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Structural insights into the formation of repulsive

netrin guidance complexes

Jessica M. Priest">3, Ev L. Nichols**, Robert G. Smock®t, Jesse B. Hopkins7’8, Juan L. Mendoza'?,

Rob Meijers®'°, Kang Shen*®, Engin Ozkan*3*

Netrins dictate attractive and repulsive responses during axon growth and cell migration, where the presence of
the receptor Uncoordinated-5 (UNC-5) on target cells results in repulsion. Here, we showed that UNC-5 is a heparin-
binding protein, determined its structure bound to a heparin fragment, and could modulate UNC-5-heparin affin-
ity using a directed evolution platform or structure-based rational design. We demonstrated that UNC-5 and
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UNC-6/netrin form a large, stable, and rigid complex in the presence of heparin, and heparin and UNC-5 exclude
the attractive UNC-40/DCC receptor from binding to UNC-6/netrin to a large extent. Caenorhabditis elegans with a
heparin-binding-deficient UNC-5 fail to establish proper gonad morphology due to abrogated cell migration,
which relies on repulsive UNC-5 signaling in response to UNC-6. Combining UNC-5 mutations targeting heparin
and UNC-6/netrin contacts results in complete cell migration and axon guidance defects. Our findings establish
repulsive netrin responses to be mediated through a glycosaminoglycan-regulated macromolecular complex.

INTRODUCTION

Synaptic connectivity of the nervous systems in bilaterian animals is
established through a conserved set of wiring molecules, including
those that guide the growth of axons and determine synaptic partners
(1-3). Netrins are conserved, secreted guidance cues that are unique
in their ability to exert attractive and repulsive responses on growing
axons (4). In addition to their neuronal functions, netrins and their
receptors are known to control cell proliferation, migration, differen-
tiation, and survival, and thus, they are targets for treating cancer and
insulin resistance (5-7).

Netrins, known as UNC-6 in nematodes, act through two classes
of receptors: Deleted in colorectal cancer (DCC)/neogenin class of
receptors (named UNC-40 in nematodes) are required for both at-
tractive and repulsive responses, while UNC-5 receptors are required
only for repulsive responses (8). For attractive signaling, netrins can
cause oligomerization or clustering of DCC or neogenin through the
interaction of the receptors with multiple sites on netrin molecules (9,
10). Such oligomerization likely leads to the proximity of intracellular
signaling molecules recruited at motifs conserved in DCC/neogenin
cytoplasmic domains (11). It is not clear, however, how netrin can in-
duce repulsive responses, as there is only limited biochemical charac-
terization and structural information for the proposed netrin-UNC-5
complexes.

Another important player in the netrin guidance system is gly-
cosaminoglycans (GAG) such as heparan sulfate (HS), which are
present on cell surfaces and in the extracellular matrix in the form of
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proteoglycans. Netrins were first purified from tissue with the help of
their strong affinity for heparin (12). Their relevance for signaling has
also been recognized, as lack of the HS-polymerizing enzyme, Extl,
leads to defective netrin- and DCC-mediated axon guidance in mouse
spinal cord commissural neurons (13). Mutations in two HS proteo-
glycans (HSPGs), syndecan (SDN-1) and glypican (LON-2), show
defects in UNC-6/netrin-mediated repulsive dorsal guidance of mo-
tor axons in Caenorhabditis elegans. A screen searching for mutations
to enhance HSPG-dependent guidance pathway defects identified
multiple unc-5 mutants, hinting at an interaction between UNC-5
and HSPGs (14). Similarly, mutations in the HSPG unc-52/perlecan
enhance distal tip cell migration defects of unc-5 hypomorphs (15).
An interaction between C. elegans UNC-40/DCC and the protein
backbone of LON-2/glypican, proposed as a modulator of netrin-
mediated axon guidance, has also been reported (16). Last, netrins
can act as short-range or immobilized cues (17-19), where netrins
would need to be immobilized within the growth substrate (20). In-
teractions with cell surface proteoglycans or the extracellular matrix
can immobilize netrin and allow for signaling via mechanotransduc-
tion and haptotactic responses.

Given clear functional relevance and available structural models,
HS binding has been proposed as a mechanism for regulating recep-
tor selection and binding to netrins (11), although experimental evi-
dence is lacking. It is not clear whether the contribution of GAGs is
essential for signaling, as the major heparin-binding site of netrins,
the C-terminal Netrin (NTR) domain (21), is not required for guid-
ance activity of UNC-6/netrin (22) or binding to either DCC/neo-
genin or UNC-5 (23, 24). As netrin without the NTR domain might
still have some heparin-binding activity, it has been difficult to dissect
the roles of GAGs in netrin signaling via simple domain deletions and
truncations.

Last, the functional roles of HSPGs in axon guidance are not lim-
ited to netrin signaling. For example, HS is known to mediate interac-
tions between other guidance cue-receptor pairs, including Slit and
Robo (25), and the leukocyte common antigen-related protein (LAR)
class of neuronal receptor tyrosine phosphatases to control neurite
outgrowth (26, 27). HS is also shown to interact with classical guid-
ance cues Semaphorins and Ephrins (28).

10f20

¥202 ‘82 4800100 U0 BI080US 105 MMM//SANY WO.J PaPE0 lUMOC


mailto:eozkan@​uchicago.​edu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adj8083&domain=pdf&date_stamp=2024-02-16

SCIENCE ADVANCES | RESEARCH ARTICLE

While netrin’s affinity for heparin-like molecules is well estab-
lished, it is not clear whether the receptors interact with GAGs
directly (29). Here, we chose to work with C. elegans UNC-6/
netrin and UNC-5, the first molecules of their families to be iden-
tified, because they have clear axonal guidance and cell migration
phenotypes and come with a large body of mutational and func-
tional data. To study UNC-6-UNC-5 interactions and possible
roles for heparin in this interaction, we established a yeast display
system for UNC-5 and show that the binding between UNC-5 and
UNC-6 is strongly enhanced when heparin is added. Through di-
rected evolution of UNC-5 displayed on yeast, we have identified
and engineered the UNC-5 interface used for heparin binding,
and we confirmed heparin binding to this surface with a crystal
structure of a complex formed between UNC-5 and a short form
of heparin. The addition of heparin allows for the formation of the
UNC-6-UNC-5 ectodomain complex with an unexpectedly rigid
and globular structure, which mostly excludes the attractive recep-
tor, UNC-40. We have shown that abolition of heparin affinity of
UNC-5 in C. elegans results in cell migration defects associated
with loss of function of unc-5 and unc-6, indicating mechanistic
dependence of netrin:UNC-5-mediated guidance on HS. Last,
we show that the mammalian netrin-1-UNC5B complex is also
strongly enhanced by HS, which competes with DCC binding to
favor Unc5B binding, demonstrating conservation between the
nematode and mammalian systems. Our results provide detailed
biochemical and functional insights into repulsive netrin com-
plexes and may be crucial in explaining chemo- and haptotactic
responses to netrin sources.

RESULTS

High-affinity UNC-6-UNC-5 binding depends on heparin

The interactions of UNC-6/netrins with their attractive receptors,
DCC and neogenin, have been heavily characterized using structural
and mutational studies (9, 10). However, structural data for netrin in-
teractions with its repulsive receptor, UNC-5, remain sparse, likely
due to the low affinity for this ligand-receptor pair. To study UNC-6/
netrin-UNC-5 interactions, we established a yeast surface display sys-
tem as a platform to measure and engineer this interaction, which also
enabled us to investigate the effects of additional molecular players,
most importantly, GAGs. Briefly, we displayed on yeast cells the
ectodomain of C. elegans UNC-5, including its two immunoglobulin
(IG) and two thrombospondin type I (Tspl) domains, by way of a fu-
sion to the yeast cell wall protein, Aga2 (Fig. 1A). UNC-5 is expressed
on yeast cells as evident from antibody staining of the C-terminal myc
tag. To measure UNC-6/netrin binding to UNC-5-expressing cells,
we expressed and purified a soluble construct of C. elegans UNC-6
lacking its C-terminal NTR domain (UNC-6AC), because the NTR
domain is known to limit solubility (23) and is dispensable for much
of its function. We created a yeast-staining reagent by biotinylating
UNC-6AC (fig. S1A) and incubating it with Alexa Fluor 647-coupled
streptavidin. In the absence of heparin, UNC-6AC binds very weakly
to UNC-5-displaying yeast, as measured with flow cytometry by the
weak fluorescence shift relative to the negative control yeast (Fig. 1B,
red). To test whether the interaction can be improved by GAGs, we
added heparin (from porcine intestinal mucosa, ~16 kDa) and UNC-
6AC on UNC-5-expressing yeast, which showed strong UNC-6 bind-
ing (right shift of the fluorescence histogram) with an apparent
dissociation constant (Kg) of 35 nM in the presence of 0.31 pM
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heparin (5 pg/ml) [Fig. 1, A (right) and B (green), and fig. S1C]. This
demonstrates that strong UNC-6-UNC-5 binding may require hepa-
rin, likely in the form of an HS proteoglycan on the growth cone or
the substrate tissue in vivo.

Heparin dependence of UNC-6-UNC-5 binding can be
modulated with directed evolution

We hypothesized that we can modulate UNC-5 dependence on hepa-
rin for UNC-6 binding using directed evolution. We created an UNC-
5 ectodomain display library using random error-prone polymerase
chain reaction (PCR) and selected for UNC-6AC binding while de-
creasing heparin concentrations in the staining solution (Fig. 1C).
The third and final round of selections was performed in the absence
of added heparin and therefore shows a slight reduction in binding
compared to the previous round. We were able to evolve high-affinity
UNC-6 binding as seen in titrations on yeast (Fig. 1D and fig. S1C).
Sequencing of eight clones from the third round of selection shows
that every clone included either an N18K or an N188K mutation
(Fig. 1D). As these mutations increase net positive charge on UNC-5,
we predicted that we had increased UNC-5 affinity to heparin, in ad-
dition to strengthening binding to UNC-6. Because we could observe
strong UNC-6 binding with these mutants even in the absence of
added heparin, binding might be supported by an endogenous, un-
known GAG-like molecule on the yeast surface. Alternatively, puri-
fied UNC-6 used for selections might carry over an undetected GAG
or GAG-like molecule as insect cells used for protein expression are
known to make GAGs. Last, it is possible that the N=>K mutations
might have also led to some increase in UNC-5-UNC-6 affinity inde-
pendent of heparin.

