bands: one at 130
kDa corresponding to a high glycoform of single-chain sSorCS2 (a), one at 120
kDa corresponding to a lower glycoform of single-chain sSorCS2 (b) and one
at 110 kDa corresponding to the large fragment of two-chain sSorCS2. The
influence of the propeptide on the secretion of sSorCS2 was tested (Lane 5 and
6). Both constructs showed a main band corresponding to single-chain sSorCS2
at 120 kDa ± 2 kDa corresponding to mature sSorCS2. The presence of the 7
kDa propeptide (Lane 5) during expression did not improve the yield of secreted
protein.
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of a homogeneous single-chain species as revealed by the single band on
SDS-Page.
3.2.2 SSorCS2 is more stable at acidic pH
Purified sSorCS2 is monodisperse and does not aggregate at pH 5.5.
SSorCS2 was initially purified in a standard protein purification buffer
(25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH
7.0, 150 mM NaCl). However, in this buffer, size exclusion chromatography (SEC) traces of sSorCS2 showed a shoulder at the sSorCS2 peak
at small retention volumes (Figure 3.3A), indicating that sSorCS2 had
a tendency to oligomerize. Furthermore, after storage of the protein at
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Figure 3.3 Acid pH improves the stability of sSorCS2. A. A thermofluor
stability assay was performed on purified sSorCS2. Acidic pH (here in red, Na/K
phosphate pH 5.0, Tm = 60.5°C) consistently stabilized sSorCS2 compared to
identical buffers at neutral (in blue, Na/K phosphate pH 7.0, Tm = 51°C) or basic
pHs (not shown). B. Size-Exclusion chromatography of sSorCS2 on Superose
6 10/30 in the standard (blue, 25 mM HEPES, 150 mM NaCl pH 7.0) and
optimized buffer (red, 25 mM MES, 500 mM NaCl pH 5.5). The optimized
condition enables a better separation of sSorCS2 from high molecular weights
contaminants and results in a more homogeneous sample.

-80°C for 30 days, SEC traces showed a large peak in the void volume,
suggesting that sSorCS2 was not stable at pH 7.0 (data not shown). We
performed a Thermofluor Stability Assay and noticed a clear pH dependence of sSorCS2 stability (Figure 3.3B), with sSorCS2 melting temperatures (Tm) being consistently higher at low pH, with up to 10°C of
Tm difference between Sodium/Potassium phosphate at pH 7.0 and pH
5.0. We confirmed this trend via SEC at different pHs. We compared the
protein peak area, void volume area and height of the peak and chose a final optimized buffer consisting of 25 mM 2-(N-morpholino)ethanesulfonic
acid (MES) pH 5.5 and 500 mM NaCl (Figure 3.3A). In this optimized
buffer sSorCS2 remained stable for up to twelve months at 4°C and did
not show new aggregation as assessed by SEC (data not shown).
3.2.3 The sSorCS2 structure reveals a cross-braced homodimer
with a large interface
The crystal structure of sSorCS2, determined at 4 Å resolution (Table 3.1), reveals that the ectodomain portion of SorCS2 consists of six
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domains (Figure 3.4). The N-terminal VPS10 domain, consists of a tenbladed β-propeller stabilized by two 10CC domains. The β-propeller has
an average diameter of 56 Å with an inner central tunnel of 28 Å in width.
The two 10CC domains, 10CC-a and 10CC-b, are small domains with
relatively little secondary structure that are stabilized by two and three
intradomain disulphide bonds for 10CC-a and 10CC-b, respectively. In
the sSorCS2 structure, the 10CC domains wrap around the bottom face
of the β-propeller leaving the propeller top face exposed. The 10CC-b
domain is followed by two PKD domains, PKD1 and PKD2, that interact
in a head-to-tail fashion and that point away from the VPS10 domain
in the shape of an arc. Both PKD domains have an Ig-like fold [206]
consisting of a β-sandwich with one four strand β-sheet and a second
three strand β-sheet in a Greek key topology. The sSorCS2 C-terminal
segment constitutes a previously unpredicted domain that we termed
the SorCS2 Membrane Proximal (SoMP) domain, as sequence analysis
indicates that all SorCS members contain this domain N-terminal of the
transmembrane helix. This sixth domain adopts a fold similar to an
RNA Recognition Motif (RRM) (Figure 3.5A) with a core consisting of
three antiparallel β-strands in a β-sheet that is supported by two alpha
helices (Figure 3.5). In the structure of sSorCS2 the SoMP has made
a sharp turn with respect to PKD2. The SoMP β-sheet and first turn
of α-helix 1 are interacting with β-strand A of PKD2. Taken together,
the structure of sSorCS2 reveals that its six domains adopt an arc shape
with a maximum dimension of 140 Å.
SSorCS2 forms a cross-braced dimer in the crystal structure, in
which the N-terminal β-propeller from one chain interacts with C-terminal
SoMP domain from the other chain and the PKD domains of both chains
twist around each other. The sSorCS2 homodimer spans a maximum
width of 176 Å, a height of 75 Å and a depth of 85 Å. Except for 10CCa, all domains participate in the large dimerization interface with a total
buried surface area of 5864 Å2. This stabilization of interacting domains
and the steric hindrance introduced by the large and extended interaction surface of the dimer seem to limit the flexibility of SorCS2. The
sSorCS2 crystal structure lacks seven residues to the transmembrane helix and therefore we can infer that the SorCS2 homodimer is most likely,
oriented with the top face of the β-propeller slanted towards to the cell
surface. In this cell-surface attached orientation the two β-propellers in
the dimer are positioned surprisingly close to the membrane (Figure
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Table 3.1

X-ray diffraction data collection and refinement statistics.
Data Collection
Space Group

C 2221

a (Å)

139

b (Å)

329

c (Å)

131

Resolution (Outer Shell) (Å)

49.0 – 4.0 (4.26 – 4.00)

Rmerge (%)

20.8 (206)

I/σ(I)

5.0 (0.8)

CC (1/2)

0.99 (0.34)

Completeness (%)

99.9 (99.6)

Redundancy

6.4 (6.6)

Molecular Replacement & Refinement
Solvent content (%)

62

Molecules in ASU

2

Rwork

0.279

Rfree

0.359

Average B (Å2)

178.0

RMSD Bond length (Å)

0.004

RMSD Bond Angles (Å)

0.753

Ramachandran Favored (%)

79.9

Ramachandran Outliers (%)

5.1

Rotamer Outliers (%)

1.8

MolProbity Score

2.32
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3.4). The (pseudo) two-fold symmetry axis that describes the SorCS2
homodimer passes through the dimer in between PKD1 and PKD2, perpendicular to PKD1 strand G and the cell membrane.
The large SorCS2 dimerization interface can be split into three main
contributors. The largest interface, with 2790 Å² of buried surface area,
is the predominantly hydrophobic interaction between the four PKD domains (Figure 3.6A, center and right panels). This interface buries
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Figure 3.4 The sSorCS2 structure reveals a cross-braced dimer containing an unreported membrane proximal domain. The structure of sSorCS2
(dimer left and single dimer chain right) indicates that the membrane proximal
domain (SoMP, red) is folded and involved in dimerization of sSorCS2 through
its interaction with the β-propeller (blue) of an opposing chain. The PKD domains (yellow and orange) of one chain wrap around the PKDs of the other
chain. In the crystal structure, the top side of the β-propeller is oriented towards
the cell membrane, and seven residues are missing between the last amino acid
of the SoMP visible in the electron density and the transmembrane helix. The
processing site at S1031, located in a disordered loop, is indicated by a pair of
scissors.
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several hydrophobic residues in a hydrophobic cleft. The remainder of
the dimerization interface consists of two copies of the VPS10 - SoMP
interface that together are adding 2504 Å² of buried surface area. Both
blades five and six of the β-propeller and the loops on the β-propeller
side of the 10CC-b domain are contributing to the interaction with the
SoMP domain. Several hydrophobic residues contribute to the interface but, compared to the PKD domain-mediated dimerization interface,
more charged residues seem to play a role in the VPS10 - SoMP interaction (Figure 3.6). In addition to the three main interface contributors
there are two copies of a much smaller β-propeller - PKD2 interface that
together account for an additional 400 Å² of buried surface area to a total
of 5864 Å² for the entire sSorCS2 dimer.
Notably, the dimer is not fully symmetrical as the two SorCS2 chains
present in the asymmetric unit adopt slightly different conformations
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Figure 3.5 The SorCS2 membrane proximal domain has a fold similar
to an RNA Recognition Motif. A. Superposition of cartoon representations
of the SoMP of sSorCS2 (red) and the RNA recognition motif of yeast eIF3b
(wheat, PDB 3NS5 [207]). B. Topology diagram of the SoMP of sSorCS2 with
secondary structure elements named. The S1031 cleavage site is indicated with
a pair of scissors.

(Figure 3.7). Flexibility in the 10CC-b - PKD1 connection and between the PKD domains enables the β-propellers to take two slightly
different orientations whilst maintaining contact between the SoMP and
the β-propeller - 10CC-b combination. Indeed, the angle between the
center of mass of the β-propeller, the center of mass of sSorCS2 and the
first PKD domain is 102° in chain A versus 89° for chain B. Furthermore, a small flexible loop located in the β-propeller between β-strands
two and three in blade one adopts different conformations in the two
sSorCS2 dimer chains.
3.2.4 sSorCS2 is a dimer in solution.
We verified that sSorCS2 is a dimer in solution at pH 5.5 (Figure
3.8). We assessed the oligomeric state of sSorCS2 in solution at pH 5.5
since at neutral pH sSorCS2 seemed to form a substantial amount of inhomogeneous high-order oligomers and aggregates. No evidence for the
presence of monomeric sSorCS2 is observed either at pH 7.4 or at pH 5.5.
The weight average mass of sSorCS2 at pH 5.5 is 237 ± 3 kDa as determined by SEC coupled Multi Angle Light Scattering (MALS) analysis
(Figure 3.8A). This molecular weight corresponds well to a dimer of
sSorCS2 which is predicted to be 224 kDa for the unmodified protein
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Figure 3.6 The dimerization interface is mainly hydrophobic between
the PKD domains and charged at the SoMP – β-propeller interface. A.
Cartoon representation of the sSorCS2 dimer with one chain domain color-coded
and the other dimer chain in grey. The SoMP domain (red) forms four salt bridges
with the β-propeller and two other charged interactions between the SoMP, the
β-propeller and the 10CC-b domain of the partner chain (grey) (left panel).
The PKD1 domains are interacting via a hydrophobic interface in the dimer
(right panel). B. The charged VPS10p – SoMP interface is conserved among
sequences of all SorCS members. The top panel shows the dimerization interface
on the chain A of SorCS2, with the PKD interface in orange and the SoMPVPS10p interface in blue. The middle panel shows the gradient visualization of
the chain A of the sSorCS2 dimer from red (-10 kT/e) to blue (10 kT/e) of
the electrostatic surface at a pH of 7.4, calculated with the APBS server based
on residue pKa determined by PROPKA [153–155]. The bottom panel shows
the residue conservation plotted on the surface (calculated with Consurf [208])
of chain A of the sSorCS2 dimer, from white (not conserved) to black (highly
conserved).

3

and 242 kDa assuming six N-linked glycans on each sSorCS2 chain. Furthermore, SEC coupled Small Angle X-ray Scattering (SAXS) analysis
showed an excluded particle volume (Porod volume Vp) of 419 ± 6 kÅ³,
which corresponds to a molecular mass (Mm) of 246 ± 4 kDa (Figure
S3.1). We fitted the SAXS scattering curve of sSorCS2 with theoretical
curves calculated from the structure of a single chain of sSorCS2 and from
the dimer structure of sSorCS2 (Figure 3.8B). The theoretical curve obtained from the dimer structure fit the data well, with a chi square of
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Figure 3.7 The two SorCS2 chains of the dimer adopt slightly different
conformations.
Cartoon representation of the two chains of sSorCS2 with
chain A colored by domain and chain B in grey. The superposition of the two
dimer chains on the basis of the two PKD domains (right) shows that both the
angles between PKD1 and the β-propeller and PKD2 and the SoMP are different
in the two chains, indicating some flexibility of the chains within the dimer.
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Figure 3.8 Solution experiments confirm that sSorCS2 is a dimer. A.
Size exclusion chromatography coupled multi angle light scattering of sSorCS2
at pH 5.5. UV trace and molecular mass distribution of sSorCS2 (blue) at
pH 5.5 on a Superose 6 5/15 column indicates a molecular mass of 237 ± 3
kDa for sSorCS2, corresponding well to the calculated molecular mass of 242
kDa (including glycosylation) of a sSorCS2 dimer. B. Overlay of wt sSorCS2
size-exclusion coupled SAXS trace at pH 5.5 with CRYSOL fits based on the
structures of the sSorCS2 dimer and a single chain. The better fit of the SAXS
data to that calculated from the dimer structure (χ2 = 1.6) compared to that
of a single chain (χ2 = 7.2) indicates that sSorCS2 in solution at pH 5.5 is
predominantly a dimer.

1.6 versus 7.2 for the single chains. Together, these data confirm that
sSorCS2 is a homodimer in solution at pH 5.5.

79

3.2.5 The conformation of SorCS2’s VPS10 domain

3

There is no major difference between the β-propeller of SorCS2 and
that of other receptors from the VPS10 family. The smallest root mean
square deviation (rmsd) of 1.6 Å over 345 Cα atoms is found when comparing the β-propellers of SorCS2 with that of either ligand bound or
unliganded SorLa (PDBs 3WSY and 3WSX [64], respectively). Higher
rmsd values are apparent when comparing the β-propellers of SorCS2
with those of Sortilin monomer (PDB 3F6K [159], rmsd of 1.8 Å over
345 Cα atoms) and Sortilin dimer (PDB 5NMT [205], rmsd of 2.0 Å over
347 Cα atoms).
The conformation of the 10CC-a domain of SorCS2 is most similar to 10CC-a of Sortilin monomer, with a rmsd of 1.2 Å over 46 Cα
atoms. The 10CC-a domains of SorLa and Sortilin dimer are more different compared to that of SorCS2 with rmsds ranging from 1.8 – 2.1 Å
(unliganded and ligand bound SorLa, PDB 3WSY and 3WSX [64]) to 3.9
Å (Sortilin dimer, PDB 5NMT [205]) for a similar number of residues.
The conformation and position of the 10CC-b domain has been shown to
be affected by the surrounding pH. At acidic pH the 10CC-b domain is
interacting with the β-propeller in both Sortilin, that is a dimer at acidic
pH, and SorLA, while at neutral pH 10CC-b is positioned away from
the β-propeller in both proteins. The position of the SorCS2 10CC-b
domain is most similar to that in the acidic pH conformations of Sortilin
and SorLA, i.e. it is interacting with the β-propeller. However, to prevent
steric clashes with the PKD and SoMP domains, the C-terminal portion
of the 10CC-b domain in SorCS2 is positioned away from the propeller in
contrast to 10CC-b in Sortilin at acidic pH where it interacts with blade
5. The conformation of the 10CC-b domain of SorCS2 is more similar to
the acidic pH conformation of 10CC-b in Sortilin (Figure 3.9B, rmsd
of 1.7 Å over 37 Cα atoms compared to that of SorLA (rmsd of 3.5 Å
over 55 Cα atoms). Large differences are apparent between the 10CC-b
domain of SorCS2 and that of the 10CC-b domains of Sortilin and SorLA
at neutral pH (rmsd of 5.5 Å over 54 Cα atoms and 3.7 Å over 56 Cα
atoms for Sortilin and SorLA, respectively). In conclusion, at pH 6.4,
the 10CC-a of SorCS2 is highly similar to that of monomer Sortilin while
the 10CC-b is most similar to that of Sortilin dimer. In addition, the
position of 10CC-b that changes from interacting with the β-propeller
at acidic pH to a more exposed position at neutral pH in both Sortilin
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Figure 3.9
Structural analysis of the SorCS2 VPS10 domain.
A.
Surface representation of the β-propeller of receptors belonging to the VPS10
family. The L1 loop partially shields the β-propeller tunnel of sSorCS2 (blue)
and sSorLa (grey, PDB 3WSX [64]), but is absent in s-Sortilin (green, PDB
3F6K [159]). B. The conformation of 10CC-a domain of sSorCS2 (left panel)
is similar to the conformation of the 10CC-a of Sortilin monomer (PDB 3F6K
[159]). The 10CC-b domain of sSorCS2 (right panel) adopts the position and
conformation of the 10CC-b of the Sortilin dimer (PDB 5NMT [205]) (coloring
as in A). C. The neurotensin binding site as determined in s-Sortilin [159] is distorted in sSorCS2. From left to right: neurotensin (orange stick representation)
modeled in complex with SorCS2 (blue) indicates that steric clashes would prevent neurotensin – SorCS2 interaction, middle-left pannel identical with sSorCS2
in surface representation, right panels identical views with neurotensin bound to
s-Sortilin (green) [159].

