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Neurturin (NRTN) provides trophic support to neurons and is
considered a therapeutic agent for neurodegenerative diseases,
such as Parkinson’s disease. It binds to its co-receptor GFRa2,
and the resulting NRTN-GFRa2 complex activates the trans-
membrane receptors rearranged during transfection (RET) or
the neural cell adhesion molecule (NCAM). We report the crys-
tal structure of NRTN, alone and in complex with GFRa2. This is
the first crystal structure of a GFRa with all three domains and
shows that domain 1 does not interact directly with NRTN, but
it may support an interaction with RET and/or NCAM, via a
highly conserved surface. In addition, biophysical results show
that the relative concentration of GFRa2 on cell surfaces can
affect the functional affinity of NRTN through avidity effects.
We have identified a heparan sulfate-binding site on NRTN and
a putative binding site in GFRa2, suggesting that heparan sulfate
has a role in the assembly of the signaling complex. We further
show that mutant NRTN with reduced affinity for heparan sul-
fate may provide a route forward for delivery of NRTN with
increased exposure in preclinical iz vivo models and ultimately
to Parkinson’s patients.

Neurotrophic factors are proteins that mediate growth and
survival of neurons both during development and in the adult
organism (1). Neurturin (NRTN)? (2) belongs to a subclass of
neurotrophic factors, the GDNF family of ligands (GFL). GFLs
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are released by target tissues to stimulate the growth of axons
and have been shown to be capable of re-growing damaged
neurons both iz vitro and in animal models (4, 5). For this rea-
son, NRTN and other GFLs have been indicated as protein
therapeutics for a number of neurodegenerative diseases, and
NRTN has been assessed in clinical trials as a treatment for
Parkinson’s disease (3). There are four different GFLs known:
glial cell-derived neurotrophic factor (GDNF) (6); NRTN; arte-
min (ARTN) (7); and persephin (8), each binding to a preferred
membrane-anchored GDNF family receptor o (GFRa) (1, 9).
GDNF signals through GFRal, NRTN through GFRa2, ARTN
through GFRa3 (7), and persephin through GFRa4 (10), even
though a certain cross-activity has been described (11, 12).
In addition, very recently several groups identified GFRa-like
(GFRAL), a distant member of the receptor family, as the co-re-
ceptor for GDF15 (growth and differentiation factor 15), and
the complex was shown to signal through RET analogously to
conventional GFRas (13-16). Other GFLs, however, do not
compete for GFRAL binding, and GDF15 does not bind to
GFRal-4.

The NRTN-GFRa2 protein complex (17) activates the sig-
nal-transducing transmembrane receptors rearranged during
transfection (RET) (9, 18 —20) or neural cell adhesion molecule
(NCAM), thereby trigger cellular responses leading to im-
proved cell survival, differentiation, and growth (21).

Besides their ability to bind to GFRa receptors, GDNF,
NRTN, and ARTN have been shown to bind the sulfated poly-
saccharide heparin (22-24) and the related molecule heparan
sulfate (HS) (25-27). Unbranched HS are presented by gly-
coproteins expressed on cell surfaces and in the extracellular
matrix (ECM) where they increase the local concentration of
various HS-binding molecules by tethering. NRTN and
GDNF have been tested as treatments in phase 1 and 2 clin-
ical trials for Parkinson’s disease but failed to show efficacy
in the phase 2 clinical trials (Ref. 3 and recently reviewed in
Kirik et al. (28) and Bartus and Johnson (29)). There are,
however, indications that this may be due to limited expo-
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Structure of the human full-length neurturin-GFRa2 complex

Figure 1. Crystal structures of NRTN. A, crystal structure of the NRTN homodimer in cartoon colored by subunit (left). Side chains of cysteines and Arg-166 as
well as the main chain of the C terminus are shown as sticks. The hydrogen bonds (2.8-3.2 A) between the C termini and Arg-166 are shown as dashed lines. B,
surface representation of the crystal structure with display of electrostatic surface charge (+5 to —5 mV) shows that the NRTN homodimer bears a positively
charged cleft on the concave side (left), whereas the other side is slightly acidic (right). The left panel is in the same orientation as in A, and the right panel is

rotated 180°.

sure caused by the binding of NRTN and GDNF to HS dis-
played by proteoglycans in the ECM and on cell surfaces
(30, 31).

NRTN-induced signaling has been shown to provide trophic
support to neurons (5) and is especially important in guiding
the development and distribution of parasympathetic, sensory,
and enteric innervations (32). The effects on cell survival have
also indicated the potential of NRTN in the treatment of
asthma (33) and, recently, in diabetes, as it has been shown to
prevent the development of hyperglycemia and increase 3-cell
mass in diabetic rats (34).

Despite the therapeutic relevance of NRTN and other mem-
bers of the GDNF protein family, it is still not clear how the
receptor complexes are formed, how selectivity between the
co-receptors is achieved, and how RET is activated. A better
understanding of the signaling receptor complex(es) would aid
our biological understanding and potentially open up new
opportunities for large or small molecule treatments within a
broad range of human diseases.

To gain insight into the receptor complex formation, we
determined the first crystal structures of full-length GFRa2
with its domains 1-3 in complex with NRTN and NRTN alone
at high resolution. This is the first GFRa—GFL crystal structure
containing GFRa domain 1, providing structural evidence
that domain 1 is not involved in GFL binding. Sequence and
structure comparisons showed that the interaction surfaces
between the different domains of GFRa receptors and
between GFRa and GFLs are conserved. We also identified
the HS-binding site in NRTN and found four arginine/glu-
tamine residues involved in specific HS binding by site-di-
rected mutagenesis. Another putative HS-binding site was
identified on GFRa2. Furthermore, biophysical characteriza-
tion of the interaction between NRTN and GFRa2 showed
receptor avidity effects, suggesting that the GFRa2 receptor
concentration on the cell surface will affect the functional
affinity of the interaction.

We demonstrate in vivo that mutation of HS-coordinating
residues leads to improved pharmacokinetic (PK) properties of
NRTN, in terms of increased exposure, decreased clearance,
and decreased volume of distribution. These alterations could
enable the use of NRTN as a protein therapeutic in neurode-
generative diseases.
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Results

Structure of NRTN alone and in complex with full-length
GFRa2

The structure of mature human NRTN (residues 97-197)
was determined to a resolution of 1.6 A and showed an elon-
gated homodimer with a bundle of disulfide bridges at the cen-
ter forming a cysteine knot (Fig. 14). Two NRTN monomers
were arranged head-to-tail, with a large buried inter-subunit
surface 0f 2100 A? (Fig. 1A4), and were also connected by a disul-
fide bridge between Cys-164 from each subunit. NRTN con-
tains a large number of arginine residues, which make up
almost a fifth of the mature protein. All of these were observed
to be surface-exposed, with the exception of Arg-166 that is
buried in the center of the protein and forms a bi-dentate bind-
ing to the C terminus of the other subunit, thereby further lock-
ing the two subunits together (Fig. 1A4). Interestingly, the struc-
ture revealed a striking electrostatic polarity of the NRTN
homodimer with a highly positively charged patch at the con-
cave surface and a negatively charged region at the convex side
of the molecule (Fig. 1B and Fig. S1). Although ARTN displays
a similar positively charged patch in the same region (24), it
lacks the negative charge on the opposite side. This irregularly
distributed surface charge is unique to NRTN among the GFLs
and could be the reason for the low solubility observed for
NRTN in vitro. The overall fold of NRTN was similar to those of
the published GDNF and ARTN structures (24, 35), but it dif-
fered with respect to the angle between the subunits resulting in
root mean square deviations (r.m.s.d.) of more than 3 A
between the structures of the GFLs (Fig. S1B).