To confirm that the two mutations identified are the cause for in-
creased UNC-6AC binding in yeast display experiments, we per-
formed titrations of UNC-6AC binding to UNC-5 N18K/N188K
ectodomain on yeast in the absence of added heparin (Fig. 1E). Ap-
parent binding affinities of UNC-6AC to UNC-5 N18K and N188K-
expressing yeast were relatively strong and in the nanomolar range,
8.2 and 16.4 nM, respectively.

UNC-5 binds heparin via a positively charged patch at the
boundary of its IG1 and IG2 domains

To gain more insights into UNC-5 interactions with heparin and/or
UNC-6, we set out to determine the structure of the C. elegans UNC-5
ectodomain. Crystallization was successful for a construct containing
the two IG domains, which included both N18 (IG1) and N188 (IG2)
identified in directed evolution experiments. Using these crystals, we
determined the structure of the two-IG domain UNC-5 construct to
2.9 A resolution (Fig. 2A). The structures of the immunoglobulin do-
mains show no major differences to previously determined human
Unc5A, rat Unc5D (30, 31), and mouse Unc5B crystal structures (32),
including a buried disulfide bond linking UNC-5 Cys*’ (C strand)
and Cys * (F strand) in IG1 in addition to the canonical disulfide
bond found in IG domains, and a short o helix connecting E and F
strands in IG1. Similarly, the IG2 domain is N-glycosylated at a re-
markably conserved site, Asn'”® (F strand), also observed in the rat
Unc5D and mouse Unc5B structures; no glycosylation on IG1 is ob-
served. We also had the opportunity to compare flexibility at the IG1-
IG2 boundary: An alignment of our UNC-5 IG1 + 2 structure with
three vertebrate UNCS5 structures show wide variability of the angle
between the IG1 and IG2 domains (fig. S2A). Flexibility at this posi-
tion may be necessary for recognition by HS as well as protein ligands,
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Fig. 1. UNC-5 affinity for UNC-6 is increased following directed evolution of UNC-5 ectodomain using yeast surface display. (A) UNC-5 ECD (extracellular do-
main) displays on yeast, as detected by anti-myc staining (Alexa Fluor 488), and strongly interacts with biotinylated UNC-6AC monomers bound to Alexa Fluor 647-
coupled streptavidin in the presence of heparin. Left; Unstained cells. Middle: Cells stained with anti-myc antibody. Right: Cells double-stained with anti-myc and
UNC-6AC-streptavidin with heparin (5 pg/ml) added. (B) Histograms for Alexa Fluor 647 fluorescence of unstained cells (blue), UNC-6AC-stained cells (red), and
UNC-6AC-stained cells in the presence of heparin (5 pg/ml; green). (€) Histograms of bulk UNC-6AC labeling of the yeast library displaying randomly mutated UNC-5
ECD variants, including naive library (blue), and resulting libraries during three rounds of selections, where heparin concentration was decreased. The final round of
selection contained no added heparin. (D) Apparent UNC-6AC-binding affinities for the selected UNC-5 variants on yeast. All binding isotherms are shown in
fig. S1C. Mutations increasing net positive charge on UNC-5 ECD are underlined blue; no mutation in the selected colonies added net negative charge. Data were col-
lected in the absence of added heparin. (E) Binding isotherms repeated for two single-site mutants of UNC-5 ECD, N18K and N188K, interacting with UNC-6AC in the
absence of added heparin.

because our directed evolution results indicate this region (containing
Asn'® and Asn'®) as a site of HS binding, and this is also the binding
site for Latrophilins (31).

There was unexplained electron density surrounding the IG1-IG2
boundary (figs. S2, B and C). On the basis of the presence of ammo-
nium and lithium sulfate in the crystallization solution and the
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chemistry around the unexplained density, we believe that there may
be two or more fully or partially occupied sulfate ions at this site. The
surface electrostatic potential of our UNC-5 structure shows an in-
tensely positive region at this domain boundary created by multiple
arginines and lysines (Fig. 2B). Furthermore, the two N=>K muta-
tions selected in our directed evolution experiments fall in this region
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Fig. 2. Crystal structures of UNC-5 1G1-2 highlight a positively charged surface used for HS binding. (A) UNC-5 IG1-2 structure with putative sulfates bound near the
1G1-1G2 boundary. The conserved N-linked glycan at N178 is shown in ball-and-stick representation. (B) Electrostatic potential surface for the UNC-5 IG1-2 structure, showing
a positively charged surface at the IG1-IG2 boundary. The range of electrostatic potential used to color the surface is from —5 to +5 kT/e. The two Asn residues identified in
directed evolution experiments are labeled. (C) Crystal structure of the UNC-5 I1G1-2 domains bound to the heparin tetrasaccharide (dp4); one alternate conformation is dis-
played. For details, see fig. S2 (E to F). (D) The asymmetric unit of the UNC-5 + dp4 crystal structure, showing a possible dimer created by a dp4 molecule, built as two alternate
conformations into density (fig. S2, B to D). The two alternate conformations overlap with two alternates of a dp4 molecule from the neighboring asymmetric unit, creating a
four-molecule UNC-5 entity as seen in fig. S2D. (E) Surface potential of the dimer shows a contiguous positive surface, which is used for binding to HS. (F) The positively
charged patch at the UNC-5 IG1-IG2 boundary is conserved. Alignment of protostome and deuterostome UNC-5 sequences show that positive charge at the IG1-IG2 boundary
is highly conserved. Sequence numbering above follows the C. elegans UNC-5 sequence. (G) Surface conservation analysis by ConSurf of the ectodomain of UNC-5 (using the
AlphaFold2 model) shows the IG1-IG2 boundary as the largest conserved surface patch. (H) Top: Side-by-side views of the C. elegans UNC-5 IG1-2 + dp4 structure and fruit fly
Robo11G1-2 + dp8 structure (PDB ID: 2VRA; only a tetrasaccharide is visible), with surface electrostatic potentials. Bottom: Sequence alignment of UNC-5 and Robo1 IG1-1G2
domain contacts, showing that the positively charged patch at the IG1-IG2 boundary is common to both receptors.
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interspersed between the positively charged arginines and lysines.
Overall, this site is a strong candidate for HS binding.

We next crystallized and determined the structure of UNC-5
IG1 + 2 domains in the presence of a short heparin oligomer limited
to four saccharide units, dp4, in a different crystal form. We observed
strong extra density resembling an oligosaccharide oligomer in the
same region, surrounded by Arg'’, Arg’’, and Arg'"; Lys''' and
Lys'®’; and Asn'® and Asn'®® (Fig. 2C and fig. S2, E and F).

The UNC-5-heparin-dp4 crystals have an UNC-5 dimer in the
asymmetric unit created by 1210 A* of buried surface area, which ap-
pears to be held together partly by heparin interacting with both
chains (Fig. 2D). While the extra density for heparin is strong, there is
some ambiguity in the exact orientation of the dp4 ligand, including
the glycan residue register and direction: As our best interpretation of
density, we chose to model dp4 in two alternate conformations in
equivalent positions within this dimer, which then overlap with their
alternate conformations from the neighboring asymmetric unit’s dp4
molecules (fig. S2, C, E, and F). An intimate tetramer, held together by
and surrounding heparin molecules, is observed upon investigation
of neighboring asymmetric units, where protein-protein contacts
bury 1310 and 1120 A* between UNC-5 chains related by crystallo-
graphic symmetry (fig. S2D). While these molecular interfaces may
be physiological in the context of a heparin-mediated UNC-5 or
UNC-6-UNC-5 oligomer, we do not yet have evidence to support
such a model.

The IG-heparin interaction observed in the UNC-5-heparin
complex may be a common feature of
IG-superfamily receptors
Because of its sulfation and negative charge, heparin binding strongly
favors positively charged surfaces on proteins. As a strongly positively
charged protein, UNC-6 [isoelectric point (pI) = 8.7] binding to hep-
arin is expected. However, UNC-5 ectodomain has a pI of 5.7, and a
net predicted charge of —8 at pH 7. The heparin-UNC-5 interactions
are a result of local charge at the IG1-IG2 boundary as observed in our
crystal structure (Fig. 2E). The positively charged amino acids that
create the HS-binding site in nematode UNC-5 are conserved across
all major bilaterian taxa (Fig. 2F and fig. S3) and make up the major
large patch of conserved surface in UNC-5 ectodomains (Fig. 2G).
Because heparin has been implicated in binding to several neuro-
nal adhesion and signaling receptors, including other immunoglobu-
lin superfamily proteins, we looked for structural clues in other
IG-type receptors with heparin binding. Robo receptors, which are
also repulsive guidance receptors, bind heparin using the same sur-
face at their IG1-IG2 boundary (Fig. 2H) (33), suggesting a conserved
or convergent site for heparin interactions among immunoglobulin
superfamily neuronal receptors for heparin binding, although the ex-
act binding poses of the heparin molecules may vary for different
heparin-binding proteins.

Mutations at the heparin-binding site of UNC-5 can
strengthen or weaken UNC-5-UNC-6 interactions

Through directed evolution and structural biology, we have identified
a positively charged surface at the UNC-5 IG1-IG2 boundary, which
interacts with heparin, and could be mutated to increase UNC-6 af-
finity. To confirm and extend these findings using orthogonal meth-
ods, we performed surface plasmon resonance (SPR) experiments
with UNC-5 mutants for binding heparin and/or UNC-6. First, we
showed that UNC-6-UNC-5 binding is weak with a K4 of ~46 pM as
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measured using biotinylated UNC-6AC captured on an SPR chip
(Fig. 3A and fig. S4A). The N18K and N188K mutations on UNC-5
improve binding to UNC-6, in agreement with the results of our di-
rected evolution experiments (Fig. 3A and fig. S4A). Next, we con-
firmed via SPR that UNC-5 binds heparin (Fig. 3C, fig. S4D). The
UNC-5 N18K and N188K mutations, which are at the heparin bind-
ing site according to our crystal structure, improve heparin binding as
expected, with the double N=>K UNC-5 mutant binding heparin
with a 16-fold increase in affinity (Kg, 26 versus 1.7 uM) (Fig. 3C and
fig. S4, D and E). We also observed that UNC-6AC binds heparin
with much higher affinity (K4 = 0.04 pM) (Fig. 3D and fig. S4F).