3

and SorLA, interacts with the β-propeller in SorCS2. Possibly, similar
to SorLA and Sortilin, the 10CC-b domain in SorCS2 can also adopt a
different location depending on the pH.
3.2.6 Regulation of SorCS2
Based on the N-linked glycosylation motif, seven glycosylation sites
are predicted on sSorCS2, out of which six are highly conserved amongst
SorCS2. The electron density of the sSorCS2 structure confirmed that
N362, N600 and N902 are glycosylated (Figure 3.10). The structure
does not inform if the other sites are glycosylated but they are exposed.
We therefore modelled the other conserved glycans on the sSorCS2 structure to assess whether they might have a regulatory role (Figure 3.10A).
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Interestingly, three glycans at N362, N891 and N902 are located near the
interface between the first and the second PKD domains. These glycans thus form a protective layer which may prevent interactions with
other protein, and due to crowdedness might limit the PKD flexibility by
sterically hindering movement of these domains respective to each other.
Possibly, glycosylation plays a role in regulating the function of SorCS2,
but this has not been experimentally verified.

3.3 Discussion

3

Sorting dysfunctions in the endosomal-lysosomal system are wellknown risk factors for neurodegenerative diseases [30]. Recently, the
retromer complex has been established as a central actor in neurodegeneration [209]. The retromer is a protein complex which interacts with a
number of sorting proteins, including receptors from the VPS10 family
such as SorCS1 [62] and SorCS2 [111]. Interest in the SorCS subfamily
is growing due to an increasing number of studies linking SorCS genes
to diverse neurodegenerative diseases. Furthermore, SorCS2 has recently
been identified as a key player in the proneurotrophin-p75NTR-mediated
Schwann cell apoptosis [48, 55, 106]. However, there is little structural
information on SorCS receptors and their mechanism of action is unknown. In order to gain insight in the regulation and molecular function
of the SorCS subfamily, we focused on SorCS2, which has been implicated
in both retromer-related and p75NTR-mediated neurodegenerative diseases.
Most likely SorCS2 is a constitutive dimer. Both in solution and
in the crystal sSorCS2 forms dimers. Homodimerization of the receptor
might help with recognition by the GGA and the retromer complex, since
both are homodimers of which each of the two chains can individually
recognize and bind a Sortilin cytosolic tail [45, 176]. The large interface
that is spread out over five of the six domains and the stabilization gained
from the dimer formation might explain why smaller constructs of the
SorCS2 ectodomain express poorly in comparison to the full ectodomain.
A common feature of VPS10 receptors is that they are synthesized
as proreceptors, whose propeptide is cleaved upon exit from the lateGolgi compartment to yield the mature protein. Multiple roles have been
suggested for the propeptide; it has been previously shown that for Sortilin and SorLA, the propeptide prevents premature ligand binding, and
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Figure 3.10 Glycans might play a role in regulating ligand binding and
signal transduction by SorCS2. Full oligo-mannoses were modelled onto the
seven predicted glycosylation sites. The oligo-mannoses are represented as sticks
while the sSorCS2 dimer is represented as cartoon. The lower panel illustrates
the clustering of the glycans at the interface between the PKD2 domains.
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for Sortilin the propeptide also facilitates transport in the biosynthetic
pathway [56]. However, SorCS3 does not require propeptide cleavage for
normal processing of the receptor nor to bind its ligand, which suggests
that the propeptide of SorCS3 is functionally redundant [54]. Here we
show that SorCS2 does not require its propeptide for folding and secretion in HEK293 cells. In contrast to Sortilin, overexpression of the
SorCS2 ectodomain construct that lacked the propeptide did not result
in co-purifying proteins (data not shown), suggesting that the propeptide
of SorCS2 is not necessary to prevent premature ligand binding in the
biosynthetic pathway. This functional importance is also reflected by the
sequence conservation of the propeptide. Amongst Sortilin orthologues
the propeptide is more conserved (82% sequence identity) compared to
SorCS2 orthologues (58% sequence identity) while the remaining parts of
SorCS2 and Sortilin have 89% and 92% sequence identity, respectively.
Access of ligands to the binding site located inside the tunnel of
the β-propeller is limited by the position of the L1 loop that connects
β-strands 6D-7A. Two loops, L1 and L2 (respectively connecting β-strands
6D-7A and 8A-8B) have been reported to play a role in pH-regulated ligand binding to the β-propeller tunnel in SorLA [64]. In SorCS2, the
loops L1 and L2 are located at the top face of the propeller, near the
entrance of the tunnel. At the core, the tunnel diameter is about 25 Å
wide, and L1 is partially blocking its entrance (Figure 3.7A) so that in
the SorCS2 structure the tunnel entrance is only 15 Å wide. In SorLA,
whose L1 loop is longer, the tunnel entrance width is only 10 Å (PDB
3WSY, [64]), while in Sortilin, the L1 loop is much smaller and the tunnel entrance width spans 19 Å (PDB 3F6K, [159]). In SorCS2, L2 does
not seem to obstruct the β-propeller tunnel. In Sortilin, that lacks a
large protruding L1 loop, the propeptide has been reported to prevent
ligand binding in the secretory pathway [51], while binding of proNGF
to SorCS3 is not affected by the SorCS3 propeptide [54]. Possibly, as
in SorLA, the protruding L1 loop in the SorCS members plays a role in
ligand binding and may help prevent undue interactions of cargo in the
secretory pathway.
Neurotensin is an important neuropeptide which binds Sortilin and
SorLa, and has been suggested to prevent p75NTR-mediated apoptosis
[135]. Neurotensin is unlikely to interact with SorCS2 due to a distorted
binding site and restricted access. The neurotensin binding site in Sortilin
is not conserved in SorCS2, and in the current conformation, residues Y11
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and I12 from neurotensin would severely clash with SorCS2 residues L347
and Q390, respectively (Figure 3.7C). Furthermore, residues stabilizing
the binding of neurotensin to Sortilin such as R292 and K277 are absent
in SorCS2. K357 in SorCS2 could partially take over the role of R292
in Sortilin, but Q390 in SorCS2 would likely still be sterically hindering
binding. No other residues in SorCS2 appear to be available to interact
with NT. Furthermore, the SorCS2 L1 loop in its current conformation
would sterically hinder access to the neurotensin binding site. Together,
the distorted neurotensin binding site and the restricted access to the
binding site in SorCS2 by the L1 loop make it unlikely that neurotensin
can interact with SorCS2. Previously it has been shown that neither
SorCS1 nor SorCS3 can bind the neuropeptide [53, 54]. As the VPS10
domains are highly conserved among the SorCS family members it seems
reasonable to conclude that the SorCS subfamily does not possess the
ability to bind neurotensin.
The sSorCS2 crystal structure does not reveal how cargo release for
SorCS2 is established, but the mechanism is probably different from that
of Sortilin. We have recently shown that Sortilin forms homodimers at
acidic pH and that this dimerization induces discharging of endocytosed
cargo [205]. The dimerization interface of Sortilin is different from the
dimerization interface of SorCS2. Sortilin dimerizes through the top face
of its β-propellers whereas in SorCS2 the β-propellers do not directly
interact with each other but are separated by more than 40 Å. The top
faces of the β-propellers in SorCS2 are oriented towards the cell surface.
It is unlikely that SorCS2 employs the β-propeller top interface to form
larger-order arrays consisting of multiple SorCS2 dimers. Any SorCS2
dimer of dimers formed through the β-propeller top interface will lead
to severe clashes with the cell membrane. Cargo release for SorCS2 thus
needs to employ a different mechanism, and SorCS2 might be able to
bind ligands in acidic conditions when Sortilin cannot. PH-dependent
conformational changes in the VPS10 domain have been observed for
Sortilin and SorLa [64]. We report that the structure and position of the
10CC-b domain of SorCS2 are similar to those of Sortilin at acidic pH.
The SorCS2 sample was crystallized at pH 6.4 but we cannot exclude
that SorCS2 also undergoes a conformational change at more neutral
pH. In particular a hypothetical pH-induced reorientation of the SorCS2
10CC-b domain, similar to that in Sortilin and SorLA, could alter the
conformation of the SorCS2 structure. The differences between the two
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chains of the SorCS2 dimer show that even with restriction of movement
imposed by the homodimerization, SorCS2 is still able to adopt different
conformations. In the current orientation of the β-propeller, the top face
is occluded by the membrane. This orientation thus makes access of
ligands to the β-propeller top face difficult, while different orientations
of the β-propeller might facilitate the access of ligands to the binding
site. Intrinsic conformational flexibility of the SorCS2 receptor, revealed
by the difference in the two dimer chains, and possibly modulated by
pH and glycosylation of the PKD domains, can perhaps regulate ligand
binding properties and signal transmission of SorCS2.
We have shown that the C-terminal domain of SorCS2, which we
named SoMP, adopts an RRM-like fold. Even though the SoMP fold resembles an RRM, it does not contain its typical eight-amino acid Ribonucleoprotein 1 (RNP-1) consensus sequence (K/R-G-F/Y-G/A-F/Y-V/I/LX-F/Y). It is unlikely that SorCS2 interacts with RNA. This previously
unreported domain plays a structural role that may be important for
function. The SoMP is located in between the membrane spanning
α-helix and the β-propeller of an opposing SorCS2 homodimer chain.
Possibly, ligand binding to the SorCS2 β-propeller is transduced to the
transmembrane helix via the SoMP domain. Processing of the furin-like
site present in SoMP has been shown to be required for triggering apoptosis of Schwann cells by signaling of proneurotrophin-p75NTR and SorCS2
[55]. The furin site 1028RKRS1031 is located in a solvent-exposed loop
between β-strand 3 (β3) and helix 2 (H2) (Figure 3.5B) in SoMP, easily accessible to enzymes. The sSorCS2 sample has been treated with
trypsin before crystallization and the furin site seemed to be the first site
to be processed, as assessed by SDS-Page. Still, it is not certain that
the SoMP furin site is processed in the SorCS2 crystal structure; but
it is likely that even after processing the SoMP domain remains intact
as the two newly created halves are connected though a multitude of
hydrophobic interactions. Whether the SoMP domain undergoes a conformational change upon furin processing and how processing influences
SorCS2 signalling remains to be determined.
Due to the high sequence identity (at least 35%) between SorCS2
and the other SorCS members, it is likely that the domain organisation
of six domains, including the SoMP domain, will be conserved within the
subfamily. Since the residues taking part in the β-propeller interaction
with the SoMP are highly conserved (Figure 3.5), we hypothesise that
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SorCS1 and SorCS3 will also form homodimers. Most likely, the crossbraced homodimerization is a defining structural feature of the SorCS
subfamily.
In conclusion, we show that the LRR of SorCS2 and likely other
SorCS members consists of folded domains (two PKDs and one SoMP)
which wrap around each other to form a stable cross-braced homodimer
and in which the SoMP of one chain interacts with the β-propeller of
the opposite chain and vice versa. The flexibility in the cross-braced
homodimer that we observe may hint to regulation of ligand binding
properties and signal transmission of SorCS2. Due to these additional
SorCS subfamily-defining domains and the inability of the SorCS subfamily members to bind neurotensin, ligand binding and release, as well
as signal transmission mechanisms of the SorCS subfamily, seem to differ
from the other two other members of the VPS10 family (i.e. Sortilin and
SorLA).

3.4 Materials and Methods

3

3.4.1 Generation of protein constructs and mutagenesis
Mouse SorCS2 cDNA was obtained from Source Bioscience (Image
Clone 8861897). The constructs were generated by polymerase chain
reaction (PCR) using primers to start at (UNIPROT) residue number 51
(after the signal peptide) and end at residues indicated in Figure 3.1.
All constructs were subcloned using BamHI/NotI sites in pUPE107.03
(cystatin secretion signal peptide, C-terminal His6-tag), unless indicated
otherwise.
3.4.2 Protein expression and purification
Constructs were transiently expressed as secreted version either in
Epstein-Barr virus nuclear antigen I (EBNA1)-expressing HEK293 cells
(HEK293-E) or in N-acetylglucoaminyltransferase I-deficient (GnTI−)
EBNA1-expressing HEK293 cells (HEK293-ES) (U-Protein Express).
HEK293-ES cells produce proteins with shorter, more homogeneous high
mannose glycans (“short” glycan type), while HEK293-E cells produce
native-like protein with hybrid glycans (“native” glycan type). Proteins
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produced in HEK293-ES cells were used for optimization, crystallization
and deglycosylation. sSorCS2 produced in HEK293-E cells was used for
SAXS and MALS experiments. Medium was harvested six days after
transfection and cells were spun down by 10 min of centrifugation at
1000 × g. Supernatant was concentrated fivefold and diafiltrated against
500 mM NaCl, 25 mM HEPES pH 7.5 (IMAC A) using a Quixstand
benchtop system (GE Healthcare) with a 10 kDa molecular weight cut-off
(MWCO) membrane. Cellular debris were spun down for 10 min at 9500
× g and the concentrate was filtered with a glass fibre prefilter (Minisart,
Sartorius). Protein was purified by Nickel-nitrilotriacetic acid (Ni-NTA)
affinity chromatography followed by SEC on a Superose 6 Hiload 16/60
column (GE Healthcare) equilibrated in SEC buffer (before optimization:
20 mM HEPES pH 7.0, 150 mM NaCl; after optimization: 25 mM MES
pH 5.5, 500 mM NaCl). Protein was concentrated to 12.6 mg/mL, using
a 30 kDa MWCO concentrator before plunge freezing in liquid nitrogen
and storage at -80°C.