We further determined the crystal structure of NRTN in
complex with GFRa2 using a full-length GFRa2 protein, except
the membrane-embedded glycosylphosphatidylinositol (GPI)
anchor (GFRa2,,_5(22—441)), to 2.4 A resolution (Fig.2). The
crystallized complex/final model contained residues 36-131
and 158 -359 from GFRa2 and residues 100-197 from NRTN.
This is the first atomic resolution crystal structure of any GFRa
receptor that comprises all three domains, confirming that
domain 1 is not directly involved in GFL binding (36). The
NRTN-GFRa2 structure shows that one GFRa2 molecule
binds one subunit of the NRTN homodimer and that all inter-
actions are mediated by the “finger domains” of NRTN and D2
of GFRa2 (Table S1, Fig. 24, and Fig. S2). A comparison of both
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crystal structures, NRTN alone and NRTN-GFRa2, showed side-chain movements, and the overall Ca root mean square
that the overall structure of NRTN does not change upon bind-  deviation was less than 1 A. The complex structure further
ing to the receptor. The differences observed were limited to  shows that the three GFRa2 domains share a similar fold, con-
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Structure of the human full-length neurturin-GFRa2 complex

sisting of four helices. This is likely the result of gene duplica-
tion during evolution. D2 and D3 form a globular unit, and all
interactions with NRTN are mediated via GFRa2 D2, whereas
D1 is pointing away from the NRTN molecule and is not
involved in NRTN binding (Fig. 2). GFRa2 D3 is positioned
between D1 and D2 with extensive interactions to both (inter-
face areas, 800 and 1100 A2, respectively), whereas the interac-
tion between D1 and D2 is limited to a single hydrogen bond
(Fig. 2B). Interactions between D1 and the rest of GFRa2 are
mainly mediated via its fourth helix (residues 103—-110) and a
single strand (residues 121-128) close to its C terminus. At the
center of the D1/D3 interface is a conserved RSR motif (Arg-
265-Ser-266 —Arg-267, GFRa2 numbering). These three resi-
dues form five hydrogen bonds to residues in D1 (Fig. 2B). All
residues that make up the domain and protein interfaces are
listed in Table S1. The loop connecting D1 with D2 (residues
132-157) is not visible in the crystal structure. The N-terminal
sequencing of dissolved protein crystals confirmed that it was
proteolytically cleaved during crystal growth.

Domain 1 of GFRaz2 is not involved in NRTN binding

D1 of the GFRa family of receptors has been implicated to
have several functions, and until now, there has been no high-
resolution structural data available showing the position of D1.
The domain has been suggested to be important for the binding
to GFLs (37), even though most studies indicate that it is not
required for ligand binding (36, 38 —40). Previous studies have
also shown that D1 from GFRal modulates interactions with
transmembrane receptors (40) and that isolated D1 can bind
NCAM with affinities similar to full-length GFRal (41).

In the NRTN-GFRa2, 5 structure presented here, D1
points away from NRTN, which unambiguously shows that it is
not involved in NRTN binding. To further study the function of
D1, we expressed a truncated version of GFRa2 (GFRa2p, 5,
residues 147-362), consisting of domains 2 (D2) and 3 (D3) but
lacking domain 1 (D1) and the C-terminal linker bearing the
GPIanchor. The affinities between NRTN and GFRa2,, ,; and
GFRa2p,, ps, as determined using ITC, were 60 nm (pK, 7.1 =
0.1) and 220 nm (pK, 6.7 = 0.1), respectively (Fig. 3). Although
the affinities of NRTN are significantly different, they are of
similar magnitude. Furthermore, the affinity is actually slightly
weaker for the full-length receptor compared with the trun-
cated protein.

We further determined the crystal structure of NRTN in
complex with the truncated GFRa2p, s to 2.0 A. We com-
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Figure 3. Affinity between GFRa2 and NRTN determined by ITC. Shown
are ITC titrations of GFRa2p,_p5 or GFRa2p, p; to NRTN. Example data were
from triplicate measurements. Molar ratios are close to 1, showing that one
NRTN homodimer binds two GFRa2 molecules. The equilibrium dissociation
constants for GFRa2,_p; and GFRa2,_p; binding to NRTN are significantly
different but of similar magnitude. GFRa2, 5 has a worse affinity to NRTN
indicating that presence of D1 of GFRa2 does not improve its affinity to NRTN.

pared the crystal structures of the NRTN-GFRa2,, ,; and
NRTN-GFRa2y, p; complexes, and the overall topology of the
structures was similar, but there was a shift in angle between the
NRTN subunits that resulted in an r.m.s.d. for all Ca of 2.6 A
(Fig. S2B). This shift could be caused by crystal packing, based
on the observed intermolecular interactions in the structure,
but we cannot rule out that the shift is induced by the presence
of D1. The NRTN/GFRa2 interface is, however, unchanged.
Taken together, the structural and biophysical data shows that
D1 has no effect on either the binding affinity between NRTN
and GFRa2 or on the GFL-GFR interaction of the complex.

Comparison between interaction surfaces in GFRa1 and
GFRa2

We compared the NRTN-GFRa2 crystal structure and the
published homologous GFL-GFRa complex structures avail-
able (38, 39). As the structures of GFRa2p,, ; and GFRa2,
do not differ in the NRTN interaction surface, we assume that
we can compare our full-length structure to the truncated
receptor structures. The structural overlay showed that the
binding interface between GFRa2 and NRTN (Fig. 2C) shares
great similarities with that of GFRal and GDNF (39). In fact, all

Figure 2. Crystal structure of the NRTN-GFRa2,, ,; complex. A, crystal structure of the NRTN-GFRa2,_p; complex. The NRTN homodimer is colored by
subunit (orange, purple), and the two copies of GFRa2y,_p5 are colored by domain: D1 (yellow), D2 (green), and D3 (gray). The N and C termini are labeled. The
linker between Val-131 and Ser-158, connecting D1 and D2, is missing in the structure. B, detailed view of the boxed region in A highlighting some of the
interactions in the GFRa2 D1/D3 interface. GFRa2 is colored by domain, D1 (yellow), D2 (green), and D3 (gray). Residues that are strictly conserved between
GFRa1-3 are marked with an asterisk; these include Arg-265-Ser-266-Arg-267 that make up a conserved RSR motif. Glu-102 and Glu-124 are conserved
between GFRa2 and GFRal. Arg-97, Trp-110, Tyr-128, Arg-265, and Arg-267 are also strictly conserved in GFRa4 sequences in species that has retained D1.
Arg-267 forms hydrogen bonds to Glu-102 and Tyr-128 from D1 and has a stacking interaction with Arg-97. Arg-265 forms a hydrogen bond to Glu-124 and
stacks against the side chain of Trp-110 from D1. In addition, Trp-110 forms a hydrogen bond to Ser-266. Arg-259 is within hydrogen bonding distance to the
main chain of Glu-121. The only direct interaction observed between D1 and D2 is a hydrogen bond between Arg-97 and Asp-209. Distances equivalent to
hydrogen bonds (2.8-3.2 A) are shown as dashed lines. C, comparison between the GFRa2 and GFRa1 GFL-binding surfaces. The crystal structure of the
NRTN-GFRa2p,.; complex (NRTN is colored orange and purple; GFRa2 D2 is colored green, and D3 is colored gray) overlaid with the GDNF-GFRa1 crystal
structure (PDB code 2v5e, GDNF is colored yellow and GFRa1 is colored dark gray). The figure shows a section of the boxed region from A with 2v5e superim-
posed. The displayed section is representative of the entire interface. 17 of the 19 residues that interact directly with GDNF or NRTN are conserved between
GFRa1 and GFRa2 (GFRa2 Ser-183 corresponds to GFRa1 Thr-176 and Asn-186 corresponds to Thr-179, not shown in the figure). Only residues from D2 are
involved in NRTN/GDNF binding. Distances equivalent to hydrogen bonds (2.8-3.2 A) are shown as dashed lines.
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Figure 4. Conservedresidues between GFRa1-3 are mapped on the NRTN-GFRa2,,, ; crystal structure. Mapping of the conserved regions on the crystal
structure of NRTN-GFRa2y,_p5 shows that all domain interfaces are conserved as well as the NRTN-binding site on D2. In addition, there is an excess conserved
area on D1 (DT:E) that is not involved in interdomain interactions. GFRa2 is shown as surface with D1 (yellow), D2 (green), and D3 (gray). NRTN is shown in
cartoon (orange, purple). The conserved patches (dark blue) correspond to the NRTN/D2 (D2:NT), D2/D3, and D1/D3 interfaces. The excess unpaired conserved
region on D1 (D1:E) is available for interactions with RET and/or NCAM. A, same orientation is used in the three panels, whole receptor (top), D1 and D3 (middle),
and D3 only (bottom). B, rotated view compared A to view the receptor from the GFL (~90° rotation around x and y axes). The same orientation is used in the
three panels, the whole receptor (top), D1 and D3 (middle), and D1 only (bottom).