We observed in our yeast display experiments that the UNC-5-
UNC-6 affinity is drastically improved in the presence of heparin. We
confirmed these results with SPR: UNC-5 binds UNC-6AC with a Ky
of 1.2 pM in the presence of 0.31 pM heparin (5 pg/ml), an improve-
ment of 39-fold compared to UNC-5-UNC-6AC binding in the ab-
sence of heparin (Fig. 3B and fig. S4B). At this heparin concentration
(5 pg/ml), we expect that while UNC-6 molecules are in complex with
heparin, free wild-type (WT) UNC-5 would be mostly unoccupied
with heparin, and therefore, the complex formation is unlikely to be a
result of heparin chain simply recruiting UNC-5. As the two Asn’s at
the IG1-IG2 boundary can be mutated to positively charged Lys to
improve UNC-5 affinity for both heparin and UNC-6, we expect that
UNC-5 binding to UNC-6 in the presence of heparin should also be
improved with these mutations: UNC-5 ectodomains with N18K and
N188K mutations bind UNC-6 more strongly in the presence of hep-
arin (Fig. 3B and fig. S4B).

On the basis of our yeast display and structural work, we were also
able to create partial loss-of-function UNC-5 mutants by mutating
the two Asn residues to Glus. UNC-5 ectodomain with either N18E
or N188E mutations show weaker binding to heparin (Fig. 3C and
fig. S4, D and E) and weaker binding to UNC-6 in the presence or
absence of heparin (Fig. 3, A and B, and fig. S4, A and B), with an af-
finity 4- to 10-fold worse than the WT UNC-6-UNC-5 interaction in
the presence of heparin and 1.6- to 1.8-fold worse in the absence of
heparin (fig. S4C). Because mutations to the heparin-binding site of
UNC-5 affect its ability to bind UNC-6 even in the absence of hepa-
rin, it is possible that our UNC-5 and/or UNC-6 samples might have
carried with them some GAG or GAG-like molecules from expres-
sion in insect cells. Another explanation for this effect is that these
mutations could induce conformational effects on the UNC-5 1G1-
IG2 boundary that affect the nearby UNC-6 binding site (as re-
vealed below).

While UNC-5 N=>E mutants have lower affinity for UNC-6 as
expected, binding is not fully abolished due to the remaining exten-
sive positive charge at the IG1-IG2 boundary of the UNC-5 ectodo-
main. On the basis of our crystal structure of the UNC-5-heparin
complex, we designed four mutants of UNC-5, reversing charge at
the heparin-binding site. Mutants contained a subset or all of the
following amino acid substitutions: R17E, R70E, K11E, R190E, and
R191E. All of the mutants showed a drastic reduction in heparin
affinity, e.g., UNC-5 ectodomains with the double mutation R17E
R70E lost heparin-binding affinity by >20-fold compared to WT
(Fig. 4, A and B, and fig. S5, A and D). Binding to UNC-6, in the
absence or presence of heparin, is also affected with all mutants, but
only slightly when heparin is absent (Fig. 4C and fig. S5B), but to a
much greater degree when heparin is present (Fig. 4E and fig. S5, C
and E): For example, UNC-5 R17E R70E binds UNC-6AC in the
presence of heparin (5 pg/ml) with a K4 of approximately 50 to 100 pM
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Fig. 3. UNC-5 mutations at N18 and N188 modulate UNC-5 affinity to UNC-6 and heparin. (A and B) Experimental design and binding isotherms for SPR experiments
testing the interaction of biotinylated WT UNC-6AC with UNC-5 ECD WT and mutants without added heparin (A) and in the presence of heparin (5 pg/ml; B), where all UNC-5
variants (including WT) were run on the same SPR chip channel containing UNC-6AC within one experiment. Because many variants have very weak binding by design, we
used the maximum saturation response values fit to the highest-affinity variant within each experiment as a constraint for fitting the lower-affinity variants. (C) Experimental
design and binding isotherms for SPR experiments testing the interaction of biotinylated heparin with UNC-5 ECD WT and mutants, where all UNC-5 variants were run over a
single heparin channel within one experiment. In all panels, N=>K mutants increase affinity (left shift in the isotherms), while N=>E decrease affinity. (D) Experimental design
and binding isotherm for SPR experiment testing the interaction of biotinylated WT UNC-6 AC with heparin. We measured UNC-6AC-heparin affinity with UNC-6 captured on
the chip, because soluble UNC-6AC can best be used with a buffer containing MgSOy4 (see fig. S1B and Materials and Methods), which partly interferes with heparin binding.
All sensorgrams for Fig. 3 are shown in fig. S4, and K4's are tabulated in table S2.

(Fig. 4F). The mutations to the UNC-5 ectodomain modified affin-
ity to both heparin and UNC-6, suggesting that the heparin-
binding site of UNC-5 is near the UNC-6-binding site as well.
Overall, these results imply that UNC-5 binding to heparin strong-
ly facilitates UNC-6 binding and that there are additional weak
contacts between UNC-5 and UNC-6 that are heparin indepen-
dent, in agreement with the observation that UNC-5 binds UNC-6
weakly in the absence of heparin.

Priest et al., Sci. Adv. 10, eadj8083 (2024) 16 February 2024

Heparin binding creates a large and stable repulsive
netrin-receptor complex

Because heparin can bind both UNC-6/netrin and UNC-5 and increase
their affinity to each other, we next asked the question whether we can
reconstitute a stable extracellular complex of UNC-6 and UNC-5. In
size exclusion chromatography (SEC) runs, we could not see a stable
UNC-6AC-UNC-5 (extracellular domain) ECD complex without hep-
arin (Fig. 5A), which is expected due to their low affinity in the absence
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Fig. 4. Loss of heparin binding by UNC-5 accompanies loss of UNC-6 binding. (A) Experimental design (left) and binding isotherms (middle) for SPR experiments test-
ing the interaction of biotinylated heparin with UNC-5 ECD WT and mutants, where all UNC-5 variants (including WT) were run over the same SPR chip channel containing
heparin within one experiment. UNC-5 ECD mutants in Fig. 4 contain a subset or all of the following amino acid substitutions designed to disrupt heparin binding: R17E,
R70E, K11E, R190E, and R191E. Because mutants bind very weakly by design, we used the maximum saturation response values fit to the highest-affinity variant within
each experiment as a constraint for fitting the lower-affinity variants. (B) SPR sensorgrams for WT UNC-5 and the R17E R70E mutant in (A). See fig. S5 for all variants tested.
(C and E) Experimental design (left) and binding isotherms (right) for SPR experiments testing the interaction of biotinylated WT UNC-6AC with UNC-5 ECD WT and mu-
tants without heparin (C) and in the presence of heparin (5 pg/ml) (E). WT and mutant series were run on a single UNC-6AC channel on the SPR chip during the same ex-

periment. (D and F) SPR sensorgrams for WT UNC-5 and the R17E R70E mutant in (B) and (C). See fig. S5 for all variants tested. Ky4's are tabulated in table S3.

of heparin (Fig. 3A). When heparin (from porcine intestinal mucosa,
~16 kDa) was added at a 1:1:1.5 UNC-6:UNC-5:heparin molar ratio, a
large stable complex was observed (Fig. 5B). The UNC-6-UNC-5-hep-
arin complex peak elutes at 10.72 ml (~0.46 column volume) on a Supe-
rose 6 10/300 column, not at the void volume (7.20 ml; ~0.31 column
volume) and well within the separation range of this column (up to 5
MDa). SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
of the complex peak shows a complex including a roughly 1:1 molar
ratio of UNC-6:UNC-5 (Fig. 5B and fig. S6A). In SEC runs, we have
observed some UNC-5 and UNC-6 eluting much later than the com-
plex peak: We observed this to be due to sulfate ions competing with
heparin and preventing complex formation. We include magnesium
sulfate in UNC-6AC preparations and in the SEC buffer to prevent
nonspecific interactions of UNC-6 (see Materials and Methods).

We also hypothesized that the formation of the UNC-6-UNC-5
complex and its size may depend on the heparin polymer size and sulfa-
tion. Repeating the experiment with shorter heparin fragments results
in smaller complexes and loss of the large complex peak on SEC runs
(fig. S6B). Similarly, highly sulfated dextran sulfate and heparin were
more effective in creating a large, oligomeric UNC-6-UNC-5 complex,
while bulk HS, which is less sulfated, was much less effective (fig. S6C).

Priest et al., Sci. Adv. 10, eadj8083 (2024) 16 February 2024

The presence of heparin and UNC-5 mostly excludes UNC-40

from an UNC-6 complex

It has been suggested that heparin binding might bias the binding of
netrins toward specific receptors (11). If that is the case, we may
expect heparin to weaken or break the otherwise stable UNC-6
complex with UNC-40/DCC. When UNC-6AC, UNC-5, and UNC-
40 ECDs are mixed in the absence of heparin and applied to an SEC
column, we could only observe this UNC-6-UNC-40 complex and
free UNC-5 (Fig. 5C). However, when heparin is included in the
mixture, we observed a very large complex peak containing UNC-
6 and UNC-5 with a largely substoichiometric UNC-40 content
and now free UNC-40 eluting much later (Figs. 5D and fig. S6A).
This confirms that heparin and/or UNC-5 mostly competes with
UNC-40 for UNC-6 binding. Because UNC-40 is also needed for
some repulsive UNC-5-mediated functions (8, 10, 34), UNC-40
may contribute to repulsive signaling as part of a netrin-UNC-5
complex, probably at a lower stoichiometric ratio to not initiate
attractive signaling. Removing heparin from this SEC run with
three proteins resulted in the loss of the megadalton-sized com-
plex peak, and formation of the attractive UNC-6-UNC-40 com-
plex (Fig. 5C).
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Fig. 5. UNC-5 and UNC-6 form a large oligomeric complex in the presence of heparin. (A and B) SEC for UNC-5 ECD and UNC-6AC. UNC-5 ECD (red), UNC-6AC (green),
and a 1:1 molar mixture (blue) were injected without added heparin (A) and with heparin (5 pg/ml) (B) on a column equilibrated in HBS-MS and no heparin. Chromatograms
in (A) to (D) show elution profiles measured by absorbance at 280 nm (path length = 0.2 cm) using a Superose 6 Increase 10/300 column, along with SDS-PAGEs of eluted
fractions from the runs with mixtures (blue). Coomassie-stained bands are quantified in fig. S6A. (C and D) SEC for UNC-5 ECD, UNC-6AC, and UNC-40 ECD. UNC-5 ECD (red),
UNC-6AC (green), UNC-40 ECD (purple), and a 1:1:1 molar mixture (blue) were injected without heparin (C) and with heparin (5 pg/ml) added (D) on a Superose 6 10/300
column equilibrated with HBS-MS. Coomassie-stained SDS-PAGEs for the mixture runs (blue) are placed under the chromatograms, and are quantified in fig. S6A. (E) Selected
class averages of particles from negative-stained electron microscopy images for the UNC-6-heparin-UNC-5 complex. For raw images, see fig. S7A. (F) Molar mass measure-
ments with conjugate analysis using SEC-MALS data for (top) UNC-6AC + heparin + UNC-5 ECD and (bottom) UNC-6AC + heparin + UNC-5 ECD + UNC-40 ECD. Blue and
orange curves represent excess Rayleigh ratios, and green, magenta, and purple curves are molar mass measurements for total, protein, and conjugate (heparin) content,
respectively. See table S4 for details. (G) Pair distribution plots for SAXS data, showing a mostly globular shape for the UNC-6-heparin-UNC-5 complex (blue) and the UNC-
6-heparin-UNC-5-UNC-40 complex (orange). (H) Dimensionless Kratky plots. Dashed lines mark (\/3,3/e) the expected maximum for a globular, rigid molecule. Additional
SAXS analysis is shown in fig. S7 and table S5.