3

3.4.3 Crystallization of mouse sSorCS2
Samples were concentrated to 12.6 mg/mL in buffer 25 mM MES
pH 5.5, 500 mM NaCl. SSorCS2 was deglycosylated using EndoHf 1:100
O/N at RT in buffer pH, and limited proteolysis with trypsin 1:100 was
performed for 20 minutes before setting up crystallization. Sitting-drop
vapour diffusion at 18 °C was used for all crystallization trials, by mixing
150 nL of protein solution with 150 nL of reservoir solution. Crystals were
obtained from a condition containing 0.1 M Sodium chloride, 0.02 M Tris
pH 7.5, 0.1 M Magnesium chloride hexahydrate and 11% w/v PEG 1500,
final pH 6.4. Crystals were harvested and flash-cooled in liquid nitrogen
in the presence of reservoir solution supplemented with 25% ethylene
glycol.
3.4.4 Data collection
Diffraction data to a maximum resolution of 4 Å were collected at
100 K at ID29 at the European Synchrotron Radiation Facility (ESRF
Grenoble, France) (Table 3.1). Data was processed using XDS and AIMLESS [178, 179, 210]. Resolution limits were determined by applying a
cut-off based on the mean intensity correlation coefficient of half-datasets,
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CC1/2. The structure was solved by molecular replacement in Phaser using the individual domains of SorCS2 from the SorCS2-proNGF complex
(Chapter 4 of this thesis) as search models. The structure was refined
using Phenix-rosetta [211] and Phenix interchanged with several cycles
of model building in Coot [181, 182]. B-factor refinement was limited to
a single Translation-Libration-Screw-rotation (TLS) model. Final R and
Rfree values are 0.279 and 0.359, respectively (Table 3.1). Molprobity
[184] was used for structure validation. Structural analysis was performed
using various programs of the CCP4 suite. The electrostatic properties of
the SorCS2 dimer at pH 7.4 were analyzed using the PDB2PQR server
[153, 154] with a PARSE forcefield and the PROPKA software [155].
Conservation of the SorCS2 sequence was analysed with Consurf [208].
Glycosylation sites were predicted by ProtParam (Expasy) and modelled
in Coot. Figures were generated with PyMol (Schrödinger).
3.4.5 Size Exclusion Chromatography - Multi-Angle Light
Scattering (SEC-MALS)
SEC-MALS was used to determine the oligomeric state of sSorCS2.
10 µl of 10 mg/mL sSorCS2 was injected into a Superdex 200 10/300
GL gel filtration column (GE Healthcare) and separated with a flow rate
of 0.5 ml/min in 25 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH
5.5, 150 mM NaCl. For molecular weight characterization, light scattering was measured with a miniDAWN TREOS multi-angle light scattering detector (Wyatt), connected to a differential refractive index monitor (Shimadzu, RID-10A) for quantitation of the protein concentration.
Chromatograms were collected, analyzed and processed by ASTRA6 software (Wyatt, using a calculated dn/dc value of 0.183 ml/g, taking 6%
w/w glycosylation into account). The calibration of the instrument was
verified by injection of 10 µl of 10 mg/mL monomeric bovine serum albumine (BSA, Sigma-Aldrich).
3.4.6 Size Exclusion Chromatography - Small Angle X-ray
Scattering (SEC-SAXS) measurements
SAXS experiments were carried out on the BM29 beamline at the
ESRF Grenoble. 40 µL wild type sSorCS2 at 12.6 mg/mL were loaded
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on a Superose 6 10/30 column (GE Healthcare) via a high-performance
liquid chromatography (HPLC) system, consisting of an in-line degasser
(DGU-20A5R, Shimadzu, France), binary pump (LC-20ADXR, Shimadzu, France), valve for buffer selection and gradients, UV-VIS array
photospectrometer (SPD-M20A, Shimadzu, France) and a conductimeter
(CDD-10AVP, Shimadzu, France) attached directly to the sample-inlet
valve of the BM29 sample changer. The sample was measured in 25
mM MES pH 5.5, 150 mM NaCl. The column was equilibrated with
1.5 CV to the corresponding buffer before measurement. Measurements
were performed at room temperature and a flow rate of 0.6 mL/min was
used for all sample measurements. All the SAXS data from the run were
collected at a wavelength of 0.9919 Å using a sample-to-detector (PILATUS 1M, DECTRIS) distance of 2.81 m. 2400 frames (1 frame s-1)
were collected per 40 min. run. Initial data processing was performed
automatically using the EDNA pipeline. 10 frames with a consistent
Rg from the peak scattering intensity were selected and automatically
merged using GNOME (EMBL-HH ATSAS suite) to yield a single averaged frame corresponding to the scattering of an individual SEC purified species. Data was analyzed by PRIMUS [190] and GNOM [191] of
the ATSAS suite [156]. The error estimates for Rg values calculated by
Guinier and GNOM analyses are the standard error for linear regression
and the standard deviation evaluated by GNOM, respectively. Errors for
the maximum particle dimension, Dmax, are the estimated range for the
optimum solution. CRYSOL was used to evaluate the solution scattering from SorCS2 based on the crystal structure and fit it to experimental
scattering curves [158]. No difference could be observed between the
theoretical curves of the single chain models obtained from chain A and
chain B from the dimer.
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Supplementary information

3
Figure S3.1 SAXS analysis of sSorCS2. A. Guinier plot. The two grey
bars indicate the limits of the data points used for determination of the radiusof-gyration, Rg, and the extrapolated intensity at zero scattering angle, I(0). The
red line indicates the fit. The Rg determined for sSorCS2 is 5.56 ± 0.02 nm. B.
The Kratky plot shows that sSorCS2 is folded. C. The pair distance distribution
function P(r) of sSorCS2 is typical of a multidomain protein and indicates a
maximum particle size Dmax of 18.0 ± 1.0 nm and a Porod volume of of 419
kÅ³, which corresponds to a molecular mass (Mm) of 246 kDa. This is consistent
with the predicted molecular weight of 242 kDa (including glycosylation) for a
sSorCS2 dimer.
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Chapter 4
The SorCS2-proNGF complex structure
provides insights into neuronal apoptosis

4.1 Introduction
Sortilin related CNS expressed receptor 2 (SorCS2) has recently
been identified as a major actor in apoptotic signaling and hippocampal plasticity [48, 55, 106]. The receptor SorCS2 plays two roles. The
ectodomain of SorCS2 binds and internalizes a range of cargoes, including
proNGF and proBDNF [55, 103], through its VPS10 domain. In addition,
binding of one of the proneurotrophins (proNT, i.e. pro Nerve Growth
Factor (proNGF), pro Brain-Derived Neurotrophic Factor (proBDNF),
and possibly proneurotrophin 3 and 4 (proNT3 and proNT4)) to neuronal expressed SorCS2 and recruitment of the p75 neurotrophic receptor (p75NTR) activates an apoptotic pathway through the cleavage of
the intracellular death domain of p75NTR [212]. Detailed mechanistic
information is lacking on SorCS2 ligand binding and ternary complex
formation of SorCS2 with proneurotrophins and p75NTR.
Neurotrophins are growth factors that play an essential role in neuronal development [213]. The family consists of four members: NGF,
BDNF, NT3 and NT4, which promote growth, survival and differentiation through their high-affinity interaction (in the low nanomolar range)
with Tropomyosin receptor kinase receptors and the p75NTR [213]. Neurotrophins are initially synthesized as a proform, which upon cleavage
in the Trans-Golgi network releases the mature neurotrophin from the
N-terminal propart. However, only a fraction of the proneurotrophins
are processed into the mature form. Proneurotrophins consist of about
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220 residues, with slightly smaller prodomains (about 100 residues) than
the mature domains (about 120 residues). The prodomain is predicted
to be intrinsically disordered, though it can adopt transient structure
[107, 214]. In solution, proneurotrophins dimerize through their mature domain [215]. The mature domains of proneurotrophins consist of
a so-called cystine knot, which is four alphabetically named β-strands
forming a β-sandwich [216]. The N-terminal strand actually consists of
four smaller strands called A, A’, A’’, and A’’’. Strands A and A’’’ form
hydrogen bonds with strand B, while strands A’ and A’’ forms a doublestranded β-sheet which packs orthogonally to strands C and D. Three
disulphide bonds stabilize the structure, one between A and C and two
between B and D. Uncleaved proneurotrophins interact with the p75NTR
and a coreceptor from the VPS10 family (Sortilin or SorCS2/3) with
subnanomolar affinity, forming a death-inducing complex [48, 54, 113].
Even though p75NTR directly binds Sortilin and SorCS2, in absence
of proneurotrophins this does not lead to signal transduction [47, 55].
This radical change of function from triggering cell proliferation to cell
apoptosis, depending on the cleavage of a single processing site has led
neurotrophins to be nicknamed “Jekyll-Hyde” proteins [217]. Studies of
proneurotrophin interactions with SorCS receptors have revealed some
peculiarities of their interplay. For example, SorCS3 binds proNGF with
weaker affinity (KD = 70 nM) than mature NGF (KD = 40 nM), while
the prodomain of NGF on its own bind SorCS3 with high affinity (KD =
30 nM) [54], which might indicate competition between the prodomain
and the mature domain for binding. While conformational changes are
often required for signal transduction, intriguingly no structural changes
in sSorCS2 upon prodomain binding were detected using intrinsic tryptophan fluorescence spectroscopy [107]. Due to its intrinsic flexibility,
mechanistic information on proneutrophin interaction with VPS10 family members has been lacking but such information may provide insight
into the role of proneurotrophins in triggering neuronal apoptosis.
The crystal structure of the SorCS2 ectodomain (sSorCS2) has revealed that it consists of six domains that together form a cross-braced
homodimer (Chapter 3 in this thesis). The N-terminal VPS10 domain
of SorCS2 consists of a ten-bladed β-propeller flanked by two cysteinerich, β-sheet containing domains called 10CC-a and 10CC-b. These two
domains interact with and stabilize the β-propeller, and in other VPS10
family members can change their conformation depending on the pH
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[64, 205]. The VPS10 domain is followed by two Polycystic Kidney Disease (PKD) domains and a SorCS Membrane Proximal (SoMP) domain
which resembles an RNA Recognition Motif-like fold (see Chapter 3).
These additional domains enable SorCS2 to constitutively dimerize. The
ectodomain contains two canonical furin processing sites. The first site
is located at residue 67, and its processing cleaves off the prodomain
of SorCS2, thus yielding the mature form of the protein. The second
site is situated at residue 1031, in a loop between two helixes of the
SoMP. Processing of the S1031 furin site has been linked to Schwann
cell proneurotrophin-mediated death signal transduction, while the unprocessed receptor signals towards growth cone collapse in neurons ([55]).
Despite this structural information on SorCS2, and the previously reported structural data on Sortilin [147, 159, 205] it is not clear how these
proteins interact with the proneurotrophins to trigger neuronal apoptosis.
Structural and interaction data have provided some information on
the binding of proneurotrophins to Sortilin. Sortilin, the founding member of the VPS10 family, was the first identified coreceptor of proneurotrophins and p75NTR-dependent apoptosis [47]. In contrast to the
extracellular segment of SorCS2 that consists of six domains, the extracellular segment of Sortilin consists solely of a β-propeller and two 10CC
domains that together form the VPS10 domain. The structure of Sortilin in complex with neurotensin revealed that the small neuropeptide
binds inside the tunnel of the propeller, thereby inhibiting binding of
proneurotrophins to Sortilin [115, 159] and preventing proneurotrophinmediated apoptosis [135]. Since neurotensin partially prevents proneurotrophin but not mature neurotrophin binding [115], it has been suggested that the proneurotrophin binding site overlaps with the neurotensin binding site [159, 218]. However, proneurotrophins and their
prodomains are substantially larger compared to the 13 residues neurotensin and are unlikely to bind in the 25 Å diameter β-propeller tunnel.
Other binding sites of proneurotrophins for Sortilin have been suggested;
a linear epitope, part of the Asp-box on the rim of blade 2 in the Sortilin
β-propeller, has been identified as essential to binding to proNGF [218].
Recently, we reported that Sortilin releases its cargo upon acidification in
the endosomal pathway through a double mechanism of conformational
change and dimerization [205] and suggested that the proneurotrophins
binding site on Sortilin partially overlaps with the Sortilin dimerization
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interface. Even though structures and mutagenesis data on the blade 2
epitope [218] of Sortilin have provided information on complex formation, no structure of a VPS10 family member in complex with a proneurotrophin is available.
Crystal structures of the ligand binding domain of p75NTR in complex with NGF [219] and proNGF [115] revealed a different binding mode
for NGF and proNGF, with a 1:2 complex for p75NTR-NGF and a 2:2
complex for p75NTR-proNGF. C-terminal to the ligand binding domain
which consists of four Cystein Rich Domains (CRDs), p75NTR possesses
a 61-residue stalk, predicted to be highly o-glycosylated, followed by a
transmembrane helix and a cytoplasmic segment containing a death domain, through which it transduces the apoptotic signal. The 1:2 p75NTR
complex revealed that p75NTR binds along the NGF dimerization interface, and leaves a second identical p75NTR binding site free. The symmetric structure of the p75NTR-proNGF complex confirmed the first
interface, and showed that a second p75NTR can indeed bind the second
site, so that p75NTR engulfs each side of the mature proNGF dimer.
Even though the complex was crystallized in presence of proNGF, the
prodomain of proNGF was not visible in the electron density. The presence of the prodomain did not impact the structure of p75NTR [115].
In solution data supports the hypothesis that the 1:2 and 2:2 complex
stoichiometries are in a dynamic equilibrium [115], and it has been suggested that the 1:2 complex might be an intermediate state enabling the
proneurotrophin to bind to a p75NTR coreceptor from the VPS10 family [121]. How proneurotrophins bind to VPS10 family members and
activate p75NTR-dependent apoptosis is unclear. Little information on
complex formation at the molecular level is available. We solved the first
structure of a VPS10 family member in complex with a protein ligand.
In this study, we show that proNGF binds SorCS2 in a 2:4 complex in
which the mature domains of two proNGF dimer chains interact with the
top of the SorCS2 β-propeller, while the prodomains of proNGF are not
resolved. Compared to the unliganded structure (Chapter 3) SorCS2
adopts a different conformation in complex with proNGF. This conformational change enables binding of a single p75NTR to the solvent-exposed
side of proNGF. Binding experiments show that SorCS2 possesses two
binding sites for proneurotrophins, but single-point mutations on the
mature part of proNGF are not sufficient to disrupt binding. Possibly, a
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p75NTR covalent dimer supports the formation of a larger cluster consisting of multiple SorCS2, proNGF and p75NTR molecules. Formation
of a ternary SorCS2-proNGF-p75NTR complex, or larger order assemblies consisting of these three molecules triggers the signal for neuronal
apoptosis. Our results provide a better understanding of the molecular mechanisms underlying proneurotrophin function, and are a stepping
stone for the development of therapeutics to inhibit neuronal apoptosis.

4.2 Results
4.2.1 The sSorCS2-proNGF structure reveals a 2:4 complex in
which the mature part of proNGF binds onto the top face
of the β-propeller
We determined the crystal structure of the sSorCS2-proNGF complex to a maximum resolution of 3.5 Å (Table 4.1). The complex consists of two proNGF homodimers bound to a sSorCS2 homodimer in a
2:4 SorCS2-proNGF configuration (Figure 4.1). The molecular weight
of the glycosylated complex is 368 kDa. The complex spans 190 Å at
its widest and is 91 Å high. Similarly to the pseudo two-fold symmetry
axis that describes the unbound SorCS2 homodimer, the two-fold symmetry axis that describes the SorCS2-proNGF structure passes through
the dimer in between PKD1 and PKD2, perpendicular to PKD1 strand G
and the cell membrane. To each β-propeller top face in the SorCS2 dimer,
a proNGF dimer binds through its mature domain. The prodomain of
proNGF is not visible in the electron density. However, there is sufficient
space within the crystal lattice for the prodomain to fit (Figure 4.1C).
Both chains of the proNGF dimer interact with one β-propeller (Figure
4.1A). The N-terminal half of one chain (dark brown) of the proNGF
homodimer, in particular the SorCS2 beta-propeller loop connecting the
prodomain with the mature domain (that we termed N-L1, for proNGF
loop L1) and proNGF β-strands A and B, interact with a loop in between
β-strands 8A and 8B in SorCS2 (that we termed S-L2, for SorCS2 loop
L2) and SorCS2 blades 8, 9 and 10. The C-terminal half of the proNGF
partner chain (light brown), in particular residues located on strands C
and D interact with SorCS2 blades 1 and 10. The most substantial contributions are arising from proNGF loop N-L4 connecting β-strands C and
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D that interacts with the small loop 1B-1C between SorCS2 β-strands 2
and 3 in blade 1. Additionally, strand A’’, that is part of the fragmented
N-terminal strand in proNGF, interacts with the loop connecting strands
β2 and β3 in blade 1 and residues from a small loop connecting proNGF
strands A’ and A’’ interact with S-L2 in SorCS2. The SorCS2-proNGF
interaction is such that each of the two proNGF dimers is interacting
with SorCS2 at one side while the equivalent symmetric receptor binding
site in each proNGF dimer is free and exposed.
The total buried surface area upon complex formation is 1824 Å²
for one SorCS2-proNGF dimer interface, and the mixed hydrophobichydrophilic binding interface is highly conserved, both among sSorCS2
and proNGF orthologues (Figure 4.1B). Interestingly, proNGF residues
E132, W142, R171 and Y173 which seem to play a central role in the
SorCS2-proNGF interface are all conserved among the proneurotrophin
family as well as among orthologues. This might explain why other
members of the proneurotrophin family are able to bind SorCS2 and
suggests a common binding mode of proneurotrophins to SorCS2.
SorCS2-bound proNGF adopts a conformation of the mature domain
similar to the structure of the asymmetric 1:2 p75NTR-NGF complex
previously solved (PDB 1SG1) [219]. The most substantial conformational change in the mature part of NGF has been reported to occur in
the N-L2 loop. In the structure of the 2:2 proNGF - p75NTR complex
(PDB 3IJ2) [115] the two N-L2 loops in the proNGF dimer are separated from each other in an “open” position. This conformation is also
adopted by lipid-bound mature NGF, as the lipid moiety is sterically hindering a “closed” position of the loops (PDBs 4EAX, 4XPJ [220, 221]).
In all other (pro)NGF structures (PDBs 1BET, 1SGF, 1WWW, 2IFG,
4EC7, 4EDX, 5JZ7 [216, 220, 222–226]), including the complex described
here, the two N-L2 loops in the dimer are much closer to each other in
a “closed” position (Figure 4.2A). In the sSorCS2-proNGF structure,
the closed L2 loop position enables stabilizing interactions (e.g. E539 of
SorCS2 with R171 of proNGF) (Figure 4.2B) while an “open” L2 position would likely lead to a steric clash between Y540 of SorCS2 and R171
of proNGF. Furthermore, the N-terminus of the mature part of proNGF
has a different orientation in the sSorCS2-proNGF structure compared
to the NGF and proNGF structures previously solved [115, 219] (Figure
4.2A), possibly due to presence and different positions of the prodomain.
The positions of the proNGF mature domain N-termini are different in
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Table 4.1