GFRa2 residues that are directly involved in NRTN binding are
conserved in position and sequence between GFRal and GFRa2
(Fig. 2C and Table S1), with the exception of a serine to threo-
nine replacement (Ser-183 corresponds to Thr-176 in GFRal)
and an asparagine to threonine (Asn-186 corresponds to Thr-
179 in GFRal). The sequence difference in the interaction sur-
face, and potential second layer effects, could account for the
selectivity between the receptors. However, the high degree of
conservation between the two receptor proteins in this area also
suggests that selectivity might be controlled by other factors
such as tissue distribution of receptors or molecular compo-
nents that drive localization on the cell surface.

Interaction surfaces in GFRa are evolutionary conserved

To better understand the role and importance of GFRa2 D1,
we aligned a diverse set of GFRal-3 sequences from several
species with sequence identity ranging from 33 to 99%. The
residues that were strictly conserved were mapped onto the
crystal structure. From this analysis, three highly conserved
regions of GFRas emerged: the GFL-binding site, the D2/D3
interface, and the D1/D3 interface (Fig. 4 and Fig. S3). The high
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degree of conservation in the D1/D3 and D2/D3 interfaces
highlights the biological importance of all three domains in the
GFRal-3 receptors. We further observed that the conserved
patch on D1 was slightly larger than the interacting region in
D3, resulting in an excess unpaired area of conserved residues
(DI:E Fig. 4, Table S1). At present, the precise function of these
conserved residues is unknown, but as conservation often
aligns to functional importance, it is tempting to speculate that
they may be involved in binding to RET or NCAM. The perse-
phin-specific GFRa4 was excluded from this alignment because
this receptor in humans is lacking D1 (42), and instead, we
performed a separate alignment of GFRa4 sequences. Interest-
ingly, the alignment clearly shows that the surface area in D3
that is interacting with D1 in GFRal-3 is not preserved in
human GFRa4, which is consistent with the lack of D1. A pre-
viously reported bioinformatics analysis suggests that D1 of
GFRa4 in most mammals has been lost recently (43), and our
sequence alignments show that the GFRa4s that still contain D1
(from birds, fish, amphibians, and reptiles) are more similar to
GFRal-3 in these interaction points than to human GFRa4
(Fig. S3B).
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Figure 5. Affinity between NRTN and GFRa2y, 5 at high- and low-surface density of GFRa2. SPR experimental traces (red) of NRTN injected over
GFRa2,, 5 immobilized at low-surface density (A, 90 response units (RU) immobilized protein) or high-surface density (B, 420 RU immobilized protein) . Black
lines represent the fit of a model composed of two separate equilibria resulting in two apparent K, values and two apparent maximum responses (R,,,,)- This
model is a simplification of which binding events actually occur on the sensor chip (see under “Discussion”), but this roughly corresponds to a weaker affinity
of NRTN binding monovalency (C) and a stronger affinity for NRTN binding bivalency (D) to immobilized GFRa2. The model also provides an estimation of the
contribution of the two interactions to the overall binding signal by calculating a ratio (ratio = R.,,,, 1 Of Riay o/( Rimax, 1 T Rmax 2)) for each surface density. The
ratio suggests that the contribution of the high-affinity interaction to the overall binding signal is larger at higher surface densities. This is in line with bivalent
binding avidity as the ability to form bivalent complexes increases when the GFRa2 density is higher. Average and standard deviations were obtained from

duplicate measurements.

Surface density of GFRa2 affects functional affinity to NRTN

We also used surface plasmon resonance (SPR) to determine
the affinity between GFRa2 and NRTN. When NRTN was
immobilized to the surface, the binding of GFRa2 could be
described with a simple 1:1 interaction model, and the affinities
obtained were very close to those observed in ITC (Fig. S4).
However, when GFRa2,, ,; was immobilized, NRTN binding
was more complex. A model composed of two parallel equilib-
ria was used and resulted in two affinities: a weaker binding of
around 200 nM, very similar to the K, value obtained both in our
ITC measurements and the reversed SPR setup, and a second,
up to 100-fold higher affinity (Fig. 5). The contribution of the
tighter interaction to the overall binding signal was also
increased at higher surface concentrations of GFRa2. We
hypothesize that this is an example of polyvalent avidity (44,
45). When NRTN binds to two GFRa2 molecules, the apparent
affinity and the residence time increases compared with the
monovalent interaction (Fig. 5). This avidity effect, or func-
tional affinity, could explain some of the variation in affinity
reported in the literature as the relative strength of the GFL—
GFRa interaction will depend on the differences in receptor
density on the cell surface (46, 47).

NRTN and GFRa2 bind heparan sulfate

The NRTN-GFRa2y, 5 complex was crystallized in the
presence of ammonium sulfate, and in the crystal structure
three clearly defined sulfate ions were observed in the positively

SASBMB

charged cleft of NRTN (Fig. 6 and Fig. S2). The ions were coor-
dinated by hydrogen bonds to the side chains of Arg-149, Arg-
158, Arg-160, and Gln-162. In the sulfate-free NRTN struc-
tures, the same protein side chains were either disordered and
not visible in the electron density, which indicates flexibility, or
they interacted with symmetry-related molecules in the crystal
(crystallization artifact). NRTN has been shown to bind heparin
and the related molecule HS (22, 25), and the rearrangement of
the protein side chains and the distance between the sulfate
ions suggested that this was a binding site that could bind a
sulfated molecule like HS. To confirm this, we constructed
mutant NRTN variants that were tested for binding to heparin-
Sepharose. Two triple mutants, R158A/R160A/Q162A and
R149A/R152A/R158A, showed a clear loss of binding to hepa-
rin-Sepharose, whereas substitution of groups of arginines in
other areas on the NRTN surface had no effect (Fig. 6 and Table
S2) indicating that binding is not driven by unspecific electro-
static interactions. These results support that this is indeed a
specific HS-binding site in NRTN and that the affinity for HS is
dependent on specific amino acid residues and can be modified
by mutagenesis. Specific binding between NRTN and heparin
could also be verified by NMR (Fig. S5).

Interestingly, the NMR experiments also revealed that hepa-
rin and heparin analogues bind specifically to GFRa2p,;_p; in
the absence of NRTN, indicating the presence of an HS-binding
site in GFRa2 as well (Fig. S5). Even though there is no direct
evidence for the position of this HS site, electrostatic represen-
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Figure 6. NRTN mutants and heparin binding. A, three sulfate ions (sticks) are bound in the NRTN charged cleft and are coordinated by side chains from both
subunits (orange and purple, respectively). The initial FF. difference density map is contoured at 3.0 o (green). Hydrogen bonds to the protein are marked with
dashed lines. B, binding of wildtype and mutant NRTN to heparin. lonic strength in relation to the isoelectric point (conductivity/pl) is required for different
variants of NRTN to be eluted from a heparin column. Removal of positively charged amino acid residues, even in the strongly basic area in the vicinity of the
sulfate ions, only changed the affinity to a heparin-Sepharose matrix proportionally to the lost surface charge. For the mutations affecting the sulfate-
coordinating residues, the heparin affinity is unproportionally lower, indicating that these residues are important for a specific heparin interaction. C, surface
representation of NRTN from the crystal structure of the NRTN-GFRa2,_55-SO, complex. The three sulfate ions in the charged cleft are shown as spheres. The
electrostatic surface charge (top) is calculated in PyMOL with default settings. Residues that are replaced by alanines in the mutant NRTN variants are
highlighted: R158A/R160A/Q162A (blue), R149A/R152A/R158A (cyan), R97A/R101A/R155A/R156A (magenta), and R101A/R139A/R191A (green), respectively.

tation of the NRTN-GFRa2,, ,; crystal structure revealed a
positively charged patch on GFRa2 in the cleft between D2 and
D1. Superposition with the published structure of GDNF-
GFRalp, p; in complex with sucrose octasulfate, a heparin
analogue (39), showed that the binding site of the heparin ana-
logue in GFRal overlapped with this cleft in GFRa2 (Figs. S5
and S6). The sucrose octasulfate coordinating residues from D2
are largely conserved in position and sequence between GFRal
and GFRa2 D2. In addition, the positively charged residues in
D1 that make up the patch are partly conserved in sequence in
GFRal (Fig. S3, A and B). We speculate that the charged patch
on GFRa2 may represent a binding site for HS, where charged
residues from both D1 and D2 contribute to binding.