Similarly, additional SEC runs where UNC-6AC and UNC-40 ECD
are mixed and loaded show that including heparin in the injected samples
results in breaking the UNC-6-UNC-40 complex, with nearly all UNC-
40 eluting as free protein, while mostly-UNC-6 oligomers are formed
(fig. S6D). This further suggests that heparin or HS down-regulates for-
mation of the attractive complex, while promoting the repulsive one.

Heparin-mediated UNC-6-UNC-5 oligomers are globular and
relatively rigid

An important question relevant to UNC-5 signaling is (i) whether the
heparin + UNC-6-mediated UNC-5 oligomers are an ordered and
well-defined molecular species or (ii) whether these oligomers are
simply a result of UNC-6 and UNC-5 decorating the long, linear
Priest et al., Sci. Adv. 10, eadj8083 (2024)
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heparin chains. The two hypotheses may be distinguished on the basis
of methods that measure shape and flexibility. We first used negative-
staining electron microscopy to visualize the UNC-5-heparin-UNC-
6 complex (Fig. 5E and fig. S7A). The images and class averages
consistently show a large, globular complex, and not long or thin
chains. We also used multiangle light scattering (MALS) and small-
angle x-ray scattering (SAXS) to study these complexes in solution:
Heparin, UNC-6AC, and UNC-5 ECD were mixed and injected onto
an SEC column, and MALS and SAXS data were collected as the com-
plex eluted. MALS data show that the complex is 1.5 to 2.0 MDa, and
conjugate analysis of the complex peak indicates a substantial (~19%)
presence of heparin (Fig. 5F and table $4). The pair distribution [P(r)]
plot and the molecular shape analysis from the SAXS data both indi-
cate a strongly globular complex, and the dimensionless Kratky plot
confirms a highly rigid molecular species (Fig. 5G; fig. S7, B to F; and
table S5). Given the inherent flexibility of the heparin chain, the mul-
tidomain nature of the proteins, including the flexible UNC-5 ectodo-
main (fig. S2A), and their elongated structures, this is not expected
and indicates that the UNC-6-heparin—-UNC-5 complex has a stable,
ordered geometry and defined structure, which may be important for
a signaling-competent conformation on the cell surface. The various
mass and size measurements by MALS (Fig. 5F and table S4), SAXS
(table S5), and comparison of the particle dimensions in electron mi-
crographs (fig. S7A) and the SAXS P(r) plots (Fig. 5G) show good
agreement between the methods used. We also added the UNC-40
ECD to our SEC-MALS-SAXS samples of UNC-6AC + UNC-5
ECD + heparin (Fig. 5, F and G, and fig. S7, B to F): The substoichio-
metric UNC-40 ECD did not substantially affect the shape, flexibility,
and structure of the UNC-5-heparin-UNC-6 complex.

Heparin-mediated oligomerization of UNC-6

We next investigated how the UNC-6-UNC-5 complex could oligo-
merize and hypothesized that this could be due to heparin-mediated
oligomerization of UNC-6. To gain more insights into the UNC-6
structure, we were able to determine the structure of UNC-6AC, but
not with heparin bound (Fig. 6A). However, we observed an ordered
sulfate ion at a highly positively charged site on the second epidermal
growth factor (EGF) domain of UNC-6 (Fig. 6B), close to where ne-
trin-UNC-5 binding was proposed based on antibody-blocking ex-
periments (35). The positive charge at this site is conserved in the
monophyletic netrin-1/3/5 family of proteins but not in netrins that
separately evolved and are not known to mediate axon guidance (i.e.,
netrin-4 and netrin-G families) (fig. S8A) (10, 36). Finci et al. (10)
have also observed putative sulfate ions in the human netrin-1-DCC
crystal structure at the second EGF domain and proposed the posi-
tively charged surface on the EGF2 domain as a potential heparin-
binding site.

To test whether the positively charged surface on EGF2 is the
heparin-binding site outside the C-terminal NTR domain, we created
and purified an UNC-6AC mutant where K354, R355, R357, R378,
R404, and K405 were mutated to glutamate (fig. S8B). When WT
UNC-6AC is run on an SEC column after being mixed with heparin
at a 1:1.5 molar ratio, it runs as a large oligomer (Fig. 6C). This
engineered UNC-6AC mutant (“heparin binding-deficient mutant”),
however, does not oligomerize when mixed with heparin. We also
performed SPR experiments to measure heparin affinity for WT and
mutant UNC-6AC, where biotinylated heparin was captured on an
SPR chip, and soluble UNC-6AC was used as an analyte at a variety of
MgSO, concentrations to counter nonspecific binding (Fig. 6D and

Priest et al., Sci. Adv. 10, eadj8083 (2024) 16 February 2024

fig. S8C). The heparin-binding-deficient UNC-6AC mutant showed
no binding, while we observed nanomolar to micromolar affinity for
WT UNC-6AC depending on the MgSO,4 concentration in SPR buf-
fer, in agreement with our measurements in Fig. 3D. As heparin can
still bind and oligomerize WT UNC-6AC even in the presence of
100 mM SO,*~ in SEC column running buffer, UNC-6AC is clearly
a potent heparin-binding protein. Our results show that the posi-
tively charged site on the EGF2 domain is a heparin-binding site,
which also helps oligomerize UNC-6 in the presence of heparin.
Given these data, a plausible model for the formation of large UNC-
6-UNC-5-heparin complexes is through heparin-mediated UNC-6
oligomerization.

Heparin-binding activity of UNC-5 is necessary for
UNC-6-controlled dorsal migration of cells

during development

To reveal whether a functional netrin-UNC-5 complex depends on
the ability of UNC-5 to interact with heparin, we engineered one
of our heparin binding-deficient UNC-5 mutants, R17E R70E, in
C. elegans. Early studies have identified a requirement for UNC-6-
UNC-5 signaling in dorsal guidance of both distal tip cells and motor
axons. The two mobile distal tip cells, one leading the anterior gonad
arm and one leading the posterior gonad arm, are the leading cells of
the developing gonad that migrates along the ventral side of the ani-
mal before turning dorsally in hermaphrodites. These cells continue
to migrate to the dorsal-most region of the animal before turning
again to continue migration along the anterior-posterior axis (Fig. 7A)
(37). The migration route of the distal tip cells establishes the U-
shaped morphology of the gonads in the adult hermaphrodite (38).
The dorsal migration requires both unc-6 and unc-5 (8), which is con-
sistent with a repulsive action against a ventral source of UNC-6/
netrin (39, 40). In addition, the HSPG LON-2/Glypican modifies
UNC-6-UNC-5 signaling in the migrating distal tip cells (16). We
observed that in unc-5(R17E R70E) animals, distal tip cells regularly
fail to turn dorsally or migrate the full length of the dorsal-ventral
body axis (Fig. 7, B and C). The phenotype was much stronger for
posterior distal tip cells, as previously observed in unc-6 and unc-5
mutants (8). We compared the phenotype from unc-5(R17E R70E)
animals with mutant strains unc-6(ev400) and unc-5(e53), previously
identified as null mutants for dorsal migration-related functions (8).
The failed distal tip cell migrations of unc-5(R17E R70E) mutants are
indistinguishable from the defects observed in null unc-6 and unc-5
mutant animals for both anterior and posterior distal tip cells
(Fig. 7C). These results indicate that netrin-dependent UNC-5 func-
tion requires the heparin-binding activity of UNC-5 during distal tip
cell migration, as this is likely necessary for a stable, oligomeric, and
functional UNC-6-UNC-5 complex. They also offer a possible mech-
anism for how the requirement for GAGs in distal tip cell migration
arises (41, 42).

Given the conserved role of UNC-6/UNC-5 signaling in axon
repulsion, we next investigated whether UNC-5s interaction with
heparin is necessary for growth cone guidance. We studied the cir-
cumferential axon guidance known to be mediated by UNC-5 and
UNC-6, where ventrally localized UNC-6 repels UNC-5 expressing
neuronal commissures toward the dorsal side of the animal (8). We
found that the unc-5(R17E R70E) mutant animals showed normal
axon guidance, suggesting that the UNC-5-heparin interaction is dis-
pensable for the commissure axon guidance (Fig. 7, D to F). Consis-
tent with the lack of morphological deficit of axon structures, these
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Fig. 6. UNC-6 EGF2 is a heparin-binding site. (A and B) Our crystal structure (A) and electrostatic potential surface (B) of UNC-6AC. The range of electrostatic potential
used to color the surface is from —5 to +5 kT/e. (C) SEC of UNC-6AC WT (blue) and the heparin binding-deficient mutant (red) mixed with heparin (5 pg/ml). (D) Binding
isotherms for SPR experiments testing the interaction of biotinylated heparin with UNC-6AC WT (blue) and the heparin-binding-deficient mutant (red) at two MgSO,

concentrations to counter nonspecific binding. Sensorgrams are shown in fig. S8.

mutant animals also did not exhibit uncoordinated movement
phenotype. Together, these data indicate that UNC-6/UNC-6/HS in-
teractions dictate some repulsive guidance in vivo and that neurons
may have compensatory mechanisms to overcome abrogated UNC-5/
UNC-6/HS binding.