X-ray diffraction data collection and refinement statistics.
Data Collection
Space Group

C2

a (Å)

229

b (Å)

118

c (Å)

90

β (°)

112

Resolution (Outer Shell) (Å)

61.0-3.5 (3.71-3.50)

Rmerge (%)

37.7 (208)

I/σ(I)

4.4 (0.8)

CC (1/2)

0.99 (0.107)

Completeness (%)

99.9 (99.6)

Redundancy

6.0 (5.8)

Molecular Replacement & Refinement
Solvent content (%)

65

Molecules in ASU

1 SorCS2, 2 proNGF

Rwork

0.299

Rfree
Average B

0.337
(Å2)

111.5

RMSD Bond length (Å)

0.005

RMSD Bond Angles (Å)

0.898

Ramachandran Favored (%)

81.6

Ramachandran Outliers (%)

4.96

Rotamer Outliers (%)

0.9

MolProbity Score

1.93

4

SorCS2-proNGF and p75NTR-proNGF to prevent steric clashes. The position of the N-terminus of the mature domain and possibly the position of
the prodomain of proNGF in the p75NTR-proNGF complex [115] would
likely cause clashes with blade 10 of SorCS2 in the SorCS2-proNGF complex. Vice-versa these positions in the SorCS2-proNGF complex would
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Figure 4.1 ProNGF binds to the top face of the sSorCS2 propeller to
form a 4:2 complex A. Orientation of the sSorCS2-proNGF complex on the cell
surface. SSorCS2 is represented in cartoon with the SorCS2 Membrane Proximal
(SoMP) domain in red, Polycystic Kidney Disease (PKD) domain 1 in orange
and 2 in yellow, 10CC domains in green and β-propeller in blue. ProNGF is represented in surface representation with the different shades of beige indicating
the two chains of the homodimer. B. Open book view of the SorCS2-proNGF
interface (top) and the consurf gradient conservation plot on the surface of the
sSorCS2-proNGF complex (bottom), from white (not conserved) to black (highly
conserved). C. Molecular packing in the crystal lattice and 2Fo-Fc electron density in the asymmetric unit. Map is shown at contour level 1.2σ. All molecules
are shown in ribbon representation, with SorCS2 in blue and proNGF in beige.

4

clash with the CRD3 domain of p75NTR in the p75NTR-proNGF complex [115]. Taken together, no large conformational changes are apparent
upon complex formation in the mature domain of proNGF, but we cannot
rule out that the proNGF prodomain undergoes a rearrangement.
4.2.2 SorCS2 possesses two different proneurotrophin binding
sites
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Figure 4.2 SorCS2-bound proNGF adopts the same conformation as the
1:2 p75NTR-NGF complex. A. Overlay of the mature part of proNGF in our
SorCS2-proNGF structure (beige), the mature part of proNGF in the symmetric
p75NTR-NGF structure (PDB 3IJ2, cyan) and mature NGF in the asymmetric p75NTR-NGF structure (PDB 1SG1, pink), represented in cartoon. In the
SorCS2-proNGF structure, the mature part of proNGF adopts a “closed” conformation of the L2 loop, comparable to the conformation of the L2 loop in
the asymmetric p75NTR-NGF structure. B. Overlay of proNGF with an “open”
conformation of the L2 loop (PDB 3IJ2, cyan) onto the SorCS2-proNGF structure shows that the “open” conformation would create a clash between R171
and Y540, while in the “closed” conformation R171 is stabilized by a charged
interaction with E539.

We confirmed that proBDNF and proNGF directly bind to SorCS2
by Surface Plasmon Resonance (SPR) (Table 4.2) equilibrium experiments and for the first time provide a binding constant in solution.
Binding studies of wt proNGF and proBDNF binding to SorCS2 showed
that proNGF and proBDNF both possess a high affinity binding site (KD
= 190 ± 3 nM (n =2) and 69 ± 2 nM (n =2) respectively). A second,
lower affinity binding site was observed with a KD in the µM range (Figure 4.3 and Table 4.2). To probe the interaction further, single site
mutants were generated with mutations in proNGF (Y173E, F207R and
V232D) and SorCS2 (F630A, L742R). Unfortunately, proNGF Y173E
and SorCS2 L742R did not show any expression. The single-site mutants proNGF F207R, proNGF V232D and SorCS2 F630A did not have
a substantially disruptive effect on interaction of sSorCS2 with proNGF
although more subtle effects are observed (Table 4.2 and Figure S4.1).
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Figure 4.3 ProNGF (A) and proBDNF (B) directly bind to SorCS2 at
two binding sites of different affinities.
Surface Plasmon Resonance
sensorgrams of the association phase (left) and equilibrium binding plot (right)
of SorCS2 binding to wt proNGF and proBDNF at pH 7.4 (generated using data
between 320 and 340 seconds).
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Table 4.2

SPR table. n=2 for all experiments.
wt SorCS2

F630A SorCS2

KD1 (nM)

KD2 (µM)

KD1 (nM)

KD2 (µM)

wt proBDNF

68 ± 1

29 ± 5

81 ± 3

7±1

wt proNGF

190 ± 2

30 ± 5

90 ± 1

7±2

F207R proNGF

254 ± 28

23 ± 2

n/a

n/a

V232D proNGF

141 ± 3

17 ± 1

n/a

n/a

However, these single-site mutations are not disruptive enough to either
refute or confirm the sSorCS2-proNGF complex observed in the crystal.
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Figure 4.4 SorCS2 has undergone a substantial conformational change
upon binding of proNGF. A. Identical views of the SorCS2 homodimer represented in cartoon representation (chain A in blue and chain B in light grey)
in the unliganded structure (top) (Chapter 3) and the complex structure (bottom). B. Domain rearrangement scheme of the conformational change between
unliganded and complexed SorCS2. On the left, unliganded SorCS2 is situated
close to the cell surface, with a maximum height “a” of 75 Å, while complexed
SorCS2 on the right reaches a maximum height “A” of 86 Å. In the cell-surface
plane however, unliganded SorCS2 spans up to 179 Å between T681 on each
chain which are the residues the furthest away from each other (b) while complexed SorCS2 spans only 156 Å between the two T681 residues (B). The angle
between the PKD2 domains of both chains also changed from ϕ = 93° in the
unbound structure to a more acute Φ = 55° in the complex.

4

4.2.3 Complexed sSorCS2 has undergone a substantial
conformational change
The proNGF bound sSorCS2 homodimer has a different conformation compared to the unbound SorCS2 homodimer (Figure 4.4). The
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relative positions of the SorCS2 domains with respect to each other are
markedly different in the complex structure compared to the unliganded
SorCS2. In the complex structure, the β-propeller has rotated away from
where the cell membrane is expected to be towards the PKD domains,
so that the height of sSorCS2 in the complex structure is 86 Å compared to 75 Å in the unliganded structure. The distance between the
centers of mass of the β-propellers from each chain of the homodimer has
decreased from 110 Å in the unliganded structure to 86 Å in the complex. Since the connection between the SoMP and the VPS10 domain
has been maintained, the SoMP has moved in a concerted movement;
the distance between the two sSorCS2 homodimer C-terminal Cα atoms
has increased from 62 Å to 74 Å, comparing the unliganded SorCS2 with
the complexed one, respectively. The angle between the centers of mass
of the β-propeller, the first PKD domain and the entire sSorCS2 chain is
more acute in the complex structure (82°) compared to either chain of the
unliganded dimer (102° in chain A and 89° in chain B). The angle between
the center of mass of PKD1, the hinge between the two PKD domains
and the center of mass of PKD2 of one chain has also become more acute,
from 157° in the unliganded structure to 147° in the complex structure.
Consequently, the distance between the center of mass of the two PKD1
domains in the dimer is larger in the complex structure (45 Å) compared
to the unbound structure (41 Å), while the distance between the center of mass of the two PKD2 domains in the dimer is slightly smaller
in the complex structure (28 Å) than in the unbound structure (30 Å).
Notably, glycans are clustered at the PKD domains which may restrict
the flexibility of these domains. The structure within the domains has
not changed substantially, although several small-scale changes within
the domains are apparent. Loop S-L2 in the SorCS2 β-propeller changed
its conformation to accommodate binding of proNGF, and the loop located between β-strands two and three in blade one has moved away
from the center of the β-propeller towards blade two. At this stage, it
is not clear whether the conformational change in SorCS2 is induced by
proNGF binding or if it is arising from conformational selection in the
crystal. Nonetheless, the rearrangements in SorCS2 do show that there
is substantial conformational plasticity in the SorCS2 dimer. Overall,
sSorCS2 in complex with proNGF has extended in height and decreased
in width, the β-propeller has rotated away from the cell membrane while
it has maintained its interaction with the SoMP domain.
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4.2.4 Regulation of complex formation
PH might regulate proneurotrophin binding (Figure 4.5). It was
previously reported that Sortilin forms a dimer in acidic conditions. This
dimerization may trigger discharging of endocytosed cargo in the endosome. The mature domain of proNGF binds on top of the β-propeller
in SorCS2, and possibly proNGF binds to Sortilin in a similar manner. Indeed, the proNGF binding site is more conserved when comparing
SorCS2 and Sortilin that the rest of the VPS10 domain. 32% sequence
identity exists between mouse SorCS2 and Sortilin for the β-propeller
blades containing the proNGF binding site while there is 26% sequence
identity between mouse SorCS2 and Sortilin for the complete VPS10
domain. In addition, no steric clashes are apparent between the mature
domain of proNGF and Sortilin monomer when the Sortilin β-propeller is
superposed onto the β-propeller of SorCS2 in the SorCS2-proNGF structure. This Sortilin-proNGF model provides a straightforward explanation
of how proneurotrophins are discharged from the Sortilin dimer as the
proNGF binding site on Sortilin overlaps with the Sortilin dimerization
interface (Figure 4.5A); Sortilin dimer formation would lead to steric
clashes with the mature part of proneurotrophins and thereby trigger
cargo release.
In contrast to Sortilin, cell surface attached SorCS2 is unlikely to
dimerize through its β-propeller in a manner similar to Sortilin as such an
interaction would result in steric clashes with the membrane surface. So
how does SorCS2 discharge its proneurotrophins in the endosomes? At
acidic pH, both proNGF and proBDNF seem to adopt a more compact
conformation in solution as seen in Small Angle X-ray Scattering (SAXS)
experiments (Table 4.3, Figure 4.5C, D and S4.2). SAXS derived Pair
Distance Distribution function analysis at similar protein concentration
indicates that proNGF (Figure 4.5C) and proBDNF (Figure 4.5D)
are more compact in acidic conditions (Table 4.3). Indeed, proNGF
presents a maximum distance Dmax of 15.4 ± 2.0 nm and an Rg of 4.31
± 0.06 nm at pH 7.4 versus a Dmax of 12.5 ± 1.2 nm and an Rg of 3.65 ±
0.08 nm at pH 5.0. Others have observed compaction of proNGF upon
addition of 0.5 M ammonium sulfate [214]. The same trend is observed for
proBNDF, with a Dmax of 14.1 ± 1.5 nm and an Rg of 4.00 ± 0.04 nm at
pH 7.4 versus a Dmax of 12.8± 1.0 nm and an Rg of 3.73 ± 0.04 nm at pH
5.0 (Figure 4.5D, Table 4.3). Possibly this conformational change of
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Figure 4.5
Modulation of complex formation.
A. ProNGF cannot
bind the Sortilin homodimer. Model of the Sortilin homodimer (PDB 5NMT)
(Chapter 2) represented in green cartoon, in complex with proNGF represented
in beige surface, using a similar interface as the SorCS2-proNGF complex. Severe
clashes between proNGF and Sortilin are apparent in this model. B. Crowdedness
of the modeled N-glycans might partially restrict conformational flexibility of
SorCS2. None of the conserved glycosylation sites are located near to the proNGF
binding site. However, large glycans at positions N362 on the β-propeller and
N891 and N902 on the PKD domains might partially restrict conformational
flexibility of SorCS2. C. The pair-distance distribution function P(r) based on
the SAXS data of proNGF at pH 5.0 (orange, broken line) and pH 7.4 (brown,
continuous line) show that proNGF is more compact in solution at acidic pH.
Purified proNGF showed a single 32 kDa band on reducing SDS-Page (inset).
D. Similar to proNGF, the pair-distance distribution function P(r) of proBDNF
based on the SAXS data at pH 5.0 (orange, broken line) and pH 7.4 (brown,
continuous line) show that proBDNF is more compact in solution at acidic pH.
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proNGF and proBDNF at acidic conditions contributes to ligand release
at acidic pH in the endosome.

4.3 Discussion
Ternary complex formation of proneurotrophins, p75NTR and a
VPS10 family member such as Sortilin or SorCS2 leads to neuronal apoptosis through signalling via the death domain of p75NTR [47, 55, 106,
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Table 4.3

SAXS table.

Concentration
(mg/mL)

Guinier
Rg (nm)

Guinier
I(0) (a.u.)

P(r) Rg
(nm)

P(r) I(0)
Dmax (nm)
(a.u.)