NRTN mutants with impaired HS binding have retained cell-
signaling capacity

To address the effect of impaired HS binding on the biolog-
ical activity of NRTN, the activation of mitogen-activated pro-

5498 J. Biol. Chem. (2018) 293(15) 5492-5508

Table 1

EC,, values of NRTN mutants and wildtype

The EC,, value represents the protein concentration required to obtain the half-
maximal downstream signaling effect in TGW cells. The EC,, is essentially
unchanged (2-fold or less) between wildtype NRTN and the two mutants with
impaired HS binding. In contrast, the E123A/Y183A double mutant has less than
20% activity of wildtype NRTN even at the highest tested concentration (10,000
ng/ml). Glu-123 and Tyr-183 are part of the NT/GFRa2 interface and contribute key
interactions to GFRa2. ND means not detected.

Mutant EC,,
ng/ml
Wildtype 5.6
Arg-149/Arg-152/Arg-158 2.3
Arg-158/Arg-160/Gln-162 4.2
E123A/Y183A ND

tein kinase (MAPK) signaling through RET kinase was mea-
sured in a human neuroblastoma cell line modified to contain a
luciferase encoding gene under the control of repetitive serum-
response elements (48). Signaling through RET kinase requires
an intact interaction with GFRa2, and the EC;, values of wild-
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Table 2

Pharmacokinetic properties of human NRTN analogues: NRTN mutant
(R149A/R152A/R158A) versus NRTN wildtype (WT)

The results are based on PK data from two individual rats for i.v. administration and
three individual rats for s.c. administration. C,, indicates maximal concentration;
AUC indicates area under the curve; V_ indicates volume of central compartment;
V., indicates volume of tissue compartment; F indicates bioavailability; CL indicates
systemic plasma clearance; Cld indicates inter-compartment constant, £, indicates
terminal half-life.

NRTN NRTN NRTN NRTN
PK parameter =~ mutant (i.v.) WT (i.v.) mutant(s.c.) WT (s.c.)
Cpox (pg/liter)  1.3-10* 8210 89 2
AUC (pgh/liter)  4.9-10° 6.2:102 1.510° 2.2:10?
V. (liter/kg) 0.07 5.5
V, (liter/kg) 0.12 4.3
F (%) 31 35
CL (liter/h/kg) 0.20 1.6
Cld (liter/h/kg) 0.009 0.31
t1; (hours) 7.6 4.9 13 28

type NRTN compared with mutant variants required to initiate
RET signaling are listed in Table 1. The signaling capacity is
essentially unchanged (2-fold or less) between wildtype NRTN
and the two mutants with impaired HS binding (R158A/
R160A/Q162A and R149A/R152A/R158A). This suggests that
the reduction in the HS binding of NRTN does not affect the
binding to GFRa2 and the subsequent RET activation in vitro.
In contrast, mutation of key residues located in the NRTN-
GFRa2 interface, i.e. Glu-123 and Tyr-183, completely abol-
ished MAPK signaling through RET. Glu-123 and Tyr-183 are
part of the NRTN-GFRa2 interface and contribute to a net-
work of hydrogen bonds to GFRa2. The E123A/Y183A double
mutant has no detectable activity in the assay.

In conclusion, reduction in the affinity to heparin does not
reduce the capacity of NRTN to initiate signaling via GFRa2/
RET in vitro. If anything, there seems to be a slight increase in
the activity of the NRTN mutants with reduced affinity to
heparin.

NRTN mutants with impaired HS binding have increased
exposure in rats

To assess whether the reduction in HS binding translated to
exposure of NRTN in vivo, we performed an experiment to
compare the PK properties of one of the NRTN mutants with
impaired HS binding (R149A/R152A/R158A) with those of
wildtype NRTN in rat. The concentration versus time profiles
of wildtype NRTN and the NRTN mutant, respectively, were
analyzed in plasma from two rats after intravenous (i.v.) admin-
istration and in three rats after subcutaneous (s.c.) administra-
tion (Fig. S7). Improved PK properties in healthy rats were
demonstrated for the NRTN mutant with reduced HS binding
compared with native NRTN (Table 2). Higher exposure, in
terms of maximum concentration (C,,,,) and area under the
curve (AUC), was demonstrated for this NRTN mutant, with a
15-fold increase of AUC after i.v. administration and a 7-fold
increase of AUC after s.c. administration (Table 2). In addition,
the PK properties showed a significant improvement in reduc-
tion of volume of distribution and clearance, with minor
changes in the terminal half-life. These results show that a
mutant NRTN protein with impaired HS binding has increased
bioavailability and could therefore potentially be used at lower
doses than wildtype NRTN in vivo and still reach sufficient
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exposure, maintaining plasma levels over EC, for a prolonged
period of time.

Discussion
Role of GFRa2 D1 in receptor complex formation

The role of domain 1 of several GFRa co-receptors has
remained elusive. Although one study has suggested D1 to play
a role in GFL binding (37), most studies implied that D1 was
dispensable for GFL binding (Wang et al. (38); GDNF-GFRal,
Goodman et al. (36); GDNF and NRTN, Scott and Ibanez (40)).
D1 has further been shown to interact with the transmembrane
receptors RET (36,49) and NCAM (41), although, at least in the
case for GDNF-GFRal-RET, this has also been the subject of
debate (37). Furthermore, human GFRa4 and some isoforms of
GFRa2 lack D1 but are still able to signal through RET (Airak-
sinen et al. (9); Scott and Ibanez (40, 43)). Last, but not least,
GFRal D1 has been described to interact with heparan sulfates
(39).

Based on the results presented in this paper, we conclude that
D1 of GFRa2 does not play a role in the binding of NRTN. We
base this on the following facts: (¢) D1 points away from NRTN
in the NRTN-GFRa2,; 3 structure; (b) there is only a small
difference in affinity when NRTN binds to GFRa2, 3 or
GFRa2p,, 5. Instead, our crystal structure and bioinformatics
analyses strengthen the evidence that D1 plays an important
role in the interaction with signal-transducing receptors, as has
previously been shown for NCAM (41) and RET (36). This is
further supported by the fact that the location of D1 in our
NRTN-GFRa2,; 5 crystal structure is similar to the place-
ment of D1 in a GDNF-GFRal-RET low resolution electron
microscopy (EM) model, where D1 is placed close to the cad-
herin-like domains 1 and 2 (CLD1-2) of RET (36).

Our data show that there is a high degree of sequence con-
servation in the D1/D3 and D2/D3 domain interfaces, with the
exception of mammalian GFRa4 that is lacking D1. In GFRa4,
D3 residues corresponding to the D1/D3 interface in GFRal-3
are not conserved, as exemplified by the loss of the Arg-265—
Ser-266 —Arg-267 motif on the surface of D3. The importance
of these residues has been reported previously from experi-
ments on a GFRal R257A/R259A mutant (R265A/R267A in
GFRa2 numbering) showing that only 30% of the GDNF-stim-
ulated RET phosphorylation was retained (39). The crystal
structure has now shown that this motif has a central position
in the D1/D3 interface, forming five hydrogen bonds to resi-
dues in D1 (Fig. 2B), and the disruption of these interactions by
mutation likely results in dissociation of D1 from the rest of the
GFRa receptor, given that D1 and D2 are only loosely con-
nected via a flexible loop. Taken together, this implies that even
though GFRa receptors lacking D1, or where the D1/D3 inter-
face is disrupted, are still able to signal through RET, they do so
with reduced efficiency. Furthermore, human GFRa4 is lacking
D1, and sequence alignment shows a large insert in the region
corresponding to the D1/D3 interface. It is tempting to specu-
late that this insert is providing an alternative RET binding in
the absence of D1.

From mapping conserved residues onto the crystal structure,
we observed that the highly conserved patch on the D1 surface
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was slightly larger than the corresponding region in D3, result-
ing in an excess unpaired area of conserved residues (D1:E, Fig.
4, Table S1). Because this is the only strictly conserved area that
is not accounted for by domain interfaces or the GFL-binding
site, it is tempting to speculate that this area on D1 plays a role
in receptor complex formation, possibly via direct binding to
the receptors RET or NCAM. However, for this to be compat-
ible with the published GDNF-GFRal-RET EM model (36), a
conformational change in GFRa2 that alters the orientation of
D1 would be required. This is not unlikely, as flexibility of the
D1 position relative to the rest of the molecule has been sug-
gested on the basis of the long linker between D1 and D2 (40), a
linker that has been observed to be spontaneously cleaved by us
(residues 132-157) and others (38). The atomic resolution
structure of the multimeric NRTN-GFRa2-RET complex
would be needed to elucidate the exact location of D1.