Disrupting UNC-5-UNC-6 protein contacts results in defects
in repulsive axon guidance in C. elegans

Because no high-resolution structure of an UNC-5-UNC-6/netrin
complex has been determined, we tested structure predictions using
the recently released Alphafold-multimer (version 2.3.0) via the Co-
labfold implementation (43, 44). We obtained a complex model with
a strong interface predicted Template Modeling (ipTM) value of 0.79
(43, 45), indicating a likely correct interface prediction (figs. S9, A to
C). In the predicted model, the multiple UNC-6 domains make con-
tact with UNC-5 IG2 (Fig. 8A), which is known to mediate this com-
plex (29, 35, 46). Furthermore, the predicted model positions the
positively charged heparin-binding surfaces of both proteins next to

Priest et al., Sci. Adv. 10, eadj8083 (2024) 16 February 2024

each other, creating a composite heparin-binding site (Fig. 8B), and is
therefore in strong agreement with our model where an HS chain
would strengthen a weak UNC-5-UNC-6 complex. To test the valid-
ity of the predicted model and create variants of UNC-5 that break
UNC-5-UNC-6 protein-protein contacts, we tested mutations at this
interface. UNC-5 mutants 1159A S162A D163A, 1167A S169A, and
T127A Q129A could not effectively form complexes with UNC-6AC
in the presence of heparin compared to WT UNC-5 when tested us-
ing SEC runs (Fig. 8C), although UNC-6AC oligomers can still form.

Next, we tested whether the protein-protein contacts within the
UNC-5-UNC-6 complex are required for repulsive guidance in vivo.
We engineered the UNC-5 mutation I159A S162A D163A into
C. elegans using CRISPR-Cas9. Mutant larvae displayed a mild unco-
ordinated phenotype, matched by a partial defect in repulsive axon
guidance in circumferential neurons that is weaker than the phenotype
of unc-5 null animals (Fig. 8, D and E). These mutants also had gonad
morphology defects similar to the heparin binding-deficient mutants
of UNC-5 (Fig. 8, F and G), despite the heparin-binding site being
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Fig. 7. Heparin binding is required for UNC-5-mediated cell migration. (A) Cartoon drawing of the C. elegans gonad. Gonad morphology (orange) is established by
the migration of the distal tip cell (green). (B) DIC images of gonad morphology in WT and unc-5(R17E R70E) animals. Scale bar, 10 pm. (C) Quantification of distal tip cell
migration phenotypes in WT (n = 95 animals), unc-6(ev400) (n = 92), unc-5(e53) (n = 87), and unc-5(R17E R70E) (n = 79) animals. Both ev400 and e53 are null alleles. Various
phenotypes are observed: typical distal tip cell migration (black), a failed dorsal turn (magenta), a partial dorsal turn (blue), and incomplete longitudinal migration (green).
The left graph represents anterior distal tip cells, and the right graph represents posterior distal tip cells. (D) Cartoon of the C. elegans motor axon commissures. Commis-
sural axons migrate dorsally from the ventral nerve cord. (E) Confocal images of motor axon commissures in L2 prab-3:mCherry transgenic animals. Green arrowheads
denote axons that fail to complete their dorsal longitudinal navigation. Scale bar, 10 um. (F) Percentage of motor neurons in WT (n = 13 animals, 184 axons), unc-6(ev400)
(n =13 animals, 170 axons), unc-5(e53) (n = 13 animals, 209 axons), and unc-5(R17E R70E) (n = 13 animals, 171 axons) L2 animals that reach the dorsal nerve cord. Motor

neurons in unc-5(R17E R70E) animals are able to navigate to the dorsal nerve cord. (C) and (F) use two-sided Fisher’s exact tests. ****P < 0.0001.

intact. The severity of the unc phenotype in these mutants decreases
with age, suggesting that the axon guidance deficits were ameliorated
as development progresses. When we generated unc-5 animals with
UNC-6 nonbinding and heparin nonbinding mutations combined
(R17E R70E I159A S162A D162A), they showed a strong uncoordi-
nated phenotype in larvae and adults, as well as the distal tip cell mi-
gration defect (Fig. 8, F and G), indistinguishable from null unc-5
animals. Circumferential motor axon guidance defects were observed
in the combined mutant larvae at levels comparable to null unc-5 ani-
mals (Fig. 8, D and E). Furthermore, these mutants demonstrated en-
hanced commissural axon guidance defects compared to mutant unc-5
animals with only UNC-6 nonbinding mutations. These results show
that the UNC-5-UNC-6 complex formed by weak protein-protein
contacts is partially necessary for the axon guidance function of this

Priest et al., Sci. Adv. 10, eadj8083 (2024) 16 February 2024

complex in vivo, but heparin-binding provides an additive guidance
function in UNC-5-mediated axon and cell migrations.

The three binding sites on netrin have different affinities

Structural studies on netrins and its receptors have previously focused
on mammalian orthologs. To extend our findings to vertebrate ne-
trins and its receptors and build on earlier structural findings, we next
used structure-guided mutagenesis to study DCC and UNC5 binding
sites on human netrin-1. Two crystal structures of soluble mammalian
netrin-1AC constructs (previously named netrin-1s) in complex with
different truncation constructs of DCC provide a composite view with
three netrin-DCC binding sites (9, 10), termed here sites 1, 2, and 3,
from the N-to-C termini of netrin (Fig. 9A). We created a series of
human netrin-1s constructs with point-mutant combinations so that
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Fig. 8. Breaking UNC-6 contacts of UNC-5 results in cell migration and axon guidance phenotypes. (A) Highest-ranked Alphafold-multimer predicted model for
UNC-6AC bound to UNC-5 ECD. See fig. S9 for details. (B) Electrostatic potential surface for the complex in rotated view, highlighting the contiguous positively charged
surfaces we showed to bind heparin. (C) SEC runs (Superose 6 Increase 10/300, in HBS-MS) for UNC-6AC and heparin mixed with WT and mutant UNC-5. The mutants are
designed at the Alphafold-predicted protein-protein contacts (see also fig. S9C). The SEC fractions analyzed with SDS-PAGE are labeled with green and blue rectangles.
(D) Confocal images of motor axon commissures in L2 prab-3:mCherry transgenic animals. Green arrowheads denote axons that fail to complete their dorsal longitudinal
navigation. Scale bar, 10 pm. (E) Percent of motor neurons in WT (n = 13 animals, 184 axons), unc-5(e53) (n = 13 animals, 209 axons), unc-5(R17E R70E) (n = 13 animals, 171
axons), unc-5(1159A S162A D163A) (n = 13 animals, 188 axons), and unc-5(R17E R70E I159A S162A D163A) (n = 13 animals, 170 axons) L2 animals. Loss of the UNC-5-HS in-
teraction enhances motor axon dorsal migration defects in animals with disrupted UNC-5-UNC-6 binding. (F) DIC images of gonad morphology in WT, unc-5(1159A S162A
D163A), and unc-5(R17E R70E 1159A S162A D163A) animals. Scale bar, 10 pm. (G) Quantification of anterior (left) and posterior (right) distal tip cell migration phenotypes in
WT (n = 95 animals), unc-5(e53) (n = 87), unc-5(R17E R70E) (n = 79), unc-5(1159A S162A D163A) (n = 83), and unc-5(R17E R70E 1159A S162A D163A) (n = 89) animals. Various
phenotypes are observed: typical distal tip cell migration (black), a failed dorsal turn (magenta), a partial dorsal turn (blue), and incomplete longitudinal migration (green).
(E) and (G) use two-sided Fisher’s exact tests. ****P < 0.0001 and **P < 0.01.
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only one intact binding site remained per construct (Fig. 9, B and C):
To eliminate DCC binding to site 1, a point mutation was introduced
in the LamN domain (S148R). Binding to the other two sites on
netrin-1 was abolished using mutations previously identified to be ef-
fective in axon guidance studies (10): DCC binding to site 2 was abol-
ished with a double mutant (R348D R351D) in the EGF2 domain and
binding to site 3 was abolished with a single point mutant in the EGF3
domain (Q445A). The resulting biotinylated netrin constructs were
used in an AVEXIS (avidity-based extracellular interaction screening)
assay (47), where netrin was bound to a streptavidin surface to mea-
sure binding to human draxin or with ectodomains, domain-specific
truncations, or splice variants of human DCC and UNC5B, fused
with B-lactamase and cartilage oligomeric matrix protein (COMP)
pentamerization domains (Fig. 9D).

The binding assay showed that the netrin-1s mutant with zero in-
tact sites (which has four point mutations in total) abolishes binding
to DCC, UNCS5B, and draxin, whereas the WT netrin-1s construct
shows binding to all three proteins (Fig. 9E). The binding pattern of
netrin-1s with the DCC ectodomain occurred with relative intensities
so that site 1 > site 3 > site 2, indicating that the DCC binding site to
the netrin LamN domain is the strongest as previously observed
(Fig. 9E) (9). As expected from prior studies (9, 10), the same binding
pattern was seen whether the full ectodomain of DCC was used, or a
truncated version covering domains FN4, FN5, and FN6 (FN456) as
used in the crystal structures. In addition, we tested netrin binding for
the splice variant of DCC that deletes a linker region between do-
mains FN4 and FN5 (“FN456-short”) that is the transiently dominant
form of DCC during development of the mouse brain and neural
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Fig. 9. Heparin enhances human UNC5B binding and suppresses DCC binding to

tube, a feature that also appears conserved in humans (48-50). In our
assay, this short splice variant of DCC abolishes binding specifically at
site 3 (Fig. 9E). This agrees with the net reduced binding function of
WT proteins in cell-based assays (51) and indicates specific altera-
tions in the mechanism of netrin-DCC assembly for the splice vari-
ant. In keeping with past findings, draxin bound netrin only at site 3
(52), while UNC5B bound only at site 2 using its IG1 + 2 domains (29,
35) in agreement with our C. elegans UNC-5-UNC-6 binding data
above. Together, these binding data indicate that we have obtained the
full structural scope of netrin-DCC binding, and that netrin site 1
binds strongly to DCC and may not be in competition with draxin or
UNCS, whereas sites 2 and 3 are hotspots for variable interactions.