Porod
Volume
(kÅ3)

proBDNF
pH 5.0

0.32

3.73±0.04 69.1±0.8

3.72

69

12.8±1.0

150

proBDNF
pH 7.4

0.33

4.00±0.04 78.5±0.9

4.07

79

14.1±1.5

188

proNGF
pH 5.0

0.51

3.65±0.08 60.9±0.5

3.62

60.6

12.5±1.2

131

proNGF
pH 7.4

0.56

4.31±0.06 66.4±0.5

4.35

66.2

15.4±2.0

120

114, 227]. While the interaction of p75NTR with NGF and proNGF has
been extensively studied [115, 219], little structural information is available about how proneurotrophins interact with the Sortilin or SorCS2
coreceptor to form a ternary complex. In particular for SorCS2, which
has recently been identified as a key player in the proneurotrophinp75NTR-mediated Schwann cell apoptosis [48, 55, 106], little information of proNGF complex formation is available. In this study, we focused
on the interaction between SorCS2 and proNGF to gain further insight
into proneurotrophin specificity for the VPS10 receptor family, ternary
complex formation and signal transduction.
We solved the structure of sSorCS2 in complex with proNGF, and
show that the mature part of proNGF binds onto the top face of the
β-propeller. The prodomain of proNGF is not visible in the electron
density similar to the unresolved prodomain in the p75NTR-proNGF
complex structure [115]. The three proNGF processing sites have been
mutated (from KK or KR to AA [228]) to render proNGF resistant to
proteolytic processing [115, 228]. We did not observe any processing of
the purified proNGF sample; proNGF runs as a single 32 kDa band on reducing SDS-Page gel (Figure 4.5C) even after long-term storage (for up
to 12 months). It is therefore unlikely that the prodomain is processed in
our proNGF version. The prodomain can fit within the crystal lattice as
there is sufficient room available. Possibly the prodomain is not resolved
in the electron density due to its intrinsic flexibility [214]. In addition,
the low maximum resolution of 3.5 Å of the diffraction data may prevent
identification of potential interacting residues. In the crystal, binding
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of the mature proNGF domain may be favoured over the prodomain,
either due to the crystal packing sterically hindering the prodomain to
bind to its preferred site on SorCS2 or alternatively due to overlapping
binding sites of the prodomain and the mature domain on SorCS2 as can
be inferred from previous studies on SorCS3 [54].
The SorCS2-proNGF structure together with data from others provides some information on the regions of the VPS10 domain that may
be involved in interaction with the prodomain of proneurotrophins. As
discussed, based on the similarity between of the proNGF binding site
on SorCS2 and the equivalent site on Sortilin it is likely that proNGF
binds to Sortilin in a similar manner as it does to SorCS2. Similarly,
conservation of residues important for proNGF binding to SorCS2 are
conserved in other proneurotrophins suggesting a common mode of interaction of proneurotrophins for SorCS2 and possibly also Sortilin. The
prodomains of both proNGF and proBDNF have been shown to bind to
a 16 residue peptide based on a part of blade 2 of Sortilin (residues 163
to 174) and four mutations in this segment in Sortilin reduce binding
to the prodomains of proNGF and proBDNF [218]. These equivalent
residues, which are only partially conserved in SorCS2, are not overlapping with the binding site of the mature domain of proNGF. This possible
prodomain binding site is well within reach of the prodomain considering
the position of the proNGF mature domain in our complex. Furthermore,
the neuropeptide neurotensin binds to Sortilin inside of the tunnel of the
β-propeller and competes with proNGF, but not NGF binding [115]. The
binding site of the mature domain of proNGF does not overlap with the
neurotensin binding site. These two observations are consistent with the
notion that the SorCS2-proNGF complex is also representative for the
Sortilin-NGF and the SorCS2-NGF complex. Possibly, the prodomain of
proNGF binds at or near the neurotensin binding site which would lead
to steric hindrance of proNGF binding. Where the prodomain interaction site is located exactly on SorCS2 and other VPS10 family members
awaits further experimental evidence.
Our SPR experiments indicate that both proNGF and proBDNF
each bind to SorCS2 on two sites, a high-affinity site with a binding
constant similar to what was determined for proNGF binding to SorCS3
[54] and a low-affinity site in the low micromolar range. In the crystal,
a possible second proNGF binding site on SorCS2 is revealed by the
crystal packing in which the unbound, exposed, side of proNGF interacts
108

with the 10CC-b domain of another SorCS2 molecule (Figure 4.1C).
This site on SorCS2 could represent the possible low-affinity binding site
we observe in the SPR experiments. It is not likely that the second
low-affinity site is arising from a proNGF dimer of dimer interaction as
proNGF remains dimeric, instead of forming higher-order oligomers, up
to 13 mg/ml [214]. What role the low-affinity proneurotrophin binding
site on SorCS2 has will need to be determined.
The exposed and free receptor binding site on each proNGF dimer
in the 2:4 SorCS2-proNGF complex is compatible with binding of one
or two p75NTR receptors to form a ternary SorCS2-proNGF-p75NTR
coreceptor-ligand-receptor complex. This available binding site in the
SorCS2-proNGF complex is unlikely to be occupied by a second membrane attached SorCS2 dimer as interaction (via the β-propeller binding
site on the second SorCS2) would lead to severe clashes with the cell surface, even taking the plasticity of SorCS2 into account. Previous studies
have hypothesized that the 1:2 p75NTR-(pro)NGF binding mode is an
intermediate state to enable ternary complex formations with Sortilin (or
SorCS2) [121], and our data support this hypothesis. The SorCS2 and
p75NTR binding sites on proNGF are overlapping, so that only one copy
of p75NTR can bind proNGF in the SorCS2-proNGF complex structure. A straightforward proNGF mature domain based superposition
of the structure of SorCS2-proNGF and the structure of p75NTR-NGF
(PDB 1SG1 [219]) or p75NTR-proNGF (PDB 3IJ2 [115]) with one of the
p75NTR molecules removed, reveals that the N-terminus of p75NTR is
oriented towards the cell surface (Figure 4.6). This upside-down orientation of p75NTR with respect to SorCS2 is similar to the upside-down
orientation of p75NTR with respect to NGF-bound TrkA [223]. The
61-residue stalk of p75NTR is expected to provide sufficient flexibility to
enable a proNGF-mediated cis-interaction of SorCS2 and p75NTR expressed on the same cell surface. Bringing a p75NTR receptor and a
SorCS2 coreceptor into close proximity may trigger the signaling pathway that leads to neuronal apoptosis, although it is also possible that
larger SorCS2-proNGF-p75NTR containing clusters are formed on the
cell surface.
P75NTR is a covalent dimer via an intermolecular disulphide bond
in the transmembrane helix [229], and this property may enable formation of SorCS2-proNGF-p75NTR clusters. The second chain of the
p75NTR homodimer would be able to bind a second proNGF molecule,
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Figure 4.6
Model of the ternary SorCS2-proNGF-p75NTR complex.
Left, cartoon representation of SorCS2 in blue, in complex with proNGF in beige
surface representation, and p75NTR in green with its ligand binding domain
(PDB 1SG1) in surface representation and the flexible stalk represented by a
line. Right, domain representation scheme of the ternary complex with colouring
as in the left panel.
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which in turn might bind to a SorCS2 homodimer, creating an array of
ternary complexes which might be able to propagate signal transduction.
It seems unlikely that one p75NTR covalent dimer can bind to both free
receptor binding sites in the 2:4 SorCS2-proNGF complex. The free binding sites are spaced about 120 Å apart and a SorCS2 dimer is wedged in
between the two proNGF dimers. The distance that would need to be
bridged by the covalent p75NTR dimer is likely too large. The proNGF
N-L2 is possibly regulating ternary complex formation. Its “open” conformation is only preferred in the symmetric 2:2 p75NTR-proNGF complex, while its “closed” conformation is preferred otherwise, i.e. both
in unliganded NGF, in the asymmetric 1:2 p75NTR-NGF complex and
in the SorCS2-proNGF complex. The “closed” N-L2 conformation in
an asymmetric 1:2 p75NTR-(pro)NGF complex may prefer binding to
SorCS2 over binding to p75NTR. The equilibrium between 2:1 and 2:2
proNGF-p75NTR complexes [115] might serve to co-localise the ligand
and receptor to enable rapid signaling upon binding of the co-receptor
SorCS2 or Sortilin.
The conformational rearrangement in proNGF bound SorCS2 seems
to be required for proNGF binding to membrane bound SorCS2 and for
ternary complex formation. The most substantial change, i.e. repositioning of the SorCS2 β-propellers further away from the cell surface,
seems to be the key factor to prevent steric clashes upon complex formation. Binding of proNGF to membrane bound SorCS2 in the unliganded
conformation would lead to steric clashes with the cell surface while the
conformation of SorCS2 in the complex would not (Figure 4.7). Subsequent binding of p75NTR to proNGF that itself is bound to SorCS2 in
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Figure 4.7 The p75NTR-proNGF-SorCS2 ternary complex can only form
upon the conformational change of SorCS2. Left, surface representation of
proNGF (beige), bound to the unliganded conformation of SorCS2 represented in
cartoon (blue). With this orientation of the β-propeller, proNGF would be sterically hindered between the cell membrane and the β-propeller of SorCS2. Right,
model of the p75NTR-proNGF-SorCS2 ternary complex using the unliganded conformation of SorCS2. In this conformation, the N-terminus of p75NTR would
severely clash with the cell membrane, making complex formation impossible.

the unliganded conformation would lead to additional clashes, in particular between the N-terminal domain of p75NTR and the cell membrane,
while the proNGF bound SorCS2 conformation would not lead to any
obvious steric clashes of the ternary complex with the cell surface. Thus,
only the conformation of SorCS2 in the SorCS2-proNGF complex is compatible with ternary complex formation.
Both SorCS2 and Sortilin have been shown to interact directly with
p75NTR [55, 119]. The 10CC-b domain of Sortilin binds to the 30-residue
long juxtamembrane segment of p75NTR [119], and a similar interaction is expected for SorCS2. Consistently, in our model of the ternary
SorCS2-proNGF-p75NTR complex, there is no interaction between the
ligand-binding domain of p75NTR and SorCS2. However, considering
the high flexibility predicted for the 62-residue long p75NTR stalk it is
possible that the 10CC domains interact with the juxtamembrane region.
In our ternary complex model 10CC-b is located 100 Å away from the Cterminus of p75NTR domain CRD4. Interactions of the juxtamembrane
segment of p75NTR with the SoMP, located 100 – 120 Å away from
the C-terminus of CRD4, may also be possible. In the ternary complex
that we can model for Sortilin-proNGF-p75NTR, using monomer Sortilin, binding of the juxtamembrane segment of p75NTR to the 10CC-b
domain of Sortilin may also be accommodated as the Sortilin C-terminus
is located 118 Å away from the C-terminus of CRD4 in p75NTR. Since
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proNGF-bound Sortilin is unlikely to dimerize, formation of larger arrays of ternary complexes does not seem possible for Sortilin. A Sortilincontaining ternary complex may thus be sufficient to trigger neuronal
apoptosis. If and how p75NTR interacts directly with a VPS10 coreceptor in a proNGF mediated ternary complex will need to be determined.
In conclusion, we have shown that proNGF forms a 4:2 complex
with SorCS2 in which the mature domain of a proNGF dimer binds to
the top face of the β-propeller. SorCS2 in complex with proNGF has undergone a conformational change compared to unliganded SorCS2. The
SorCS2-proNGF complex structure is compatible with a straightforward
model for a ternary 2:4:2 SorCS2-proNGF-p75NTR complex. Our data
indicate that proNGF is able to trigger the neuronal-ternary apoptosis
pathway by binding simultaneously to a SorCS2 co-receptor and to a
p75NTR receptor bringing them together in a ternary complex.

4.4 Material and methods
4.4.1 Generation of protein constructs and mutagenesis

4

The Mouse SorCS2 cDNA was obtained from Source Bioscience (Image Clone 8861897). The sSorCS2 construct was generated by polymerase
chain reaction (PCR) using primers to start at residue number 67 (numbering starting after the signal peptide) and end at residue 1073. The
sequences of furin-resistant mouse proNGF and proBDNF (with all furin sites modified from RR/KR to AA), were obtained from DNA 2.0
as codon-optimized versions for expression in human cell lines. ProNGF
(Y173E, F207R, V232D) and sSorCS2 (F630A, L742R) mutations at the
complex interface were introduced using Q5® Site-Directed Mutagenesis.
All constructs were subcloned using BamHI/NotI sites in pUPE107.03
(cystatin secretion signal peptide, C-terminal His6-tag).
4.4.2 Protein expression and purification
Constructs were transiently expressed as secreted version either in
Epstein-Barr virus nuclear antigen I (EBNA1)-expressing HEK293 cells
(HEK293-E) or in N-acetylglucoaminyltransferase I-deficient (GnTI−)
EBNA1-expressing HEK293 cells (HEK293-ES) (U-Protein Express).
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HEK293-ES cells produce proteins with shorter, more homogeneous high
mannose glycans (“short” glycan type), while HEK293-E cells produce
native-like protein with hybrid glycans (“native” glycan type). Proteins
produced in HEK293-ES cells were used for crystallization, as well as
SAXS and SPR for proneurotrophins. sSorCS2 produced in HEK293-E
cells was used for SPR. Medium was harvested six days after transfection and cells were spun down by 10 min of centrifugation at 1000 × g.
Supernatant was concentrated fivefold and diafiltrated against 500 mM
NaCl, 25 mM HEPES pH 7.5 (IMAC A) using a Quixstand benchtop system (GE Healthcare) with a 10 kDa molecular weight cut-off (MWCO)
membrane. Cellular debris were spun down for 10 min at 9500 × g and
the concentrate was filtered with a glass fibre prefilter (Minisart, Sartorius). Protein was purified by Nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography followed by size exclusion chromatography (SEC) on
a Superose 6 Hiload 16/60 column (GE Healthcare) equilibrated in SEC
buffer (for proneurotrophins: 20 mM HEPES pH 7.0, 150 mM NaCl;
for sSorCS2: 25 mM MES pH 5.5, 500 mM NaCl). Wt sSorCS2 was
concentrated to 12.6 mg/mL and F630A sSorCS2 was concentrated to
12.6 mg/mL, using a 30 kDa MWCO concentrator before plunge freezing in liquid nitrogen and storage at -80°C. Wt proNGF was concentrated to 11.3 mg/mL and wt proBDNF to 9.9 mg/mL, using a 10 kDa
MWCO concentrator before plunge freezing in liquid nitrogen and storage at -80°C.
4.4.3 Crystallization of the mouse sSorCS2-proNGF complex
Samples were mixed and diluted to a sSorCS2 concentration of 80
µM with 20 mM HEPES pH 7.0, 150 mM NaCl, with a ratio of 1:1.1
sSorCS2:proNGF, and CaCl2 was added to a final concentration of 1
mM. Sitting-drop vapour diffusion at 18 °C was used for all crystallization trials, by mixing 150 nL of protein solution with 150 nL of reservoir
solution. Crystals were obtained from a condition containing 0.225 M
MES/bis-tris pH 6.6 and 6.6% w/v PEG 6000. Crystals were harvested
and flash-cooled in liquid nitrogen in the presence of reservoir solution
supplemented with 25% ethylene glycol.

113

4

4.4.4 Data collection
Diffraction data were collected at 100 K at ID23-2 at the European Synchrotron Radiation Facility (ESRF Grenoble, France). Data
was processed using XDS [179] and AIMLESS [178]. Resolution limits
were determined by applying a cut-off based on the mean intensity correlation coefficient of half-datasets, CC1/2. Molecular replacement was
performed in Phaser [180] using search models with PDB codes 4MSL
(hSortilin), 1WGO (PKD), and 4AQO (PDK collagenase). Sculptor
[230] was used to improve the molecular replacement models. Initial
refinement was performed in Refmac [183]. Density modification with
multi-crystal averaging using diffraction data of a crystal of unliganded
SorCS2 (Chapter 3) was performed in Phenix [231], after which manual rebuilding and model building of the SorCS2 C-terminus was carried
out in Coot [181]. Further refinement was performed in Refmac using
Prosmart external restraints [232]. Several cycles of Phenix-rosetta [211]
were carried out on the Surfsara life science cluster, followed by alternate
refinement in Refmac and Phenix [182] with enforcement of secondary
structure restraints. Final refinement runs were performed in Phenix using Translation Libration Screw motion (TLS) models for the B-factor.
Molprobity [184] was used for structure validation. Figures were generated with PyMol (Schrödinger).
4.4.5 Surface Plasmon Resonance

4

Equilibrium binding studies were performed using an MX96 instrument (IBIS Technologies). ProNGF constructs and wt proBDNF at 200
µg/mL were amine-coupled for 45 min at pH 4.5 to a planar-type PCOOH SensEye SPR sensor (IBIS Technologies) after 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride / N-Hydroxysuccinimide
(EDC/NHS) activation. Wt and F630A sSorCS2 were flowed over the
sensor chip, as analyte, in buffer containing 25 mM HEPES pH 7.4,
150 mM NaCl and 0.005% Tween 20. Temperature was kept constant
at 25°C. The data was analyzed using SprintX (IBIS Technologies) and
SigmaPlot and modeled with a 1:1 Langmuir binding model to calculate the dissociation constant (KD) and the maximum analyte binding
(Bmax).
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4.4.6 Small Angle X-ray Scattering (SEC-SAXS) Measurements
Small-angle X-ray scattering (SAXS) was performed at the ESRF
BM29 BioSAXS beamline equipped with a 2D Pilatus 1M detector (DECTRIS, Switzerland), operated at an energy of 12.5 keV. ProNGF and
proBDNF were diluted with and dialyzed against 20 mM HEPES pH
7.4, 150 mM NaCl or 25 mM MES pH 5.0, 150 mM NaCl using a 10
kDa MWCO membrane. The concentration of proNGF and proBDNF
were determined by UV-Vis spectroscopy on a nanodrop ND-1000 spectrophotometer to be 0.33 and 0.32 mg/mL for proBDNF at pH 7.4 and
5.0, respectively, and 0.56 and 0.51 mg/mL for proNGF at pH 7.4 and 5.0,
respectively. SAXS data were collected at 20°C. Higher concentrations of
protein showed aggregation at very small angles (0 – 0.1 nm-1). 20 successive 0.056 second frames were collected. The data were radially averaged,
normalized to the intensity of the transmitted beam, exposure time and
sample concentration. The scattering of the solvent-blank (respective
buffer) was subtracted. The curve was scaled using a BSA reference so
that the I0 represents the proneurotrophin molecular mass. Radiation
damage was monitored by comparing curves collected on the same sample; no evidence for radiation damage was observed. Data were analyzed
by PRIMUS [190] and GNOM [191] of the ATSAS suite [156]. The error estimates for Rg values calculated by Guinier and GNOM analyses
are the standard error for linear regression and the standard deviation
evaluated by GNOM, respectively. Errors for the maximum particle dimension, Dmax, are the estimated range for the optimum solution.