Receptor selectivity

Each GFL is reported to signal through a specific receptor.
Comparison of GFL-GFRa interaction surfaces showed that
the residues involved in GFL binding are conserved, especially
between GFRal and GFRa2. 89% of the residues on GFRal and
GFRa2 that interact with GDNF and NRTN, respectively, are
identical both in sequence and position, even though the overall
identity for mature NRTN and GDNF is around 44%. The over-
all topology in the interface is also very similar. Hence, it is not
clear from the crystal structures what would introduce selectiv-
ity. The similarities may explain the reported cross-reactivity
between the different GFLs and GFRa receptors (11, 12), but it
also suggests that GFL—-GFRa selectivity can most likely not be
mediated through these interaction surfaces alone, but addi-
tional factors are required.

GFRa2 surface density impacts the functional affinity of NRTN

The affinities between GFLs and GFRa co-receptors have
been reported in the literature with values ranging from 200 nm
to 60 pM (46, 47). Some variability can be attributed to the use of
different GFL-GFRa pairs and differences in the assays used
but also the presence/absence of RET or NCAM.

Our SPR experiments show that the relative surface concen-
tration of monomeric GFRa2 will affect the functional affinity
of its interaction with NRTN, most likely due to bivalent bind-
ing of one NRTN dimer to two immobilized GFRa2 monomers.
The binding model used for the SPR data analysis, composed of
two parallel equilibria, is a simplification of what actually takes
place on the sensor chip. The spatial distance between GFRa2
monomers will result in a distribution of different affinities
from the lowest monovalent affinity to the highest bivalent
interaction with an ideal distance between the monomers.
Affinities between these two extremes will correspond to biva-
lent binding with non-ideal distance between the GFRa2 mono-
mers, resulting in various degrees of strain in GRFa2 or the chip
dextran matrix in order for the complex to form. This strain
would be extracting a thermodynamic penalty to the binding
that will translate to affinities higher than the monovalent
interaction but lower than the ideal bivalent interaction (45). As
a consequence, the two affinities obtained from SPR corre-
sponds approximately to the two most populated states of the
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interaction and should be considered to be apparent. This is the
reason why one affinity increases while the other affinity is not
affected as much with the higher surface density. The relative
contribution of the high-affinity interaction to the overall bind-
ing signal also increases with the GFRa2 surface density, exem-
plified by the change in binding ratio (Fig. 5). In our hands, the
bivalent binding of NRTN to two GFRa2 receptor molecules
resulted in over a hundredfold increase in apparent affinity.
This indicates that variations over at least 2 orders of magni-
tude in NRTN-GFRa2 affinities, and probably other GFL-
GFRa pairs as well, is possibly simply due to GFRa2 receptor
density on a surface. Interestingly, this higher affinity is similar
to what has been observed in other SPR experiments when the
crystallizable fragment (Fc)-fused GFRa2 was used to detect
binding to immobilized NRTN (11). Because the Fc domains
will dimerize, each of these dimers will present two GFRa
receptors in close proximity, mimicking a bivalent high-affinity
binding site for the corresponding GFL. Protein immobilized
on a sensor chip has restricted lateral mobility and is not the
same as protein in a cell membrane; hence, it cannot directly be
used to understand cell data. A low receptor density in combi-
nation with free 2D diffusion of the receptor will greatly reduce
the likelihood of bivalent binding compared with high density
and restricted mobility (44). However, from our data it is clear
that a high-affinity complex can be formed between NRTN and
GFRa2 in the absence of RET or NCAM. In a previous study, the
mechanism of ARTN signaling through GFRa3 was proposed
to occur through the formation of the GFL-GFRa monovalent
complex, followed by binding to one RET molecule followed by
binding to the second GFRa monomer, and finally binding to
the second RET molecule (46). Data presented here indicate
that an alternative mechanism could be the formation of the
bivalent GFL-GFRa complex first followed by binding to the
RET molecules. Which mechanism that is preferred will
depend on the overall surface density of GFRa and RET. How-
ever, this does imply that cells can alter their responsiveness to
GFLs by changing not only the expression levels of the recep-
tors but also the local concentration on the cell surface by par-
titioning into lipid rafts (1, 27, 50, 51) or by interaction with
heparan-sulfated proteoglycans, like syndecan-3 (25, 52).

Role of HS binding in receptor complex formation

The electrostatic representation of the NRTN crystal struc-
turerevealedapositively charged cleftbetweenthe NRTN mono-
mers. We propose that this is a specific HS-binding site, as
defined by the bound sulfate ions in the crystal structure and
further validated through site-directed mutagenesis of key res-
idues in NRTN. We also suggest that GFRa2 bears an HS-bind-
ing site, including residues from D1 and D2. This implies that
D1 could play an indirect role in facilitating receptor complex
formation by forming a complete HS-binding site in GFRa2.

The role of HS in the GFL:—~GFRa—RET pathway is not well-
understood, and there is conflicting literature on what effect
the addition of HS has on signaling (52, 53). GDNF has a pre-
dicted HS-binding site in its N terminus (22), and ARTN dis-
plays a charged trench (24, 38) similar to NRTN (Fig. S1). We
report that GFRa2 binds HS and also that NCAM has been
shown previously to contain an HS-binding site (54). In the
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published crystal structure of the CLD1-2 of RET (55), the
domains dimerize and form a positively charged cleft with four
sulfate ions bound in a linear manner, closely resembling the
HS-binding site seen in the NRTN-GFRa2y,, 5 structure (Fig.
6 and Fig. S2). However, in the EM model of GDNF-GFRal—-
RET (36), the CLD1-2 domains of RET are not dimerized, and
hence the putative HS-binding site is not observed, suggesting a
possible receptor rearrangement.

The fact that all components of the GFL-GFRa-RET/
NCAM complexes bind HS suggest that the interaction
between heparan-sulfated proteoglycans and NRTN and
GFRa2 could be described as a variant of the HS interaction
models summarized by Schlessinger et al. (56) for fibroblast
growth factor (FGF) and the FGF receptor. The HS site on
NRTN will lead to a tethering of NRTN to the cell membrane,
which results in an increased concentration of NRTN close to
the membrane-bound receptors GFRa2, RET, and NCAM.

There is also increased support for the requirement of clus-
tering of several of the formed signaling complexes in lipid rafts
to elicit a full biological effect (57, 58). It has been shown that
this could be circumvented by artificial antibody-mediated
clustering outside lipid rafts (59). Because no direct interac-
tions between signaling complexes have been reported, a role
for proteoglycans carrying several HS chains in clustering
within lipid rafts is suggested. A requirement of formation of
clusters of signaling complexes would explain reports where
variants of the GDNF family of proteins with reduced affinity
for HS induce RET phosphorylation in vitro but do not translate
into more complex biological model systems as this would
require a local enrichment of several GFL-GFRa—RET com-
plexes (60).

HS binding and in vivo effects

The strong interaction of both GDNF and NRTN with hep-
arin has been postulated to be the major reason for the low
exposure in tissue of patients in clinical studies for treatment of
Parkinson’s disease with these proteins (30, 31). Co-adminis-
tration of NRTN with heparin significantly increased its vol-
ume of distribution in animal models (61). This effect is likely
caused by binding of the added heparin to the HS-binding site
on NRTN, effectively competing with HS on cell surfaces and in
the ECM. The same has been reported for ARTN and GDNF
(61). Runeberg-Roos et al. (62) recently demonstrated
improved diffusion in brain tissue from rat and monkey with an
NRTN variant where they replaced the helix bearing residues
Arg-146-Glu-157 with ARLQGQGALVGS derived partly
from the sequence of persephin. Our results provide detailed
molecular understanding of the HS-binding site that has
enabled us to rationally design point-mutated NRTN variants,
which should reduce the risk of structural perturbations or
immunogenicity when used in vivo. These data suggest that
NRTN variants with reduced affinity for HS could enable
higher exposure upon injection or transgenic expression in tar-
get tissue (63). We have shown that point mutations in the
HS-binding site of NRTN can modify the affinity for HS, and we
have confirmed that this translates to increased exposure and
improved PK profile in vivo after both i.v. and s.c. administra-
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tion. Furthermore, we show that these mutants have retained
signaling capabilities in vitro.

Therefore, our data show that altering the HS-binding site of
NRTN may provide an alternative solution to increasing the
exposure of NRTN in target tissue. However, HS binding has
been shown to be important for function (57, 58). Piltonen et al.
(60) showed that an HS-deficient mutant of the homologous
GDNF, despite having increased MAPK signaling in vitro, had
less effect than wildtype GDNF in a four-site striatal lesion rat
model mimicking Parkinson’s disease symptoms. In addition,
Gash et al. (64) showed that there was significant correlation
between distribution of GDNF in brain tissue and functional
improvement in a non-human primate Parkinson’s model.