Heparin switches netrin-receptor selection at specific
binding sites

We showed above that nematode UNC-6AC and UNC-5 interact
strongly in the presence of heparin, and the UNC-5 and heparin com-
pete with UNC-40/DCC binding to UNC-6/netrin. To test the hy-
pothesis that GAGs may also play a direct and targeted role in
mammalian netrin-receptor selection (53), we investigated binding
patterns between the site-specific netrin-1 mutant series and the
receptors DCC and UNC5B using AVEXIS. At 1 mg/ml concentra-
tions, heparin produced striking changes to netrin-receptor binding
patterns (Fig. 9F). Whereas DCC binding was weakened and nearly
abolished at site 3, UNC5B binding was greatly strengthened at site 2.
Site 1 was unaffected, in agreement with an absence of sulfate ion clus-
ters at this site in netrin structures, indicating no heparin binding
(Fig. 9C). The specific role of heparin to enhance the binding of
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netrin-1. (A) Composite binding model of netrin-1s (gray) with DCC (green) from

available crystal structures reveals three binding sites (9, 70). (B) Design of netrin mutants for which only one binding site is left intact (open circles) by mutating the re-
maining two binding sites (filled circles). (C) Mutations implemented (blue spheres) in netrin-1s (gray cartoon). Clusters of sulfate ions are depicted at sites 2 and 3 (red

spheres). (D) Design of the AVEXIS assay. (E) Site-specific binding pattern of netrin to
bound within its FN456 domain to netrin in series of intensity at site 1 > site 3 > site
within its IG1 + 2 domains to netrin at only site 2. A short DCC splice variant with 20-re:

draxin, DCC, and UNC5B in an AVEXIS assay using HEK293 secreted proteins. DCC
2 (n.s., not significant in the dynamic range of this assay), whereas UNC5B bound
sidue linker deletion between FN4 and FN5 abolishes binding specifically at site 3,

while draxin binds predominantly at site 3. Fold change in binding signal is calculated relative to background signals of HEK293 media. (F) AVEXIS molecular assembly
assay as performed in (E), with the addition of T mg/ml of naturally heterogeneous heparin (top) and purified heparin/HS compounds (bottom). The short heparin sulfate
material used is from highly sulfated segments of heparin and comprises 4 to 12 saccharides of mainly trisulfated disaccharide units (IdoUA,2S-GIcNS,6S; approximately

75%). AFold change is the difference in fold change of binding signals over backgroun
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d upon addition of heparin or HS.
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UNCS5B IG1 + 2 at netrin-1 site 2 is also preserved with purified hep-
arin/HS compounds of reduced polysaccharide length (dp4 to 12;
Fig. 9F). Thus, binding in competitive netrin-receptor assemblies
highlights a substantial equilibrium shift and switch in preference for
UNCSB inclusion when HS is a cofactor.

DISCUSSION

The molecular environment of UNC-5-expressing neurites and
cells controls their growth and migrations. In this study, we showed
that GAGs regulate netrin-UNC-5 interactions and the processes
controlled by them. We deciphered the set of interactions needed to
create the netrin-heparin—-UNC-5 complex, revealed how netrin-
UNC-40 interactions may be controlled by GAGs, and show that
disrupting interactions between UNC-5 and GAGs causes morpho-
logical defects during development. We further demonstrated that
UNC-5-mediated repulsive guidance requires UNC-5 contacts with
both GAGs and UNC-6.

First, we showed experimentally that UNC-5 is a heparin-binding
protein. Our structural and biophysical results implicate the bound-
ary of the IGI and IG2 domains of UNC-5 in its interactions with
HS. UNC-5 mutations that break HS and HS-mediated UNC-6 bind-
ing also cause small but consistent loss of binding to UNC-6 in the
absence of heparin. These findings are supported by previous results
showing that the IG domains are necessary and sufficient for binding
between human netrin-1 and UNC5C (29, 46) and mouse netrin-1
and UNC5H2 (35).

We present a model of an UNC-6-heparin-UNC-5 complex that
is very large yet well ordered. For this, we demonstrated that the EGF2
domain of UNC-6/netrin is a heparin-binding site, and heparin can
oligomerize UNC-6 through this secondary interaction site, even in
the absence of its C-terminal NTR domain, which was identified
as the primary heparin interaction site previously (21). Our findings
on the EGF2 domain are compatible with previous biochemical stud-
ies, which had implicated the netrin EGF2 domain in netrin-UNC-5
interactions (35, 46), and EGF2 as a potential HS-binding site was
recognized (10) but had not been shown. Our work also suggests that
multiple domains of UNC-6 (LamN, EGF1, and EGF2) may be in-
volved in protein-protein contacts with UNC-5, which explains previ-
ous observations that the repulsive guidance activity of UNC-5 and
binding to netrin may be mediated by many domains of UNC-6
(46, 54).

It is reasonable to assume that the length of the linear heparin/HS
chains helps determine the size of the megadalton-sized UNC-6
oligomers and the UNC-6-UNC-5 complex, and our SAXS data also
strongly point to a globular and rigid complex. Considering not only
the flexibility of linear heparin chains but also the direct protein-
protein contacts between UNC-6 and UNC-5 (which we could break
with specific mutations), we propose that such a rigid and large com-
plex has to form via a combination of protein-protein and protein-
glycan contacts. This composite model of interactions to form
netrin-UNC-5 complexes is appealing, as the specificity of binding
would best be provided by protein-protein (UNC-6-UNC-5) con-
tacts, and interactions with heparin/HS provide much of the binding
energy for the formation of the UNC-6-UNC-5 complex.

While we favor a model where UNC-6-UNC-5 contacts provide
specificity for turning on UNC-5-mediated repulsive signaling, our
data comparing different sulfoglycans suggest that the distribution
and frequency of sulfation domains on HS polymers and HS length
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may be important factors for the formation of UNC-5-UNC-6 com-
plexes or oligomers. While we did not test this, it is also possible that
additional interactions with the polypeptide chain of an HSPG can
regulate UNC-5 actions and contribute to specificity in vivo. This last
possibility may be true for an attractive netrin receptor, C. elegans
UNC-40/DCC, which was shown to interact with the polypeptide
chain of the HSPG LON-2/glypican (16).

Because heparin and HS molecules are long, linear chains of sul-
fated glycans, one such molecule can usually bind more than one pro-
tein ligand. However, as we are adding a molar equivalent or excess
heparin to UNC-6 or UNC-5 + UNC-6 in our experiments, we had
expected a majority of UNC-6-heparin or UNC-6-UNC-5-heparin
complexes to include one or two protein chains bound to one heparin
molecule, rather than very large complexes in the megadalton size
range. Our observations, therefore, suggest that UNC-6 alone or the
UNC-6-UNC-5 complex can oligomerize on heparin chains in a
cooperative manner, which further supports the model that protein-
protein contacts within UNC-6-UNC-6 and UNC-6-UNC-5 oligo-
mers are crucial to support large oligomer formation, in addition to
necessary protein contacts with heparin.

Netrins present a binding hub, due to their multifunctional sites 2
and 3. We previously showed that draxin remodels netrin-receptor
assembly to elicit distinct cellular behaviors (55) and demonstrate
here that this concept could be further generalized with other netrin
“cofactors,” such as HS. Our results support the hypothesis that GAGs
play a more direct and targeted role in netrin-receptor selection that is
reminiscent of the variable roles of HS and various GAGs in other
neuronal receptor signaling mechanisms (53). It is also possible that a
specific HS moiety may bind more potently than other segments
along the chain, and the length of an HS chain increases the probabil-
ity of its occurrence.

We also attempted to reconstitute the UNC-6-UNC-5-UNC-40
complex, which had been observed before in pull-down experiments
(34) but not successfully at scale. We observed that heparin can in-
hibit interactions between nematode and mammalian UNC-6/netrin
and UNC-40/DCC. When we mixed UNC-5, UNC-6, UNC-40, and
heparin, we observed UNC-40 on the large oligomer, but only at a
largely substoichiometric ratio, probably mediated by UNC-6-UNC-
40 interactions using site 1 on UNC-6, which is free of heparin and
UNC-5 contacts. This observation supports the hypothesis that UNC-
5 and/or heparin might at least partly compete for UNC-40/DCC
binding on UNC-6/netrin (11), which has functional consequences:
Repulsive signaling may require UNC-40/DCC to not strongly clus-
ter, which would otherwise lead to attractive signaling, but still be
present in a complex with highly clustered UNC-5 molecules for a
repulsive outcome. The competition model, where UNC-5 and hepa-
rin displace UNC-40/DCC from UNC-6/netrin, was previously pro-
posed in a functional setting, where UNC-5 outcompeting DCC on
site 2 on netrin results in axon repulsion, in agreement with our
model (10).

In addition to structural insights, we were able to use the molecu-
lar reagents we engineered, i.e., UNC-5 variants, to directly ask the
following functional question: Is the UNC-5-heparin interaction we
discovered necessary for the in vivo functions UNC-5 performs, espe-
cially those that are UNC-6 dependent? We created animals with the
heparin nonbinding mutation UNC-5 R17E R70E, which has lost its
UNC-6AC affinity by >40-fold in the presence of heparin, but only
~2-fold in the absence of heparin, compared to WT UNC-5. These
animals displayed gonadal morphology defects comparable to unc-5
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and unc-6 null animals (8), supporting our in vitro results and struc-
tural data on identifying the UNC-5-heparin interaction site and the
functional importance of this interaction.

Previous studies have reported that cell migration defects, includ-
ing several mesodermal cells, such as the distal tip cells in the gonad,
are accompanied by dorsal axon guidance phenotypes in unc-5 and
unc-6 mutant animals (8). We have observed that when UNC-5 is no
longer able to interact with HS but retains its weak UNC-6 affinity, the
two phenotypes can be separated: Distal tip cell migration is fully al-
tered as in null unc-5 or unc-6 animals, while axon guidance toward
the dorsal nerve chord is not affected. This observation may be ex-
plained by several mechanisms: (i) UNC-5-mediated cell migrations
may depend on the higher affinity of HS-mediated UNC-6-UNC-5
interactions, while a weaker affinity in the absence of HS is sufficient
for axon guidance functions as a result of different dosage dependence
in the two systems, or (ii) the presence of HSPGs and HS-mediated
oligomerization of the UNC-6-UNC-5 complex is necessary for sig-
naling during distal tip cell migrations. It is speculative but possible
that HSPG interactions allow for haptotactic responses where UNC-
6/netrin is immobilized on an HSPG substrate, which could then be
required during distal tip cell migration.