4
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Figure S4.1 SPR sensorgrams (left) and equilibrium plots (right) of
SorCS2 and proNGF mutants.
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Figure S4.2 SAXS data analysis of proBDNF and proNGF at pH 5.0 and
pH 7.4. Guinier plots of proBDNF and proNGF at pH 5.0 (A&C) and pH 7.4
(B&D). Raw SAXS traces of proBDNF and proNGF at pH 5.0 and pH 7.4 (F).
Kratky plots of proBDNF and proNGF at pH 5.0 and pH 7.4.
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Chapter 5
General discussion

Receptor-mediated protein sorting between cell compartments is a
complex task, regulated at many levels within the cell. A tight control
over sorting processes is necessary due to the delicate balance of components needed for proper cell function. Recognition of sorting signals
is often linked to subtle changes within the protein structure, such as
conformational changes, post translational modifications and oligomerization state. These changes in receptor structure are dependent on the
protein environment, e.g., presence of ligand or the pH of the compartment.
This work focuses on receptor-mediated sorting through the Vacuolar Protein Sorting (VPS) 10 receptor family. While sorting receptors
such as the Low-Density Lipoprotein Receptor (LDLR) have been extensively studied, the intricacies underlying sorting by the VPS10 family are
still largely unknown. Crystal structures of the VPS10 domain of Sortilin
and SorLA cast some light onto small ligand interaction with the VPS10
domain, but large areas of shade remain over the role of additional domains in SorLA and the SorCS subfamily, the interaction with protein
cargoes, and signal transmission and regulation at large.
In this thesis, we presented novel crystal structures of Sortilin and
SorCS2 which enable a broader understanding of the VPS10 family. Biophysical techniques and cellular assays are used to confirm the mechanisms suggested based on the structural analysis. This chapter describes
the general implications of these discoveries and gives an outlook on future research questions.
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5.1 Cargo recognition and specificity
5.1.1 Multifunctionality of Sortilin

5

Sortilin has long ago been identified as a multifunctional receptor
[83], though new ligands keep on being identified as Sortilin targets
[233, 234]. The wide variety of cargoes that Sortilin transports makes
it a complex receptor to study.
It is likely that different cargoes will bind to Sortilin on different
sites. While spadin and neurotensin bind Sortilin inside the tunnel of
the β-propeller, larger protein ligands will likely bind on the top face
(similarly to mature Nerve Growth Factor (NGF) in the SorCS2-proNGF
structure described in Chapter 4), the side (blade 2 has been identified
as a proNGF ligand binding site in Sortilin [218]) or even possibly the
back of the β-propeller, as previously demonstrated for other β-propellers
[235, 236]. The loops on the surface of the β-propeller likely help determine specificity. Indeed, removal of the L1 loop in the related VPS10
receptor SorLA inhibits Amyloid Precursor Protein (APP) peptide binding, even though this loop is not directly interacting with the peptide [64].
Furthermore, the crystal structure of SorCS2 with proNGF discussed in
Chapter 4 unraveled a binding site involving mainly loops located at
the top face of the β-propeller.
The 10CC domains of Sortilin may provide additional ligand binding
interfaces [119], further increasing Sortilin’s versatility. Sortilin might
also be able to bind more than one ligand at a time, depending on
the overlap between binding sites and binding-dependent conformational
changes. In support of this notion, we showed in Chapter 2 that Sortilin is able to adopt at least two different conformations, even though
it was initially thought that Sortilin would not be able to do so [159].
Consequently, the large, ten-bladed β-propeller is much more flexible
than previously thought and might be able to adopt other conformations
upon binding of a protein ligand or in absence of ligand at neutral pH.
This conformational change in acidic conditions is coupled to dimerization through the top face of the β-propeller. Even though this has not
been described yet, the dimerization might provide a novel surface for
ligands to interact with Sortilin, for example in the case of direct transport of enzymes from the Trans Golgi Network (TGN) to the lysosome.
N-glycosylation and peptide processing can both take place in the TGN
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[237, 238]. While N-glycosylation seem to stabilize the Sortilin homodimer, the Sortilin propeptide likely inhibits homodimer formation. A
subtle balance between these two post translational modifications and
the pH gradient (ranging from 5.9 to 6.6) might thus enable Sortilin to
exist both as a monomer and a dimer in the TGN. This is consistent
with previous observations of neurotensin binding to a low glycoform of
Sortilin in the TGN [139].
Additionally, interactions with coreceptors such as p75NTR or neurotensin-receptor 1 on the cell surface [119, 239] or the recently identified
LRP1 in Glut4 vesicles [240] might provide novel recognition surfaces or
stabilize interactions with certain ligands.
5.1.2 Regulation of ligand binding and signal transduction
Sortilin and SorLa depend on propeptide cleavage for ligand binding [51, 52]. A superposition of the SorLa β-propeller complexed to
its propeptide (PDB 3WSY [64]) onto the β-propeller of SorCS2 in the
SorCS2-proNGF structure (described in Chapter 4) showed that the
SorLA propeptide bound between blade 1 and 10 would clearly clash
with the A’-A’’ loop of the proNGF mature domain. This indicates
that the SorLA and Sortilin propeptides might be able to not only prevent interaction of ligands binding to the ligand binding site inside the
β-propeller tunnel, but also on top of the β-propeller.
Glycans play a pivotal role in regulating protein function. Glycans
can mediate ligand binding, either by preventing interaction by sterically
hindering access to the ligand binding site, or facilitating binding through
glycan-protein interactions [19]. There are no glycans located at the bottom face of the propeller of SorLA (PDB 3WSX, Figure 5.1A). Ligands
should thus be able to access ligand binding sites located inside the tunnel through either side of the β-propeller. In SorCS2, glycosylation of
N158 (unliganded SorCS2, Figure 5.1B) might partially hinder entry of
large ligands through the bottom side of the β-propeller, but small ligands will likely be accommodated. In Sortilin on the other hand, access
to the central tunnel is almost completely blocked by glycans located
on N373 and N549 on the bottom face (PDB 3F6K, Figure 5.1C), so
that ligands binding the ligand binding site located inside the β-propeller
must enter the tunnel through the top face.
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N549

N373

Figure 5.1
View of the bottom side of the β-propeller of SorLA (A, PDB
3WSX [64]), SorCS2 (B, complex structure) and Sortilin (C, PDB 3F6K [159]).
Oligomannoses were modelled using Coot [181].
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Soluble ligands binding to the 10CC domains can possibly access the
binding site more easily on the exposed SorCS 10CC domains, compared
to Sortilin where the ligand binding site will be very close to the cell
membrane. Alternatively, coreceptors like the p75NTR who interact with
the 10CC domains through their juxtamembrane domain might bind the
membrane-proximal 10CC domain of Sortilin more easily than in SorCS2
where these domains are further away from the membrane.
While the Sortilin ectodomain is composed only of the VPS10p domain, SorCS receptors contain an additional Leucine Rich Region (LRR)
between the 10CC domains and the transmembrane helix. How the
LRR regulates ligand binding and signal transduction of SorCS is unknown. The structure of SorCS2 described in Chapter 3 revealed that
the LRR consists in fact of three domains: two Polycystic Kidney Disease (PKD) domains and a membrane proximal domain with the fold
of an RNA Recognition Motif (RRM), which we named SorCS Membrane Proximal (SoMP). These additional domains could offer novel
surfaces for ligand binding. Even though the fold of SoMP is one of
an RRM, it does not contain the typical RNA binding motif (K/RG-F/Y-G/A-F/Y-V/I/L-X-F/Y) and is unlikely to bind RNA. It is not
uncommon for similar protein domains or folds to have different functions, as demonstrated by the various possible roles of Dishevelled, EGL10 and Pleckstrin (DEP) domains, present in numerous protein families
[241]. Indeed, the furin binding site at S1031 has already been identified
as being critical for p75NTR-mediated apoptosis [55], and we postulate

122

in Chapter 4 that p75NTR might directly bind the SoMP through its
stalk region.
In Chapter 3, we also showed that the additional SorCS2 domains
enable cross-braced dimerization of the receptor. The large dimerization
interface spans five out of the six SorCS2 domains and stabilizes the receptor through multiple salt bridges and burial of hydrophobic residues.
There is probably more than just stabilization involved in SorCS2 homodimerization. For example, dimerization is often linked to regulation
of ligand binding through cooperativity [242]. Conceivably, binding of a
ligand could act as a sensor and introduce a conformational change making the β-propeller from the homodimer partner either more accessible
to ligand binding (positive cooperativity) or less accessible (negative cooperativity). Alternatively, signal transduction might require binding of
two ligands per dimer, one for each β-propeller. This mechanism might
act as a safe-lock since signal transduction will require a higher ligand
concentration. Furthermore, the 61-residue long stalk of p75NTR would
enable cis ligand binding in a head-to-tail fashion to the free proNGF
side. However, the stalk is not long enough so that the covalently linked
p75NTR homodimer [120] would be able to bridge the distance between
the two proNGF bound to the SorCS2 dimer. It is conceivable that the
p75NTR covalent dimer can help to form a larger cluster consisting of
many SorCS2, proNGF and p75NTR molecules, which could possibly
trigger apoptosis. Further investigation is ultimately required to help
separate between the different possible mechanisms. Cellular studies of
structure-based SorCS2 mutants should ultimately lead to the identification of the molecular mechanism underlying signal transduction which
result in neurodegeneration.
5.1.3 The SorCS subfamily: sorting receptors or proneurotrophin
receptors?
All members of the VPS10 family contain a cytosolic sorting consensus sequence which targets sorting receptors for specific transport vesicles, however both targets and internalization speed vary vastly depending on the family member. In particular, significant differences have been
identified concerning internalization rates between Sortilin and SorCS3
[54].
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Sortilin is mainly present intracellularly and only a small fraction is
located on the cell surface, which undergoes a rapid turnover [139, 243].
On the other hand, SorCS3 predominates on the cell surface, conveys only
slow internalization and does not partake in Golgi-endosome trafficking
[54]. Furthermore, the three SorCS genes are differentially expressed
[91], thereby minimizing ligand binding competition among the SorCS
subfamily members.
While many varied ligands have been identified as binding the VPS10p domain of Sortilin [69, 81], so far experimental evidence has only
shown binding of SorCS members to neurotrophins [54, 55]. Our structure shows that SorCS2 can bind proneurotrophins at pH 6.6 and possibly
slightly more acidic conditions. In contrast to Sortilin, SorCS2 cannot
dimerize through its β-propeller, which indicates that ligand release must
take place through a different mechanism. The SorCS subfamily might
thus still be able to bind proneurotrophins in compartments where Sortilin will already be dimerizing. Furthermore, binding of members from
the neurotrophic family is regulated in Sortilin through propeptide cleavage and inhibited by neurotensin [51]. SorCS receptors, however, do not
require propeptide cleavage to bind proneurotrophins, and neurotensin
does not bind SorCS receptors [54]. Together, this indicates SorCS receptors might be the preferred proneurotrophic receptors, while Sortilin
will only interact with proneurotrophins in absence of SorCS receptors.

5.2 Cargo release and receptor recycling
5.2.1 Sortilin

5

The double mechanism of conformational change and dimerization
described in Chapter 2 enables ligand release of both small ligands binding inside the tunnel of the β-propeller, and larger proteins which bind
on the surface of the β-propeller, notably at the top, similarly to what
we described for the mature part of proNGF and SorCS2 in Chapter 4.
The change of conformation of the 10CC-b domain might also prompt
release of ligands binding to the 10CC domains, such as p75NTR.
We have shown that the conformational change brings the C-termini
of Sortilin in close proximity, which is in turn likely transmitted to the intracellular domains. Juxtaposition of Sortilin intracellular domains might
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enable recognition by the retromer complex or the GGA [45, 61] and thus
regulate recycling of Sortilin to the TGN or the cell surface. Further studies on full-length Sortilin in cells, including the structure-based monomer
mutant A464E, might provide data to confirm this theory. A limitation
of our study is that the wt Sortilin and monomer mutant A464E constructs represent simplified systems, which were overexpressed and lacked
the intracellular domain that governs both internalization and recycling
of Sortilin. Comparative cellular studies of fluorescently tagged wt and
monomer mutant Sortilin might enable us to pinpoint the specific role
of dimerization in cargo release and recycling of Sortilin. In the future,
such studies will be facilitated owing to recent advances in CRISPR-Cas9
technologies that have made genome editing much cheaper and readily
available [244].
5.2.2 SorCS2
We showed in Chapter 3 that SorCS2 cannot dimerize through its
β-propeller without inducing severe clashes with the cell membrane. In
the unliganded SorCS2 structure crystallized at pH 6.4, the β-propeller
is slanted towards the membrane, so that the access of ligands binding
to sites located on the top face of the β-propeller is sterically hindered
by the membrane. In the SorCS2-proNGF complex structure described
in Chapter 4, SorCS2 adopts a different conformation in which the
β-propeller is further away from the membrane and ligands can easily
access the top face. It is thus possible that in acidic conditions, SorCS2
would undergo a conformational change so that the β-propeller is very
close to the membrane or possibly even interacting with the membrane,
similarly to what was initially suggested for Sortilin [159]. At neutral pH
on the other hand, the β-propeller could be in a conformation akin to the
one we observe in the SorCS2-proNGF structure crystallized at pH 6.6,
thus enabling binding of ligands to the top face of the β-propeller. This
conformational change would also likely enable release of ligands binding
to other sites due to clashes with other domains of the homodimer.
5.2.3 SorLA
The crystal structure of the VPS10p domain of SorLA at acidic pH
did not show any major conformational change of the β-propeller, only a
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Figure 5.2
Cartoon representation of SorLa homodimerization based on the
Sortilin homodimer (PDB 5NMT) described in Chapter 2. In the superimposition of the SorLA structure complexed with its propeptide (A, PDB 3WSY) ,
the L1 loops are clashing. However in the homodimer modelled with the unliganded SorLA structure (B, PDB 3WSX) where these loops are not present in
the electron density due to their flexibility, no major clashes are occurring. Therefore, a different conformation of the L1 loops could possibly enable homodimer
formation in SorLA.

5

different position for the 10CC-b domain. The L1 and L2 loops would severely clash upon dimer formation through the same interface as Sortilin
(PDB 3WSY, Figure 5.2A), however these loops are flexible and could
possibly adopt a different conformation to enable dimer formation (PDB
3WSX, Figure 5.2B). Nonetheless, SorLA did not crystallize as a dimer,
while all crystal structures we obtained of Sortilin in acidic conditions
showed a homodimer. It is thus likely that SorLA does not dimerize at
acidic pH. However, the 10CC-b of SorLA changed its location at acidic
pH. While it is unlikely that this single location change will enable ligand
release, this indicates that ligand binding might be modulated through
the multiple additional SorLA domains, possibly in a similar fashion as
discussed for SorCS2.
Based on the structures of SorLa and SorCS2 available, the double
mechanism of cargo release described for Sortilin in Chapter 2 does not
seem to apply to other VPS10 family members. It seems likely that the
additional domains present in the SorCS subfamily and SorLA play a
role in cargo release.
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Figure 5.3
A. Alternative proNGF binding site present in the SorCS2-proNGF
crystal. View and domain colors are identical to Figure 4.1B. Open book view
of the alternative interface between proNGF and sSorCS2. C. Open book view
of the Consurf [208] gradient conservation plot on the surface of the alternative
sSorCS2-proNGF complex, from white (not conserved) to black (highly conserved).