Our data show that altering the HS-binding site of NRTN
provides a route to increase the NRTN exposure in target tis-
sue, but whether the increased distribution of mutant NRTN
with reduced HS binding retains a full cell protective effect in
vivo remains to be seen.

Mechanism of signaling complex formation

Taken together, a possible mechanism of signaling complex
formation emerges. The NRTN concentration required to form
a stable complex depends on the relative concentration of
NRTN and GFRa2 close to the cell surface. HS binding could
facilitate this by interacting with both NRTN and GFRa2 to
localize the proteins close together on the membrane (Fig. 74).
The bivalent NRTN-GFRa2 complex then forms a signaling
complex with RET/NCAM, which is possibly stabilized
through additional interactions mediated via D1 of GFRa2.
Alternatively, or in addition, the interaction with proteoglycans
with multiple HS chains induces clustering of formed signaling
complexes in lipid rafts to trigger a specific signaling cascade
(Fig. 7B). All in all, these different interactions could be a major
driver for assembly and stability of the signaling complex as well
as guiding the selectivity between GFL/GFRa pairs. This has
implications for our understanding of the system, but it also
provides different routes for agonism or antagonism of GFL
signaling in a drug discovery context.

Experimental procedures
Protein expression and purification of neurturin

The genes encoding native and variants of mature human
NRTN (Ala-96 —Val-197, Q99748) preceded by a His,—Asn tag
and a recognition site (ENLYFQ) for tobacco etch virus prote-
ase was produced by gene synthesis (Geneart, Germany) and
cloned into pET24a via Ndel and HindIII. The same procedures
for expression and purification were followed both for the
native and the mutated NRTN. Protein expression was per-
formed in BL21 (DE3) Star via autoinduction at 37 °C for 16 h.
The resulting inclusion bodies were dissolved in 50 mm Tris-
HCl, pH 8.0, 100 mm NaPO,, 8 M urea, and 10 mm tris(2-car-
boxyethyl)phosphine at room temperature for 3 h. The dis-
solved protein was refolded by rapid dilution into 50 mm
Tris-HCI, pH 8.2, 3 M urea, 75 mm NaPO,, 300 mm NaCl, 20 mm
glycine, 4 mum cysteine, and 15% (w/v) glycerol at a final protein
concentration of 0.25 mg/ml. After 48 h, the precipitated mate-
rial was removed by filtration, and NRTN was purified over
nickel-Sepharose (GE Healthcare) equilibrated in 50 mm Tris-
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Figure 7. Models for NRTN-mediated signaling complexes and role of HS. A, NRTN (orange) binds to proteoglycans bearing unbranched HS chains (gray)
on the cell surface, enriching the local concentration. The complete signaling complex is then formed between NRTN, membrane-anchored GFRa2 (blue), and
the transmembrane receptor RET (green), leading to dimerization and phosphorylation of the intracellular kinase domain of RET and downstream signaling. B,
clustering of complexes is required for cell signaling. NRTN (orange), GFRa2 (blue), and RET (green). NRTN binds to GFRa2 molecules that are anchored in lipid rafts in the
membrane, with the aid of proteoglycans bearing unbranched HS chains. RET is recruited into the lipid rafts when binding to the NRTN-GFRa2 complex.

HCl, pH 8.2, 300 mMm NaCl, 75 mm NaPO,, and 15% (w/v) glyc-
erol (IMAC buffer). The column was washed with 100 mm im-
idazole in IMAC buffer and eluted with 500 mm imidazole in
IMAC buffer. The His,—Asn tag was enzymatically removed by
treatment with tobacco etch virus protease at 21 °C for 16 h. As
a final purification step, NRTN was purified on heparin-Sep-
harose FF (GE Healthcare) equilibrated in 50 mm NaPO,, 100
mwm NaCl, and 15% (w/v) glycerol. The protein was eluted with
a linear gradient to 2 M NaCl over 15 column volumes, and
dimeric NRTN eluted at ~1 m NaCl. For buffer exchange into
formulations used for crystallization and characterization, the
protein solution was extensively dialyzed against the buffers
described in the respective application below. Mutant and
native NRTN showed similar expression and stability. The abil-
ity of the purified NRTN variants to activate MAPK signaling
through RET was measured as described earlier (48).

Measuring neurturin affinity to heparin-Sepharose

To compare the different NRTN variants affinity to heparin-
Sepharose, 1 ml of heparin-Sepharose FF (GE Healthcare) was
packed into a Tricorn 5/50 column (GE Healthcare). The resin
was equilibrated with 50 mm NaPO,, 100 mm NaCl, and 15%
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(w/v) glycerol before different NRTN variants (~100 ug) were
loaded onto the column. The protein was eluted with a linear
gradient to 2 M NaCl over 20 column volumes. The conductivity
(millisiemens/cm) at maximum peak height was recorded.

Protein expression and purification of GFRa2

Both genes encoding full-length (Ser-22—Ser-441) and trun-
cated (Gly-147-Asn-362) human GFRa2 (O00451) were pro-
duced through gene synthesis (Geneart, Germany) with a His,
tag on the C terminus and cloned via Sacll/Nhel into
pDEST12.20riP (65). Both proteins were expressed in Chinese
hamster ovary (CHO) cells after transient transfection essen-
tially as described (66). In short, CHO cells were seeded at 0.5e6
cells the day before transfection in CD-CHO (Invitrogen)
media. On the day of transfection, 0.5 ug of plasmid DNA and 7
pg of polyethyleneimine “Max” (Polysciences, Inc.) was added
per ml of cell culture. The cell cultures were fed after 24 h. A
hypothermic shift to 30 °C was performed after 3 days, and the
cultures were harvested when the viability dropped below 85%
as measured by trypan blue exclusion. Both proteins were puri-
fied directly from the cell culture media on nickel-Sepharose
(GE Healthcare) equilibrated in 20 mm HEPES, pH 7.0, 20 mm
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imidazole, and 500 mm NaCl. The GFRa2 protein was eluted by
step elution (500 mm imidazole). After concentration by ultra-
filtration of the fractions containing GFRa2, the proteins were
further polished by gel filtration on Superdex 200 (GE Health-
care) equilibrated with 25 mm HEPES, pH 7.0, 300 mm NaCl, 5%
(w/v) glycerol.

The complexes between NRTN and GFRa2 were formed by
mixing and incubating the proteins for 16 h at 4 °C before per-
forming gel filtration on the mixture over a Superdex 200 (50
mm HEPES, pH 7.5, 300 mm NaCl, and 10% glycerol) to separate
monomeric proteins from the NRTN-GFRa2 complexes.

Activity assessment of neurturin mutants

Experiments utilize the human neuroblastoma cell line,
TGW (TGW-SRE-Luc, clone 42, JCRB0618, originally from the
Japanese Collection of Research Bioresources), stably express-
ing a reporter gene construct containing a luciferase gene under
the control of repetitive serum-response elements as described
earlier (34). The assay is carried out in collagen I-coated 96-well
plates (BD Biosciences Labware) using Neolite High Sensitivity
Luminescence Reporter Gene Assay System (PerkinElmer Life
Sciences). One day before stimulation with NRTN mutants,
cells were detached using 0.05% trypsin/EDTA, seeded at
40,000 cells/well (in 90 ul of media) on collagen I-coated
96-well plates (BD Biosciences Labware), and allowed to attach
overnight in an incubator at 37 °C and 5% CO,. NRTN mutants
were serially diluted in media consisting of Dulbecco’s modified
Eagle’s medium/F-12 and 1% penicillin/streptomycin and 10 ul
of each resulting diluted concentration was added per well. All
doses were run in duplicate, and the stimulation period lasted
for 5 h at 37 °C and 5% CO.,.

Assay was performed according to the manufacturer’s pro-
tocol with slight modifications. Briefly, components of the Neo-
lite reporter kit were equilibrated to room temperature prior to
use. Neolite-lyophilized substrate was dissolved in the kit’s
Reconstitution Buffer followed by addition of an equal volume
of DPBS buffer (Life Technologies, Inc.). Upon completion of
the stimulation period, medium was removed from the cells,
and 200 ul of Neolite substrate mixture was add to each well of
the 96-well plate. Plates were then covered with aluminum foil
and were gently shaken for 5-10 min at room temperature
before the plates were read using EnVision plate reader operat-
ing in luminescence mode.