Furthermore, we were able to characterize direct UNC-6-UNC-5
contacts using an Alphafold-predicted model. Only when we broke
both UNC-6 and heparin/HS contacts of UNC-5 could we reproduce
a full cell migration and axon guidance phenotype as observed in unc-
5 or unc-6 null animals.

We also engineered UNC-5 to bind heparin with higher affinity
than WT: It would be interesting to see whether higher HS affinity
would allow this UNC-5 variant (N18K N118K) to respond to UNC-
6 at lower doses or at lower-density tracks of HSPGs, resulting in pre-
mature dorsal cell migrations in vivo. Recent transcriptomic analyses
of C. elegans neurons have revealed low, but detectable, levels of unc-5
transcript in neurons that do not rely on UNC-5 signaling for proper
axon outgrowth (56). As such, in vivo mutations that increase HS af-
finity may also phenocopy axon migration defects after UNC-5 over-
expression in touch receptor neurons. In these neurons, ectopic
expression of UNC-5 was shown to reroute axons toward the dorsal
region of the animal (39).

During the review of our manuscript, two articles were released
that complement our findings on the roles of proteoglycans and GAGs
in netrin and/or UNC-5 function. Meier et al. (57) observed that ver-
tebrate netrins oligomerize with heparin through interactions with
their EGF2 domains, similar to our findings with UNC-6, and break-
ing this interaction in the nematode model results in the distal tip cell
migration phenotype as we have shown for UNC-5. Akkermans et al.
(58) showed that mouse UNC5D can form oligomers with a glypican,
but without contacting the HS chain. These studies further highlight
the need to study neurite and cell migration within the context of sur-
rounding proteoglycans and other relevant cofactors in vivo.

Last, our biochemical and structural findings are also in line with
the large body of available functional data, beyond our own in vivo
results. It was observed that milder phenotypes of unc-5 partial
loss-of-function mutants are sensitized in the background of glypican
and syndecan mutations, and the repulsive guidance and cell migra-
tion actions of UNC-5 depend on LON-2/glypican, functionally link-
ing HSPGs to UNC-5 function (14, 16). The UNC-6 EGF2 domain
was identified as essential to UNC-5-mediated functions, as the dele-
tion of the EGF2 domain results in complete loss of repulsive guid-
ance and migration functions (8, 54), and R=>A mutations on the
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EGF2 domain causes netrin-1 to lose its UNC5-mediated anti-
apoptopic effect (35). Last, mutants designed to misfold the IG1 do-
main of UNC-5 show distal tip cell migration phenotypes and axon
guidance effects, although some of the other domain disruptions had
similar effects (58). Our work here establishes a model that provides
molecular explanations for the extensive netrin literature, while en-
abling future studies using engineered molecules and structural mod-
els we have generated, and may serve as a stepping stone toward
an atomic-resolution structure of the complete repulsive signaling
complex.

MATERIALS AND METHODS

Protein expression and purification for C. elegans proteins
All C. elegans proteins were expressed using the baculoviral ex-
pression system and the lepidopteran High Five cell line in Insect-
XPRESS (Lonza, catalog no. BELN12-730Q). Baculoviruses were
produced using homologous recombination in insect cells by co-
transfection with linearized baculoviral DNA and the transfer vec-
tor pAcGP67A (BD Biosciences), which carries an N-terminal
gp64 signal peptide for secretion. All proteins were tagged C-
terminally with a hexahistidine tag for purification. When indi-
cated, some constructs were tagged C-terminally with a BirA
recognition sequence (GLNDIFEAQKIEWHE), for facile enzy-
matic biotinylation, followed by a hexahistidine tag. Biotinylation
was performed using the BirA ligase reaction kit (Avidity, catalog
no. BirA500).

UNC-5, UNC-6, and UNC-40 constructs of various lengths were
purified first with Ni-nitrilotriacetic acid metal-affinity chromatogra-
phy (QIAGEN, catalog no. 30210) from conditioned media, followed
by SEC with either Superose 6 Increase 10/300 (GE Healthcare, cata-
log no. 29-0915-96) or Superdex 200 Increase 10/300 columns (GE
Healthcare, catalog no. 28-9909-44). UNC-5 and UNC-40 are puri-
fied in 10 mM Hepes (pH 7.2) and 150 mM NaCl [Hepes-buffered
saline (HBS)], while UNC-6AC may exhibit aggregation and sticki-
ness to chromatography resin, as recently recognized by Krahn et al.
(60). We tested numerous buffer conditions in SEC experiments and
observed that UNC-6AC (A22-P461) is soluble in a buffer with
500 mM NaCl and shows excellent SEC elution profiles and complete
protein recovery when in 10 mM Hepes (pH 7.2), 150 mM NaCl, and
100 mM MgSO4 (HBS-MS), presumably as magnesium acting as a
chaotrope and sulfate interacting with the heparin-binding site(s)
(fig. S1B).

Yeast surface display

All yeast clones and libraries were made using electrically competent
EBY100 yeast (Thermo Fisher Scientific, catalog no. 83900) (61).
UNC-5 ECD, containing 2 Ig and 2 Tspl domains, was displayed on
yeast via fusion of the C terminus of UNC-5 ECD to the N terminus
of Aga2. A Myc-tag was included on the C terminus of UNC-5 for
quantification of fusion protein expression via staining with an Alexa
Fluor 488-coupled anti-myc (Thermo Fisher Scientific, catalog no.
MA1-980-A488). To test binding to UNC-6 of yeast displaying
UNC-5, an UNC-6 construct lacking the C-terminal NTR domain,
known to cause aggregation, and containing a BirA biotin ligase rec-
ognition sequence was expressed and purified (UNC-6AC). A yeast
staining reagent was created by biotinylating UNC-6AC and incubat-
ing it with Alexa Fluor 647 (Thermo Fisher Scientific, catalog no.
A20347)-coupled streptavidin.
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The UNC-5 ECD display library was created using random error-
prone mutagenesis. Separation of yeast populations was done via
magnetic-activated cell sorting (Miltenyi Biotec, catalog no. 130-091-
051) using either streptavidin (Miltenyi Biotec, catalog no. 130-048-
101) or anti-Alexa Fluor 647 microbeads (Miltenyi Biotec, catalog no.
130-091-395). Progress during selections was assessed by UNC-6AC
binding and monitored using flow cytometry on a BD Accuri C6 flow
cytometer.

The yeast library underwent three rounds of selection, performed
in decreasing concentrations of heparin from porcine intestinal mu-
cosa (Sigma-Aldrich Heparin Grade I-A, catalog no. H3149). The first
round was performed with streptavidin microbeads in 400 nM UNC-
6AC monomers and heparin (4 pg/ml). The second round was per-
formed with anti-Alexa Fluor 647 microbeads in 125 nM UNC-6AC
monomers and heparin (0.062 pg/ml). The third round was per-
formed the same as the second round, excluding heparin.

Individual yeast clones (96 total) were isolated after the third selec-
tion round. These clones were tested for their ability to bind UNC-
6AC. Of the 96 clones, 8 higher-affinity clones were chosen for further
analysis. Binding affinities to UNC-6AC on yeast without added hep-
arin were measured and the DNA sequence of UNC-5 ECD was se-
quenced for each clone. Apparent affinities from protein-binding
experiments on yeast were measured by plotting control-subtracted
mean fluorescence intensities on binding isotherms using a one-site,
specific binding model in Prism version 9 (GraphPad).

Protein crystallization

A construct containing the first two IG domains of C. elegans UNC-5
with a C-terminal hexahistidine tag was purified as described above
and concentrated to 25 mg/ml in HBS. Crystals were grown with the
sitting-drop vapor diffusion method and using microseeding to im-
prove single crystal growth in the crystallant 1.25 M (NH4),SOy,
0.1 M tris (pH 8.5), and 0.2 M Li,SO4 at 22°C. Cryoprotection was
achieved using a cryoprotectant supplemented with 30% glycerol by
flash-freezing in liquid nitrogen.

UNC-51G1-2 with the short heparin fragment dp4 (degree of
polymerization, 4) (Iduron, catalog no. HO04; molecular weight,
~1.2 kDa) was crystallized after mixing purified protein with
dp4 at a 1:3 molar ratio. Crystallization was achieved with UNC-
5 (20 mg/ml) using vapor diffusion with the hanging-drop
method with the crystallant 4% (v/v) pentaerythritol ethoxylate
(3/4 EO/OH), 0.1 M sodium acetate (pH 4.6), 16% (w/v) poly-
ethylene glycol (PEG) 8000, and 0.2 M NaCl at 22°C. Crystals
were cryoprotected in 0.1 M sodium acetate (pH 4.8), 16% PEG
8000, 0.2 M NaCl, 25% ethylene glycol, and dp4 (60 pg/ml) by
flash-freezing in liquid nitrogen.

UNC-6AC with a C-terminal hexahistidine tag was purified over
Superdex 200 10/300 after being mixed with heparin-dp16 (Iduron,
catalog no. HO16; molecular weight, ~4.65 kDa) at a 1:1.5 molar ratio
in the HBS-MS buffer. Protein was concentrated to 12 mg/ml; we
could not check whether any dp16 was carried over during purifica-
tion and concentration. Crystallization was achieved using hanging-
drop vapor diffusion with 0.1 M tris (pH 8.0) and 10% (w/v) PEG
8000 at 22°C. Crystals were cryoprotected with 0.1 M tris (pH 8), 10%
PEG 8000, 30% glycerol, and dp16 (0.12 mg/ml). We did not observe
any electron density for any heparin-like molecules, as crystal packing
appears to be blocking much of our predicted HS-binding site, except
for an ordered putative sulfate ion (present at 100 mM in the protein

buffer).
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Structure determination by x-ray crystallography
Crystallographic data were indexed, merged, and scaled using the
XDS package (62). Molecular replacement was performed with Phaser
(63) in the Phenix package (64). The UNC-5 IG1 + 2 structure was
solved using the structure of the human Unc5A ectodomain (30) with
domains 1 and 2 as separate molecular replacement models [Protein
Data Bank (PDB) ID: 4V2A] after homology modeling for the
C. elegans sequences with MODELLER (65). The structure with
heparin-dp4 was determined using our UNC-5 IG1 + 2 structure as
the molecular replacement model. The UNC-6AC structure was
solved using the AlphaFold model as the molecular replacement
model (66). The program phenix.refine was used to refine the model
structure in reciprocal space (67), and Coot was used for model build-
ing and correction in real space (68). Model building and refinement
was guided by MolProbity tools within Phenix for checking chemical
geometry (69).