5.2.4 The proneurotrophic pathway
In Chapter 4, we explored the role of the VPS10 family as coreceptors of the p75NTR in proneurotrophin-induced apoptosis. We have
shown that proNGF-bound SorCS2 has undergone a conformational change which likely enables binding of the N-terminal domain of p75NTR to
the mature domain of proNGF, and possibly binding of the juxtamembrane domain to SorCS2 itself. However, we were not yet able to confirm
the binding interface through mutagenesis studies. In the crystal, the
mature part of proNGF also interacts with the 10CC-b domain of a
symmetry-mate (Figure 5.3). Even though this patch is not conserved
(Figure 5.3C) and the interface is slightly smaller (buried surface area
of 1578 Å2 versus 1824 Å2 for the interface described in Chapter 4), we
cannot exclude yet that the 10CC-b interface with the mature domain
of proNGF (Figure 5.3B) is not the actual binding interface. Ongoing
experiments, in which a glycan is introduced at each of these interfaces,
should enable us to discriminate between the two possibilities.
Further experiments are also required to pinpoint which regions of
SorCS2 are directly interacting with p75NTR. As we have demonstrated
in Chapter 3, expressing small constructs of SorCS2 to narrow down
the interacting regions is a challenging task. However, while most short
constructs did not express in quantities sufficient for structural studies, the expression level might be sufficient to perform mapping through
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coimmunoprecipitation experiments. Additionally, we did not test all
possible constructs, and structure-based knowledge might enable design
of shorter constructs, such as chimeras of the SoMP with the VPS10
domain with a short linker replacing the PKD domains, or constructs
stopping at the SoMP furin cleavage site. Identifying the region of the
p75NTR stalk that interacts with SorCS2 can be done in the same way as
it was initially done for Sortilin [119]. Cross-linking mass spectrometry
experiments might also provide further information about the p75NTRSorCS2 interaction.
Ideally, a structure of a ternary complex with p75NTR, a proneurotrophin and a member of the VPS10 family would answer most questions and provide a broader view of the system at the molecular level.
However, crystal structures of proNGF so far, either in complex with
p75NTR or SorCS2, did not resolve the prodomain. This is probably
due to the intrinsic flexibility of the proneurotrophin prodomain, and
there is no guarantee that it would be visible in a ternary complex structure. Furthermore, obtaining ternary complex crystals is challenging
due to the flexibility and inhomogeneity introduced by the high level of
glycosylation of the stalk of p75NTR. To remedy this issue, crystallographers often use deglycosylases [245]. However, removing the glycans
might cause artifacts either by exposing ligand binding sites which would
not normally be accessible or by preventing stabilizing glycan-glycan or
glycan-protein interactions [246–248]. Generally, the role of glycans in
signaling is still largely understudied, partly because isolating native glycoforms is difficult [249], though the complex and diverse glycosylation
patterns observed for glycoproteins indicate subtle regulation through
glycosylation.
Structural characterization of the ternary complex may be enabled
by state-of-the-art single-particle cryo-electron microscopy (cryo-EM), a
field that has been revolutionized in recent years by the development of
direct detectors [250]. Even with the latest technological advances which
enabled near-atomic structure determination of the 93 kDa isocitrate
dehydrogenase at a resolution of 3.8 Å [251], larger particles which are
more easily visible facilitate alignment of individual projections, often
resulting in higher resolution reconstructions (up to 2.2 Å for the 465 kDa
β-Galactosidase in complex with phenylethyl β-D-thiogalactopyranoside
(PETG) [252]).
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While individual components of the ternary complex are likely too
small to be studied via cryo-EM, the ternary complex is well above the
commonly accepted size requirement of 150 kDa [253], with a molecular
weight for a 2:4:2 p75NTR-proNGF-SorCS2 complex of 322 kDa without
glycans, and easily up to 380 kDa for the glycosylated proteins. CryoEM might thus be a very useful technique to further study the structural
basis of p75NTR-mediated apoptosis.

5.3 Conclusion
There is still much to learn about the VPS10 family. Even though
Sortilin has been extensively studied, it transports such a variety of ligands linked to various cellular functions that much of its recognition and
signal transmission mechanisms still eludes us. Particularly interesting
Sortilin cargoes include the Proprotein Convertase Subtilisin/Kexin 9,
which also binds the LDL receptor and regulates the LDL blood level
[80, 143], and progranulin, a growth factor with various roles from tumor
growth to lysosome biogenesis and function [146, 254]. SorLA is slightly
better understood, since its capacity to bind APP makes it a good target
for possible Alzheimer’s Disease medication development [64, 151, 200].
The SorCS subfamily are the least studied family members. Mechanisms underlying the differential isoform expression of SorCS1, its role
[53], and the difference in specificity between the three SorCS receptors
remain largely unknown.
Moreover, there are many open questions concerning the proneurotrophin-mediated apoptosis pathway. Can all SorCS members participate
in p75NTR-mediated apoptosis? What is the exact role of the SoMP processing site in signal transduction? Is it necessary for each chain of the
SorCS homodimer to bind a ligand in order to induce signal transduction or is one sufficient? What are the differences in signal transduction
depending on which proneurotrophin and which VPS10 receptor are involved, and how are these different interactions and processes regulated?
How can the prodomain of neurotrophins elicit such a drastic change of
function? Are SorCS receptors recycled and how are the receptors recognized for recycling? The structures presented in this thesis have paved
the way for even more challenging structures of VPS10 receptor - ligand
complexes to answer these exciting new questions.
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Summary
At any time, cells undergo various simultaneous processes. Compartmentalization enables cells to gather the right components and conditions together. This requires a tight control over transport between
the different compartments. Sorting receptors are proteins, which after
synthesis are directed to the cell surface through the secretory pathway.
The Vacuolar Protein Sorting 10 (VPS10) family of receptors contains
five members: Sortilin, SorLa, and SorCS1-3. VPS10 receptors all contain a VPS10p domain which consists of a 10-bladed β-propeller and two
small flanking domains called 10CC-a and 10CC-b. Through the VPS10p
domain, these receptors can bind ligands outside of the cell, internalize
them through the endocytic pathway and direct them to different intracellular compartments, before they are recycled back to the cell surface. Aside from their role in sorting, VPS10 family members can form a
ternary complex with proneurotrophins and the p75 neurotrophic receptor (p75NTR) which signals towards neuronal cell death. Dysfunction
in sorting through these receptors has been linked to neurodegenerative
diseases and mental disorders.
The topic of this dissertation is the structural characterization of
the VPS10 receptors Sortilin and SorCS2, as well as their interactions
with proneurotrophins. A multidisciplinary approach is used to better
understand how these receptors function, from ligand binding and release
to receptor recycling and signal transduction.
Chapter 1 introduces the role of sorting receptors, with a focus on
the VPS10 family members. The current literature is reviewed, and the
roles of Sortilin and SorCS2 in sorting and p75NTR- mediated apoptosis
are described.
In Chapter 2, the three-dimensional structure of the Sortilin ectodomain in acidic conditions reveals that Sortilin undergoes a conformational change coupled to dimerization through the top face of its
β-propeller at endosomal pH. Further biophysical and cellular characterization as well as mutagenesis studies probed that dimerization enables
cargo release and might signal towards recycling of the receptor.
Chapter 3 details the three-dimensional structure of the ectodomain of SorCS2. In this structure, a SorCS2 monomer interacts with another monomer, forming a cross-braced homodimer. Besides the VPS10p
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domain, SorCS2 contains two Polycystic Kidney Domains (PKD) and a
previously unpredicted membrane proximal domain with a ribonucleic
acid recognition motif fold that we termed SorCS membrane proximal
(SoMP). The SoMP domain plays an important structural role; it interacts extensively with the β-propeller from the opposite monomer chain
essentially forming an obligatory homodimer, and may play a role in
transducing signaling from the ligand-binding β-propeller to the transmembrane helix.
Chapter 4 presents the crystal structure of the proneurotrophin
member pro Nerve Growth Factor (proNGF) in complex with the full
ectodomain of SorCS2. This structure shows that one SorCS2 dimer
binds to two proNGF homodimers in a symmetric 2:4 stoichiometry.
Both proNGF dimer chains contribute interactions on the top face of
one SorCS2 β-propeller, leaving the equivalent symmetric receptor binding site on proNGF free and available. The proNGF bound SorCS2 structure has a substantially different conformation compared to that of unliganded SorCS2. The β-propeller has rotated away from the membrane
towards the PKD domains, enabling the available receptor binding site on
proNGF to become accessible for 75NTR binding and, possibly, exposing
a cryptic p75NTR binding site on SorCS2. This SorCS2-proNGF-p75NTR
model suggests that proNGF triggers the neuronal apoptosis pathway by
bringing together a SorCS2 co-receptor and a p75NTR receptor in a
ternary complex, or conceivably in a larger-order cluster since p75NTR
can form covalent dimers.
Finally, in Chapter 5 the general implications of these results are
discussed in light of the literature. Novel hypotheses based on this thesis’
findings are proposed and an outlook onto future research questions on
the VPS10 family is provided.
In summary, we provide novel structures of dimer Sortilin which explain how it releases its cargo in the endosome. For the first time, we
solve the structure of SorCS2 and show it functions as a cross-braced homodimer thanks to its additional PKD and SoMP domains. Finally, the
SorCS2-proNGF complex is the first structure of a VPS10 member bound
to a protein ligand and gives insight both into the proneurotrophinpathway activation, and ligand recognition in the VPS10 family at large.
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Samenvatting
Op ieder moment ondergaan cellen meerdere simultane processen.
Compartimentering laat cellen zowel de correcte componenten en condities tegelijkertijd vergaren. Dit vereist een strikte controle over het transport tussen de verschillende compartimenten. Sorteerreceptoren zijn eiwitten die na synthese naar de celoppervlakte worden geleid door het
secretiepad. De Vacuolar Protein Sorting 10 (VSP10) familie van receptoren bestaat uit vijf leden: Sortilin, SorLa en SorCS1-3. VPS10 receptoren bezitten allen een VPS10p domein dat bestaat uit een 10-bladige
β-propeller en de twee kleine geflankeerde domeinen 10CC-a en 10CC-b.
Via het VPS10p domein kunnen deze receptoren liganden binden buiten
de cel, hen internaliseren via endocytose en dirigeren naar verschillende
intracellulaire compartimenten, alvorens ze gerecycled worden terug naar
de celoppervlakte. Naast hun rol in sorteren, kunnen de VPS10 familieleden een driedubbel complex vormen met proneurotrophins en de
p75 neurotrophic receptor (p75NTR) welke een signaal afgeeft voor neuronale celdood. Het disfunctioneren tijdens sorteren van deze receptoren
zijn gelinkt aan neurodegeneratieve ziektes en psychische aandoeningen.
Het onderwerp van dit proefschrift is de structuurkarakterisatie van
de VPS10 receptoren Sortilin en SorCS2 en hun interacties met proneurotrophins. Een multidisciplinaire benadering is gebruikt om de functie
van deze receptoren beter te begrijpen, van het binden en loslaten van
een ligand tot receptorrecycling en signaaltransductie.
Hoofdstuk 1 introduceert de rol van de sorteerreceptoren, met een
focus op de VPS10 familieleden. De huidige literatuur is in ogenschouw
genomen, en de rol van Sortilin en SorCS2 in sorteren en p75NTRgemedieerde apoptose is beschreven.
Hoofdstuk 2 toont de driedimensionale structuur van het Sortilinectodomein in zure condities en laat zien dat Sortilin een conformationele
verandering ondergaat gekoppeld aan dimerisatie door het boven aanzicht
van de β-propeller bij endosomale pH. Verdere biofysische en cellulaire
karakterisatie met zowel mutagenesestudies toonden aan dat dimerisatie
het ladinglossen toestaat en mogelijk signaleert voor receptorrecycling.
Hoofdstuk 3 detailleert de driedimensionale structuur van het ectodomein van SorCS2. In deze structuur vormt een SorCS2-monomeer
interacties met een ander monomeer, welke samen een kruisverbonden
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homodimeer maken. Naast het VPS10p-domein bestaat SorCS2 uit twee
Polycystic Kidney Domains (PKD) en een onvoorzien membraanproximaaldomein met een ribonucleinezuur-herkenningsvouwingsmotief die
wij het SorCS Membrane Proximal (SoMP) hebben genaamd. Het SoMPdomein speelt een belangrijke structurele rol, aangezien het omvangrijke
interacties aangaat met de β-propeller van de tegenovergelegen monomeerketen, wat in essentie resulteert in een obligatoir homodimeer; daarnaast
zou het een rol kunnen spelen in de signaaltransductie van de ligandbindende β-propeller naar het transmembraanhelix.
Hoofdstuk 4 toont de kristalstructuur van het proneurotrophinlid pro-Nerve Growth Factor (proNGF) in complex met het volledige
ectodomein van SorCS2. De structuur laat zien dat één SorCS2-dimeer
bindt met twee proNGF-homodimeren in een symmetrische 2:4 stoichiometry. Beide proNGF-dimeerketens dragen bij aan de interacties op
het boven aangezicht van een SorCS2 β-propeller, terwijl het een equivalente symmetrische receptorbindingsplaats op proNGF vrij en beschikbaar laat. De proNGF-gebonden SorCS2-structuur heeft een substantieel
verschillende conformatie vergeleken met ongebonden SorCS2. De β-propeller is weggedraaid van het membraan naar het PKD-domein, wat de
beschikbare receptorbindingsplaats op proNGF ontvankelijk maakt voor
75NTR binding, en mogelijk een kryptische-pocketbindingsplaats blootstelt op SorCS2. Dit SorCS2-proNGF-p75NTR model suggereert dat
proNGF een neuronale-apoptosepad in gang zet door middel van het
samenbrengen van een SorCS2-coreceptor en een p75NTR-receptor in
een drietallig complex, of mogelijk in een hogere-ordecluster aangezien
p75NTR dimeren kan vormen.
Als laatste bediscussieert Hoofdstuk 5 de algemene implicaties
van de gevonden resultaten in het licht van de aanwezige literatuur.
Nieuwe hypotheses gebaseerd op de vindingen van dit proefschrift worden voorgesteld en een vooruitzicht naar toekomstige onderzoeksvragen
over de VPS10-familie zijn weergegeven.
Samengevat, wij verschaffen nieuwe structuren van de Sortilin-dimeer
die uitleggen hoe het zijn lading lost in een endosoom. Voor het eerst
hebben wij een structuur opgelost van SorCS2 en hebben zijn functies
getoond als een kruisverbonden homodimeer dankzij de additionele PKDen SoMP-domeinen. En tenslotte hebben wij de eerste structuur van een
VPS10-lid, het SorCS2-proNGF complex, gebonden met een eiwitligand
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ontrafeld, wat inzicht geeft in de proneurotrophin-padactivatie, als wel
ligandherkenning in de VPS10 familie in het algemeen.
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Résumé
À tout instant, des procédés nombreux et variés prennent place
au sein des cellules. La compartimentalisation permet aux cellules de
rassembler les composants et conditions nécessaires en un seul endroit.
Pour cela, il est nécessaire de contrôler le transport entre les différents
compartiments. Les récepteurs de tri sont des protéines qui sont dirigées
après leur synthèse jusqu’à la surface de la cellule en empruntant la
voie de sécrétion. La famille de récepteurs Vacuolar Protein Sorting 10
(VPS10) est composée de cinq membres : Sortilin, SorLa, et SorCS1-3.
Les récepteurs VPS10 contiennent un domaine nommé VPS10p qui est
composée d’une β-propeller à 10 feuillets, flanquée par deux petits domaines nommés 10CC-a et 10CC-b. Ces récepteurs peuvent se lier à
des ligands au moyen de ce domaine VPS10p, qu’ils internalisent ensuite
par la voie d’endocytose et dirigent au sein de différents compartiments
intracellulaires avant d’être recyclés jusqu’à la surface de la cellule. En
dehors de leur rôle de tri, les membres de la famille VPS10 peuvent
former un complexe ternaire avec les proneurotrophines et le p75 neurotrophic receptor (p75NTR), qui signale la mort des cellules neuronales.
Les dysfonctions de tri par ces récepteurs sont liées à des maladies neurodégénératives et mentales.
Le sujet de cette dissertation est la caractérisation structurale des
récepteurs de la famille VPS10 Sortilin et SorCS2, et leurs interactions
avec les proneurotrophins. Une approche multidisciplinaire est employée
afin d’obtenir une meilleure compréhension du fonctionnement de ces
récepteurs, depuis la manière dont ils se lient aux ligands et s’en détachent,
jusqu’au recyclage des récepteurs et la transmission du signal.
Le Chapitre 1 introduit le rôle des récepteurs de tri, avec pour point
d’attention les membres de la famille VPS10. La littérature actuelle est
revue, et les rôles de Sortilin et SorCS2 dans le tri et l’apoptose médiée
par p75NTR sont décrits.
Dans le Chapitre 2, la structure tridimensionnelle de l’ectodomaine
de Sortilin en conditions acides révèle que Sortilin subit un changement
conformationnel couplé à une dimérisation par la face supérieure de la
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β-propeller dans les conditions endosomales. Des caractérisations biophysiques et cellulaires supplémentaires, ainsi que des études de mutagenèse, montrent que cette dimérisation permet le détachement des
cargos et signale possiblement vers le recyclage du récepteur.
Le Chapitre 3 détaille la structure tridimensionnelle de l’ectodomaine de SorCS2. Dans cette structure, un monomère de SorCS2 interagit avec un autre monomère, formant un dimère entretoisé. En dehors du domaine VPS10p, SorCS2 contient également deux Polycystic
Kidney Domains (PKD) et un domaine proche de la membrane, auparavant imprévu, qui prend le pli d’un motif de recognition d’acide
ribonucléique. Nous avons nommé ce domaine SorCS Membrane Proximal (SoMP). Le SoMP joue un rôle structurel important ; il interagit
extensivement avec la β-propeller du monomère opposé, formant ainsi
un homodimère obligatoire, et pourrait jouer un rôle de transduction du
signal depuis la β-propeller jusqu’à l’hélice transmembranaire.
Le Chapitre 4 présente la structure crystalline de la proneurotrophin
pro Nerve Growth factor (proNGF) en complexe avec l’ectodomaine complet de SorCS2. Cette structure montre qu’un dimère de SorCS2 se lie à
deux homodimères de proNGF avec une stœchiométrie symétrique 2 : 4.
Chacune des deux chaînes de l’homodimère de proNGF contribue à l’interaction qui prend place sur la face supérieure de la β-propeller, laissant
le site symétrique équivalent libre d’interagir avec un autre récepteur. La
structure de SorCS2 lié à proNGF adopte une conformation entièrement
différente de celle du récepteur en absence de ligand. La β-propeller a
pivoté loin de la membrane vers les domaines PKD, permettant de rendre
accessible à p75NTR le site de liaison pour récepteur inoccupé, et possiblement d’exposer une région de SorCS2 à laquelle p75NTR pourrait
directement se lier. Ce modèle de SorCS2-proNGF-p75NTR suggère que
proNGF provoque le signal d’apoptose neuronale en réunissant SorCS2
et p75NTR en un complexe ternaire, ou peut-être un cluster plus large
étant donné que p75NTR peut former des dimères covalents.
Enfin, dans le Chapitre 5, les implications générales de ces résultats
sont discutées au vu de la littérature. De nouvelles hypothèses basées sur
les découvertes de cette thèse sont proposées et des perspectives sur la
recherche future dans le domaine de la famille VPS10 sont proposées.
En résumé, nous fournissons de nouvelles structures de Sortilin dans
un état dimérique, qui expliquent comment il décharge ses cargos dans les
endosomes. Pour la première fois, nous résolvons la structure de SorCS2
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et démontrons qu’il fonctionne en tant qu’homodimère entretoisé grâce
à ses domaines supplémentaires PKD et SoMP. Finalement, le complexe
SorCS2-proNGF est la première structure d’un membre de la famille
VPS10 lié à un ligand protéique et nous informe à la fois sur l’activation
de la voie proneurotrophique et plus globalement sur la reconnaissance
des ligands dans la famille VPS10.
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complete when the only suggestion you had was to do CRISPR-Cas with
the mutant.
On that infamous interview day, I was not the only candidate invited. Along with me were two ladies, which, little did I know at the
time, would also be hired and become great friends. I’m talking, of
course, about Camilla and Martina. Camilla, you are my paranymph
for a reason. We started at the same time in the crystallography group,
and I sometimes think UPE still believes there is actually only one of us.
I have no idea what my life in Utrecht would have looked like without
you in it. I can’t even count the number of times we had dinner at each
other’s place, and the lengthy discussions about anything and everything.
I admire how easily you talk to people you don’t know, and speak up for
things you care about, as this is very difficult for me. I wish you all
the best finding a job where you can save the environment, and many