Nuclear magnetic resonance (NMR) measurements

NMR experiments were performed on a Bruker 600 MHz
spectrometer equipped with a cryoprobe. The pulse sequence
for measuring binding was a 200-ms Carr-Purcell-Meiboom-
Gill (CPMG@) pulse train with 1 ms between the m-pulses, exci-
tation sculpting for water suppression, and an inter-scan delay
of 3 s. The total time for each experiment was 5.5 min. Binding
was monitored by adding 4 uM NRTN or 4 uMm NRTN in com-
plex with GFRa2p, p; to 100 uM sucrose octasulfate (Sigma)
and displacing the sucrose octasulfate by addition of 17 um
heparin I-A (porcine mucosa, Sigma, estimated monomeric
concentration). The buffer was 50 mm deuterated Tris (d,;,
98%), pH 7.6, and 10% D,0O at 20 °C.
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ITC measurements

ITC experiments were conducted on a MicroCal Auto ITC-
200 system (GE Healthcare) at 25 °C in a buffer containing 50
mM MOPS, pH 7.2, 200 mm MgSO,, and 10 mm CaCl,. Com-
plete titration of 20 um NRTN (monomer concentration) was
achieved by injecting 14+2 ul 200 um GFRa2,; 5 and 381 ul
GFRa2,, 3, respectively. The stoichiometry (molar ratio) and
the equilibrium association constant (K,) were obtained using a
single-site binding model and non-linear regression (MicroCal
Origin version 7.0). The affinities (K;) were calculated accord-
ing to 1/K, = K ;. The affinity for NRTN was slightly higher for
the truncated receptor (GFRa2p, ;) than for the full-length
receptor (GFRa2,, ps), and even though this is a very small
difference, it might be a true effect caused by reduced motility
in solution.

Surface plasmon resonance (SPR) measurements

SPR experiments were conducted on a Biacore T200 instru-
ment (GE Healthcare) using CMD 5001 sensor chips (Xantec
Bioanalytics GmbH) at 20 °C. GFRa2 or NRTN was immobi-
lized using amine coupling (Biacore Handbook, GE Healthcare)
with PBS as a continuous flow buffer. Briefly, the sensor sur-
faces were conditioned using 0.1 M sodium borate, 1 m NaCl, pH
9.0, before activation by injecting a mix of 1-ethyl-3-[3-(di-
methylamino)propyl]carbodiimide hydrochloride and N-hy-
droxysuccinimide for 10 min. Approximately 1 um GFRa2 or
NRTN in 10 mMm sodium acetate, pH 5.0, were injected sepa-
rately over activated surfaces and immobilized to different lev-
els. Any reactive groups still present were deactivated by inject-
ing 1 M ethanolamine, pH 8.5, for 10 min. Surfaces subjected
only to activation and deactivation were also made to be used as
reference surfaces.

The interaction analyses of NRTN injected over immobilized
GFRa2p,; p; and GFRa2p, p; were conducted using 50 mm
MOPS, pH 7.2, 200 mm MgSO,, and 10 mm CaCl, as running
buffer at 20 °C. NRTN was diluted in running buffer to 40, 160,
625, 2500, and 10,000 nMm (monomer concentrations), injected
in quick succession for 60 s over immobilized GFRa2 and ref-
erence surfaces along with blank samples followed by 1200 -
3600 s of dissociation.

The resulting sensorgrams were reference-subtracted and
blank-subtracted. A model comprising two parallel binding
events (“Heterogeneous Ligand” in the Biacore T200 software)
was fitted to the data. The model resulted in two dissociation
constants (K; ; and K, ,) as well as the maximum binding sig-
nal from each interaction (maximum response R, ; and
R.x.»)- The contributions from the two different binding
events to the overall binding signal, the ratio, was calculated
from Ry 1/(Rimax, 1 T Rinax, 2) a0d R 5(Rinax, 1 T Riax, 2)s
respectively. No bulk refractive index (RI) compensation was
used in the data fitting procedures.

The interaction analyses of GFRa2,, 5 injected over immo-
bilized NRTN were conducted using PBS as running buffer at
20 °C. GFRa2 was diluted in running buffer to 40, 160, 625,
2500, and 10,000 nu, injected in quick succession for 60 s over
immobilized NRTN and reference surfaces along with blank
samples followed by 1200 s of dissociation. The resulting sen-
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sorgrams were reference-subtracted and blank-subtracted. A
model describing one binding event (“1:1 Binding” in the Bia-
core T200 software) was fitted to the data, resulting in one K,.
No bulk refractive index (RI) compensation was used in the
data-fitting procedures.

Crystallization, data collection, and structure determination of
NRTN

The first NRTN structure was determined by molecular
replacement with Phaser (51) using a truncated version (resi-
dues 15—48 and 80-113) of the ARTN crystal structure, PDB
code 2ASK (12) as starting model. After rigid body refinement
with Refmac5 (52), the model could be rebuilt to fit the NRTN
sequence. This was done manually in Coot (53), followed by
alternating cycles of refinement in Refmac5 and autoBUSTER
2.11.5 (Global Phasing Ltd., Cambridge, UK ). This structure
was used as a starting model for molecular replacement of the
three structures presented in this study. NRTN crystals were
obtained by concentrating NRTN in the presence of 5 mm
sucrose octasulfate to 5.7 mg/ml. Drops containing 1.5 ul of
protein, 1 ul of well solution, and 0.5 ul of microseeds were set
up at 20 °C in vapor diffusion experiments. Crystals grew in 3 M
sodium formate, 0.1 M BisTris, pH 6, and reached full size after
13 days. The crystals were flash-frozen in liquid nitrogen using
the reservoir solution with 30% (*)-2-methyl-2,4-pentanediol
added. Data were collected at ESRF, ID29 on a Pilatus 6M
detector. The data were processed using XDS (67). The struc-
ture was solved with Phaser in space group P1 with four mole-
cules in the asymmetric unit. The structure was refined using
alternating cycles of autoBUSTER refinement and manual
rebuilding in Coot. The final model contained an A chain and C
chain (97-197), a B and D chain (100-197), and 162 water
molecules. Data collection and refinement statistics are avail-
able in Table S3. Electrostatic potentials were calculated using
the PDB2PQR function in PyMOL (68).

Crystallization, data collection, and structure determination of
NRTN-GFRa2,.,5;—SO, complex

NRTN-GFRa2, 3 in 50 mm HEPES, pH 7.5, 300 mMm NaCl,
and 15% glycerol at a concentration of 12 mg/ml was mixed
with heparin disaccharide I-A (Sigma) to a concentration of 5
mMm. The mixture was incubated at room temperature for 1 h
and spun down for 10 min before setup in vapor diffusion
experiments at 20 and 4 °C. Large cube-shaped crystals were
found in 2.0 M ammonium sulfate and 0.1 m HEPES, pH 7.5 at
20 °C. These crystals were flash-frozen in liquid nitrogen after a
quick dip in 20% glycerol, 2.0 M ammonium sulfate, and 0.1 m
HEPES, pH 7.5. Data were collected in-house on a Rigaku FRE+
rotating anode equipped with a CCD-A200-CU detector.

The NRTN-GFRa2,, ,, complex was solved with the pro-
gram Phaser using the refined structure of the NRTN dimer
and GFRaly, ; from PDB code 2V5E (39) as search models.
After running the Phaser solution through several refinement
cycles with Refmac5, the electron density maps were good
enough to enable the “mutated sequence” option in Coot. The
structure was refined using autoBUSTER 2.11.5, Refmac5, and
manual refinement in Coot. Three sulfate ions were clearly vis-
ible as difference densities in the initial maps (Fig. 6), and these
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sulfates were added to the model early on during refinement.
Water molecules and additional sulfate ions, including a fourth
sulfate ion in the charged pocket, were added in Coot during the
last cycles of refinement. None of the additional sulfate ions was
as clearly defined as the three in the charged cleft. Weak traces
of electron density around the charged cleft suggested that the
heparin disaccharide may be binding to a small proportion of
the NRTN molecules. No glycosylation was visible in the elec-
tron density. The final model contained the NRTN homodimer
(residues 100-197), two copies of GFRa2,, 1, (residues 152—
349), 19 sulfate ions, two glycerol molecules, and 311 water
molecules. Data collection and refinement statistics are avail-
able in Table S3.