The diffraction data for the UNC-5 IG1 + 2 with heparin-dp4
crystals were highly anisotropic (see table S1 for details). This dataset
was reduced using the XDS package and then ellipsoidically trun-
cated and anisotropically corrected using the STARANISO server
(70). STARANISO-corrected structure factors were used during
refinement.

During model building for our UNC-6 structure, we came across
density corresponding to a metal ion previously identified as calcium
in other netrin structures. Because our protein was dissolved in
100 mM MgSOy, it is possible that the calcium ion may or may not
have been replaced by a magnesium ion during purification; the reso-
lution of the structure does not allow for a definitive identification.

For analysis of sequence and structural features, we heavily used
the Adaptive Poisson-Boltzmann Solver (APBS) plug-in in PyMOL
for electrostatic potential surface calculations (71) and ConSurf for
calculating sequence conservation (72). Isoelectric points and extinc-
tion coeflicients were calculated using the Protparam server (73).

Surface plasmon resonance

A Biacore T200 (GE Healthcare) at 22°C was used to measure the
binding affinities by the equilibrium method, as kinetics of binding
was too fast to measure in most occasions. Biotinylated UNC-6AC
or heparin (Millipore Sigma, catalog no. 375054) was captured on a
streptavidin-coated sensor chip (Cytiva, catalog no. 29104992). An-
alytes for biotinylated UNC-6AC included UNC-5 ECD [with and
without heparin (5 pg/ml)] and heparin. Analytes for biotinylated
heparin included UNC-5 ECD and UNC-6AC. The running buffer
for all SPR experiments was 10 mM Hepes (pH 7.2), 150 mM NaCl,
0.05% Tween 20, and 0.1% bovine serum albumin, supplemented
with either 20 or 50 mM MgSO4 when UNC-6AC was an analyte to
reduce nonspecific binding. A regeneration step was performed af-
ter each injection using 10 mM Hepes (pH 7.2), 150 mM NaCl,
0.05% Tween 20, and 100 mM MgSO,. Titration series were per-
formed once for each mutant/variant, each time with 9 to 10 mea-
surement points.

Using Biacore evaluation software, the Ky was calculated by fitting
the equilibrium data with a 1:1 binding model, whenever binding was
observed to nearly saturate. Supplemental tables list the K4 values and
the SE of the fit. With mutants that had very low affinities, saturation
of the sensor surface was practically impossible. The SPR experiments
were performed by running WT and point mutants on the same SPR
channel within the same titration series, where we did not observe any
notable loss of activity (i.e., binding response to same analyte) over
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many runs. This has allowed us to use Ry, values (SPR response at
saturation) from the highest-affinity variant as constraints for approx-
imate Ky predictions for weak mutants in Prism (GraphPad version
9). Because of the inability to reach near saturation values, the calcu-
lated K4 values at >50 pM should be considered not accurate.

Negative-staining electron microscopy

UNC-5 ECD and UNC-6AC were expressed and purified as de-
scribed above. The proteins were mixed at a 1:1 molar ratio in the
presence of heparin (5 pg/ml; ~16 kDa) to facilitate complex forma-
tion. The protein mixture was then run over an SEC column, Super-
ose 6 Increase 10/300 (GE Healthcare, catalog no. 29-0915-96) in
HBS-MS. A fraction from the complex peak was diluted to 8 pg/ml
and used for grid preparation. The UNC-6-heparin-UNC-5 sample
was pipetted onto 400-mesh carbon-coated copper grids (Electron
Microscopy Sciences, CF400-CU) and excess solution was blotted.
The sample was stained twice with 1% (w/v) uranyl acetate and al-
lowed to fully dry.

The negative-stain grid was imaged at room temperature with a
FEI Tecnai F30 electron microscope at 300 kV at the Advanced Elec-
tron Microscopy Facility in University of Chicago. A total of 25 im-
ages were recorded at X49,000 magnification. From those images,
7812 particles were picked manually with a final pixel size of
3.12 A. RELION-3.0.8 was used for all image processing (74).

Multiangle light scattering and small-angle x-ray scattering
MALS and SAXS data were collected at the APS beamline 18-ID us-
ing a Superose 6 10/300 column on the SEC-MALS-SAXS setup. The
protein samples were prepared by mixing UNC-6AC, UNC-5 ECD,
and UNC-40 ECD at molar equal ratios with heparin at 1.5 times the
molar equivalent. No heparin was present in the running buffers. De-
tailed experimental conditions and analysis parameters are listed in
table S4 for MALS and in table S5 for SAXS. MALS data were col-
lected on a DAWN HELIOS II MALS equipment with an Optilab
T-rEX dRI detector (Wyatt Technology). For the UNC-6AC-heparin-
UNC-5 ECD-UNC-40 ECD complex, we used a sheath coflow strat-
egy (buffer: HBS) to remedy radiation damage (75). SAXS data were
processed in BioXTAS RAW version 2.1.4 (76), using tools from the
ATSAS package, version 3.1.3 (77, 78), and several molecular weight
estimation methods implemented within RAW (79-81). For the
UNC-6-heparin-UNC-5 data, we used evolving factor analysis (EFA)
deconvolution as implemented in RAW to extract scattering from the
complex and not the isolated components as a precaution (82).
However, analysis of frames corresponding to just those collected
for the major peak gave similar results to those we report using EFA
in table S5.

Generation of mutant C. elegans with CRISPR-Cas9 and
phenotypic analysis of animals
C. elegans were grown at 20°C on NGM plates and fed with Escherichia
coli according to standard procedures (83). N2 Bristol was used as
the WT reference strain. The following additional strains were used
in this study: wyls371 V (TV12310), unc-6(ev400) X; wyls371 V
(TV28935), unc-5(e53) IV; wyls371 V (TV12715), unc-5(wy1796) VI;
wyls371 V (TV28567), unc-5(159A S162A D163A) VI; wyls371 V and
unc-5(R17E R70E I59A S162A D163A) VI; and wyls371 V.

Base pair mutations in unc-5 were generated by microinjections of
CRISPR-Cas9 protein complexes in N2 Bristol animals. Genome edit-
ing using CRISPR-Cas9 was carried out by standard protocols (84).
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Cas9 protein and tracRNA (Integrated DNA Technologies) were in-
jected at a concentration of 1.525 pM each. CRISPR RNAs (crRNAs;
IDT) were injected at a concentration of 1.525 uM. Single-stranded
DNA repair templates were ordered as oligomers (Thermo Fisher Sci-
entific) and injected at 6.67 uM. pRF6(rol-6(su1006)) was used as a
coinjection marker and selected against after confirmation of a suc-
cessful genome edit. Confirmation of genome edits was performed by
sequencing of F, animals. The R17E and R70E edits were generated
sequentially. The R17E mutation was generated with the following
crRNA sequence: CUUAUUUUCAAUGACAUAAC. The R70E mu-
tation was generated with the following crRNA sequence: GAAUC-
GACGUAGACACAUC. The 11594, S162A, and D163A mutations
were generated using the following crRNA sequence: UUAGACUUC-
CAUCAGAUGCU.

C. elegans hermaphrodites in the late L4 and young adult stages
were screened for gonad morphology and distal tip cell migration.
Animals were anesthetized using 6 mM levamisole (Sigma-Aldrich)
in M9 buffer and mounted on 4% agarose pads. Differential interfer-
ence contrast (DIC) images were captured using an inverted Zeiss
Axio Observer Z1 microscope equipped with a Yokogawa CSU-W1
spinning-disk unit and a Prime 95B Scientific complementary metal
oxide semiconductor camera (Photometrics). Slidebook software (31)
was used to control imaging. A water-immersion C-Apochromat 40X
0.9-numerical aperture objective was used for all imaging. The same
protocol was used on hermaphrodite worms in the L2 stage to screen
for motor axon guidance. All images were processed using Image]/Fiji
(National Institutes of Health) (85).

Expression and purification of human proteins

Our human netrin-1s construct comprised residues 25 to 453, lacking
the native N-terminal signal peptide and the C-terminal NTR do-
main, to enhance expression and solubility. Human draxin was full
length. Human DCC ectodomain was C-terminally truncated at the
single-pass transmembrane segment. Human DCC FN456 (contain-
ing fibronectin type III domains 4 to 6) comprised residues 719 to
1098 and the shortened splice variant had an internal deletion of resi-
dues 819 to 838. Human UNC5B ectodomain was C-terminally trun-
cated at the single-pass transmembrane segment, and UNC5B IG12
(IG domains 1 and 2) comprised residues 46 to 246. Mutations were
introduced by QuikChange site-directed mutagenesis.

Molecular assembly assays (AVEXIS)

Netrin-1s was subcloned with C-terminal fusion to CD4 and a bioti-
nylation target sequence (bait vector) (47). Other constructs were
subcloned with C-terminal fusion to CD4, COMP, and f-lactamase
(prey vector) (47). AVEXIS assays were performed as previously de-
scribed (52, 55). Briefly, human embryonic kidney (HEK) 293F cells
were used for transient expression, biotinylation of bait protein, and
secretion into media. Target protein levels were normalized, bait pro-
tein was incubated and washed on streptavidin-coated plates (Ther-
mo Fisher Scientific, 436014), prey protein was incubated and washed
along with any additives (heparin in Fig. 9), and prey p-lactamase
activity was measured by absorbance at 486 nm with nitrocerfin as
substrate (EMD Millipore, 484400). Experiments were repeated at
least three times and included independent sample preparations. We
used commercial preparations for heparin (porcine intestinal muco-
sa, Sigma-Aldrich, H3393) and short heparin/HS compounds that
were purified from highly sulfated regions of heparin [Iduron, catalog
nos. H004 (dp4), H008 (dp8), and HO012 (dp12)].
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ie.,

Raw absorbance readings were converted to a fold-change ratio,

experimental absorbance values were divided by the background

absorbance values obtained when using HEK293 secretion media in
the absence of netrin-1s expression. With additives in AVEXIS (spe-
cifically, heparin in Fig. 9), Afold change was calculated as the differ-
ence in fold-change ratios + additives. Statistics were performed with
a Student’s t test.

Supplementary Materials
This PDF file includes:

Figs. S1to S9

Tables S1 to S5
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