159

more loving years with Tim (whom I also thank for all the cooking and
music discussions)! Martina, we shared so much throughout the years,
travelling to Budapest, Rome, and Britanny… Well, the last one was a
close call ;) You have the most amazing voice and you manage to give
me the chills any time I hear you.
A little later, ze germans started, and the so-called Fantastic Four
was created. I have to admit I can’t really recall how we came up with this
name… Jonas, no, we’re still not dating. But I am immensely grateful for
all the time we spent together, having tea, doing yoga, going to concerts,
canoeing, and watching Games of Thrones on Monday evenings. Even
though I won’t be able to be physically present into your living-room
within the next 10 minutes as it was during our PhDs, I will always be
there through phone if you need me. Whatever you choose to do with
your life, I’m sure you’ll be great at it. Philip, I think you’re the most
trustworthy person I know. Always on time, always ready and willing
to help, you’re also genuinely interested in people, which is rare. You’re
already a great editor and I hope to send you more stories to publish one
day! I hope we get many more F4 reunions and whisky-tastings!
If you thought I was done with ManiFold fellows, you’d be wrong.
For there was also some southern blood thrown into the mix in the persons of Daniel and Tania. I don’t think I’ve ever been as hugged as by
you guys, which took some adjusting to. Thanks for always being there
for coffee, and for being my very first yoga students. Good luck with the
future sciencing!
To the remaining fellows: Yang, Saran, Anna, Klemen and Ivan; I
very much enjoyed our ManiFold dinners and other activities, and I wish
you the best in your future endeavors. Stefan, thank you for making
ManiFold happen; it was a pleasure to work with you on the midterm
review.
When I started in the lab, the SNB group was only me, Hedwich
and Matti, which at the time was simply named “Bert’s dream team”.
Hedwich, you were the first Dutch friend I made, and I will always remember baking the inverted 1 with you! Especially being too scared to
tell you it was inverted, and that I am really terrible at crafting anything
with my hands unless cooking is involved. The finish line is in sight,
good luck with wrapping things up! And best wishes for your wedding
with Robbert, who I must also thank for measuring through the night at
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the synchrotron with me. Matti, you always had crazy ideas, and sometimes they worked! After you left, the Monday morning meetings were
suddenly much shorter… Good luck in Cambridge! A while later, our
one and only postdoc, Dimphna, started. Dimphna, thanks a bunch for
teaching me how to work with cells and use the fluorescence microscope.
You were an amazing officemate, and I’m sure you’re gonna get that
high-resolution Teuneurin structure! And finally, the new gen., aka the
Frenchies were hired. Lucas et Matthieu, bonne chance avec vos thèses!
Vous représentez la science française aux Pays-Bas maintenant ;o.
The big advantage of SNB is that the group is embedded within the
larger K&S group. I believe Deniz could have convinced me by herself
to come and work at K&S. You probably don’t remember it, but you
asking me a question at my interview talk showed me it was the kind of
environment I wanted to do science in. Thank you for all the filming,
yoga, laughs, Lepelenburg impromptu meetings, Istanbul and SLS trips
and so much more. All the best in your new married life with Murat and
with the new job! When I started, the Akta-master, Federico, was still in
the lab. Thank you for teaching me so much, including how to measure
crystals! To my original office-mates: Els, Pramod, and XG, thanks for
always being there when I had a question. Remco, my man, thanks for
the Dutch music recommendations, teaching me Dutch slang (which I
have admittedly already all forgotten), and the amazing Florence & the
Machine concert (with Rutchanna). Peng and Louris, thanks for helping
me out in the lab when I started. As I started my second year, Revina
and Tim started. I don’t think you could have imagined personalities
seemingly so different, yet both of them have hearts of gold. Revina,
it took me a while to get used to your touchy-feely approach “why is
she touching my hair ??”. You’re one of the most hard-working person I
know, I’m sure you’ll fare well. I can’t believe you left Dimphna and me
all alone in N807! Tim, I don’t think I heard your voice for the whole
first year. I can now admit that I was initially a bit afraid of asking
you for help in the terminal room. But eventually we got closer and
you were always ready to help me out with refinement, and getting the
borrel started early, so thanks a bunch! As I was getting into my third
year, the sweet Viviana started. Vivi, it was a pleasure to teach you
how to fish and measure crystals! You should already start writing your
thesis. I initially had the chance to meet Ramon when he was still a MSc
student at NMR. I then taught him how to use the SPR machine, for
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which he now took over my responsibilities as SPR-master. You were so
shy and quiet back then! Thanks for all the SPR talks, the bad jokes,
and the worse jokes. You know they always make me laugh anyways.
At the same time as Ramon, Wout started his PhD. Wout was already
well-known in the lab since he had performed his BSc project here, and
was a star student. Superwout, good luck with your challenging project!
A PhD is a steap learning curve, even for a Nature-published author.
The last person to join K&S (when I was there) was Nick. Thanks for
correcting my pronunciation and for your lovely sarcasm!
Obviously, there are also non-PhD & postdocs at K&S. Eric, thank
you for always being available for questions when Bert wasn’t there. Loes
and Martin, thanks for the coffee / lunch breaks talks. Toine, thanks for
being patient with the mess we often made at the synchrotron with data
storage. Arie and Joke, thanks for taking such good care of the lab.
Honorary members of the K&S lab are the whole UPE crew: Wieger,
Roland, Lucio, Smiriti and Zalan. Expressing proteins has never been
easier than with you guys! Good luck at the LSI. Finally, Cecile, Caroline
and Noortje, thanks so much for the help with the whole administrative
ordeal.
To my collaborators: Albert, Dominique, and Martha, thanks for
helping me make the Sortilin story come out! To my ATMN colleagues:
thanks so much for all the fun in Cold Spring Harbor. I was lucky enough
to go to Philly for a month to perform SPR experiments on a Biacore
machine; thanks to John and Daniel for hosting me, and to Yiannis,
Sophia, Sotiris and Alexandra for taking me in and making me feel as an
integral part of the lab.
As a K&S member, I was part of the Bijvoet center for biomolecular research graduate school. I have to thank Reinout, the managing
director, for the amazing work he does every day to make everything run
smoothly. Thanks to the members of CPC: Naomi, Marcel, Ying, Lena
and Luca for always making me feel like I was in my own group anytime
I would drop by the 7th floor. Special thanks to Nick for making me
read Ayn Rand, hosting D&D evenings, and the many interesting (and
highly geeky) conversations. Thanks to the KS neighbors, aka the new
EM group, for the gezelligheid. Thanks to NMR Anna, Tessa, Siddarth,
Cunliang, Adrien and Gert for the many interesting structural drinks /
coffee conversations. I had the chance to start teaching alongside Lisette
from MBB, and that was a lot of fun! Inge, I’m glad your experiments
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on the SPR worked out and we could publish together. Finally, Esther,
Clément and Michiel, thanks for making me feel welcome at the few mass
spec borrels I attended. Thanks to all the PhD and postdocs from the
Bijvoet, who always made it a pleasure to attend AIO evenings.
I led a not-so-secret second life aside from my scientific career in
Utrecht. Many complained that I would leave the Frimibo early… To
repeatedly hear “It’s the only Level 3 class of the week, I can’t miss
it!”. For this level 3 class is taught by the amazing Hiske, my second
paranymph. It’s very hard to put in a few words how thankful I am for
having you as a teacher, a role model, and a friend. You made iYoga my
second home, and taught me so much, I am insanely grateful I met you.
Claas, thanks for letting me regularly assist in your Sunday morning
class, it was a great experience. Nanda, thanks for teaching me how
to bring my thighs back. Tally, thanks for being my early-morning yoga
practice buddy. My YTT companions: Dorthe, Elisa, Masja and Willem;
thanks so much for hopping onto the Iyengar bandwagon with me. The
support from our little group is wonderful to experience. I wish you all
a lot of growth within the Iyengar yoga community! Special thanks to
Willem for designing this thesis cover.
I also got a lot of support from friends I had made way before I
even went to Utrecht. Gwladys, j’espère que l’on se reverra souvent en
Bretagne, et comme d’habitude, ce sera comme si on s’était quittées
hier. Tu me manques, mais j’espère que tu trouveras un boulot qui te
plaît, au bord de cet océan que l’on aime toutes les deux ! Marie, chère
Marie, sans toi je n’aurai sans doute pas survécu à la prépa. Merci pour
tous les petits repas, les discussions bouquins, et tout le reste, y compris
ton soutien pendant cette thèse ! J’espère vous voir, toi et Val, très
bientôt. Adélie ! Merci pour les innombrables gaffes, et les merveilleux
1er de l’an. J’espère que toi et Paul continueront d’éviter les korrigans.
Matthieu et Max, les gars, merci pour m’avoir soutenu lors de cette
deuxième année de prépa et pour tous les repas partagés, en musique
évidemment. Anne-Claire « la miss », sans toi Montpellier aurait été
une galère sans nom. Merci pour les courses, la plage, les dîners, Nîmes,
le Puy du Fou, la Sicile, et j’en oublie sans doute, ainsi que pour les
Skypes et déplacements Utrecht-Bruxelles. J’espère que vous me rendrez
tous visite dans la grosse pomme ! I also spent a year in Darmstadt;
and that year would not have been much fun without Erman, Amandine
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and Antoine. I hope to see you guys soon, good luck with all your very
different paths!
I also need to thank my American friends: Lee, I hope I get to see
you more now that I will be only a couple of hours away. Your music
accompanied many of my Wednesday evenings when I was struggling
with writing and/or presenting data. You’re simply an amazing person
and I am proud to count you as my friend. Octavio, I wish you good luck
with your artistic projects and hope one day I’ll get to hear the song you
were composing when I first visited you.
Il me paraît évident que sans le soutien quotidien de ma famille, je
n’aurai jamais pu en arriver ici. Merci à tous. Papa, maman : je ne
le dirai jamais assez : merci pour tout. Moumoune, désolée de partir
encore plus loin ! Mais maintenant que papou va être à la retraite avoir
plus de temps libre, vous pourrez voyager et venir me voir. Papou, me
voilà également Dr. Leloup ! Apparemment je n’ai pas hérité que de ton
sens de l’humour… Damien, Mathias, je n’aurai pas pu espérer avoir de
meilleurs grands frères. À quand les prochaines vacances en famille et la
prochaine belote? Sophie et Nathalie, je suis bien contente que vous ayez
intégré la famille Leloup ! Et je vais m’arrêter là, parce que je pleure
déjà comme une madeleine…
Last but not least, Gydo. I once said I would never date a Dutch guy,
but you know how French people are… I couldn’t be happier that you are
the exception to my rule. For one must be crazy to date a PhD student
in their last year, but even crazier to start dating a crystallography PhD
student in their last year - you never know how many last year they’ll
do. I can’t wait to cross the literal ocean between us, and start our new
life together. Ik hou van jou.
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