Crystallization, data collection, and structure determination of
NRTN-GFRa2,,_,; complex

NRTN-GFRa2p; psin 50 mm HEPES, pH 7.5, 300 mMm NaCl,
and 10% glycerol was concentrated to around 8 mg/ml and set
up in vapor diffusion experiments at 20 °C. Crystals appeared in
one condition after 2 weeks: 5% tacsimate (Hampton Research),
10% PEG MME 5000, and 0.1 m HEPES, pH 7. These initial
crystals could be optimized by grid screening and seeding. The
crystal used to determine the structure was from a thin crystal flake
grown in a streak-seeded drop containing 8% tacsimate, 8% PEG
MME 5000, and 0.1 M HEPES, pH 7.5. The crystal was flash-frozen
in liquid nitrogen after a quick dip in 20% glycerol, 8% tacsimate,
8% PEG MME 5000, and 0.1 m HEPES, pH 7.5, and data were
collected at the ESRF, ID23—1 on a Pilatus detector.

The data were processed with autoPROC (69), XDS (67), and
Aimless (70). The structure was solved by molecular replace-
ment with the program Phaser, using a truncated NRTN mono-
mer (residues 99-134 and 164 -197) and a GFRa2,, ,; mono-
mer as starting models. After refinement with Refmac5, the
parts of the NRTN model that had been excluded from the
structure determination were clearly visible in the electron
density and were built into it. After a few cycles of refinement
using both Refmac5 and autoBUSTER 2.11.5, positive electron
density was visible in connection to GFRa2, facing away from
the bound NRTN molecule. We expected this to be GFRa2 D1.
A couple of polyalanine helices could be fitted into this density,
and several rounds of refinement were performed followed by
manual building. Eventually, it was possible to identify side
chains, and the model could be manually altered to accommo-
date the D1 sequence. Density modification was performed
using Parrot, followed by averaging with NCSref, both from the
CCP4 suite (71). The final model had an R and R, of 18.8 and
21.1%, respectively. 28 residues from the N terminus of the
expressed GFRa2y,,_,; and the C-terminal linker that would
anchor GFRa2 to the membrane were not visible in the electron
density and were excluded from the model. The final model
contained one NRTN homodimer (residues 100 -197) and two
GFRa2s (residues 36 —66, 75-131, and 158 —-359). The two D1
domains were built separately and were identical with respect
to overall fold, but there were some differences in backbone
positions in the first and second helix 1 and 2, despite non-
crystallographic symmetry restraints being imposed through-
out refinement. All D1 residues close to D3 superimpose per-
fectly between the two D1 monomers. The D1 was positioned
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between two symmetry related molecules of GFRa2,, 5, but it
was clear from the number of contacts which was the true posi-
tion. This was also confirmed by the analysis of conserved res-
idues in the interaction surfaces. In the NRTN-GFRa2,; s
complex structure the 26-amino acid linker, which connects
GFRa2 D1 and D2, was missing in the electron density. N-ter-
minal sequencing confirmed that the linker was cleaved, even
though the structural integrity of the receptor was intact. The
last residue from D1 that is well-defined in electron density
(Val-131) was located more than 35 A from the first residue of
D2 (Ser-158), but a 26-amino acid linker could span this dis-
tance. No glycosylation was visible in the electron density. Data
collection and refinement statistics are available in Table S3.

Structure and sequence analysis and mapping of conserved
residues

All residues in the GFRa2 domain and subunit interfaces are
listed in Table S1. Interaction surface areas were calculated
with Pisa (71), and residues in the interaction surfaces were
identified with the program Contact (71). Sequences of
GFRal-3 from different species, with a sequence identity to
human GFRa2 ranging from 33 to 99%, were iteratively gath-
ered and aligned using ClustalW (72). The sequences were ana-
lyzed using the program Indonesia. Around 20% of the residues
were selected because of their high-sequence conservation
throughout the GFRa family (Fig. S3), and these were mapped
on the NRTN-GFRa2,; p; crystal structure (Fig. 4) in PyMOL.

In vivo pharmacokinetic analysis in rats

Ten healthy Wistar rats (males, Charles River), non-fasted,
with body weight of 250-350 g were used in the PK studies of
the R149A/R152A/R158A and the wildtype NRTN protein.
The study was approved by the Goteborg Preclinical Ethical
Committee.

The rats received either one single (bolus) intravenous (i.v.)
dose of 1 mg/kg via tail (n = 2) or one subcutaneous dose of 1
mg/kg (n = 3) of NRTN analogues (R149A/R152A/R158A or
the wildtype NRTN) with a dosing volume of 10 ml/kg. Plasma
samples were collected at each of the following time points: pre,
0.08, 0.33, 1, 1.75, 3.5, 7, 24, and 48 h after i.v. administration,
whereas plasma samples were collected at pre, 0.17,0.5, 1, 1.75,
3.5,7, 24, 48, and 96 h after subcutaneous administration. The
plasma samples were centrifuged at 14,000 rpm for 5 min at
4 °C and stored in plastic Eppendorf tubes placed on ice during
handling and stored at —80 °C pending quantification of
NRTN.

Quantification and data analysis of human neurturin
analogues in rat plasma PK samples

A sandwich immunoassay method, with a biotinylated poly-
clonal antibody against human NRTN as capture reagent and a
sulfo-tag—labeled mouse monoclonal antibody specific for
human NRTN as detection reagent, was set up and used for
quantification of human NRTN analogues in rat plasma sam-
ples on the Meso Scale Discovery system (Rockville, MD).

Assay buffer (1% w/v membrane blocking agent (GE Health-
care, Uppsala, Sweden) in phosphate-buffered saline contain-
ing 0.01% Tween, pH 7.4), 150 ul/well, was added to an MSD
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streptavidin gold plate streptavidin gold (MSD, L15SA-1/
L11SA-1, Rockville, MD) and incubated for 60 min at room
temperature on a shaker at 300 rpm. Then, the biotin-labeled
rabbit polyclonal capturing antibody to NRTN (Abcam,
ab83126, Cambridge, UK) was then diluted to a concentration
of 4 ug/ml with assay buffer, and 25 ul/well was added and
incubated for 1 h at room temperature on a shaker at 300 rpm.
The solution was then discarded, and the wells were washed
with wash buffer (0.05% Tween (v/v) in 10% PBS (v/v), pH 7.4)
three times using a plate washer (3:270 ul). Standards, controls,
and samples were analyzed in 50% rat plasma. The standard
(R149A/R152A/R158A or wildtype NRTN protein) was diluted
to 1050, 350, 117, 38.9, 13.0, 4.32, 1.44, 0.48, 0.16, 0.53, and
0.018 ng/ml, and the control was diluted to 60.7, 48.3, 2.89, and
0.093 ng/ml. Duplicates (25 ul) of diluted samples, standards,
blanks, and controls were added to the plate and incubated for
120 min at room temperature on a shaker at 300 rpm. The
washing step was repeated three times, whereupon the sulfo
tag-labeled anti-hNRTN IgG,, mAb, (R&D Systems, clone
126422, Abingdon, UK) diluted to 0.25 pg/ml in assay buffer
was added (25 ul/well). The plate was incubated for 60 min at
room temperature on a shaker at 300 rpm in the dark. The
washing procedure was repeated another three times, and then
150 pl of Read Buffer (MSD, Rockville, MD) was added to all
wells. The plate was read on the MSD plate reader within 15
min from addition of read buffer.

Data analysis

The pharmacokinetic analysis was based on mean protein
concentrations from two individual rats per time point after i.v.
administration and from three individual rats per time point
after s.c. administration.

PK parameters were determined based on the two-compart-
ment pharmacokinetic analysis after i.v. administration and
one-compartment pharmacokinetic analysis after s.c. adminis-
tration using WinNonlin Professional version 5.2 (Pharsight
Corp., Mountain View, CA). The pharmacokinetic analysis was
based on mean protein concentrations from two individual rats
per time point after i.v. administration and from three individ-
ual rats per time point after s.c. administration. The following
PK parameters were obtained: the volume of central compart-
ment (V_); the volume of tissue compartment (V,); the systemic
plasma clearance (CL); the inter-compartmental constant
(Cld); after s.c. administration, the volume of distribution
(V_F); and the systemic plasma clearance (CL_F). The terminal
half-life (¢,), the maximal concentration (C,,,,), area under
curve (AUC), and the bioavailability of each NRTN protein
were also obtained.
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