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Abstract

NET-1 is a key chemotropic ligand that signals commissural axon migration and change in
direction. NET-1 and its receptor UNC-5B switch axon growth cones from attraction to repulsion.
The biophysical properties of NET-1 + UNC-5B complex has been poorly characterized. Using
multi-wavelength-AUC by adding a fluorophore to UNC-5B, we were able to separate the
UNC-5B sedimentation from NET-1. Using both multi-wavelength- and single-wavelength AUC,
we investigated NET-1 and UNC-5B hydrodynamic parameters and complex formation. The
sedimentation velocity experiments show that NET-1 exists in a monomer—dimer equilibrium. A
close study of the association shows that NET-1 forms a pH-sensitive dimer that interacts in an
anti-parallel orientation. UNC-5B can form equimolar NET-1 + UNC-5B heterocomplexes with
both monomeric and dimeric NET-1.
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Introduction

Protein—protein interactions are very common in biological processes and the formation
of multi-protein assemblies is common during many cellular processes. However, the
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nature and driving forces for many of these interactions is poorly understood. To unravel
the dynamics of these networks is an area of extensive research as suggested by many
publications in recent years (Wang et al. 2020; Xu et al. 2022). Targeting protein—protein
interactions for drug design is a challenging, but very attractive research field (Lu et al.
2020). A pivotal requirement to the understanding of protein assemblies is an understanding
of the molecular and structural basis of the simplest system of two interacting proteins.

Netrin-1 (NET-1) is a chemotropic ligand responsible for the bi-functional regulation of
commissural axon migration. NET-1 controls the attraction and repulsion of the growing
end of axons called growth cones. It does so by binding to several dependence receptors,
notably deleted in colorectal cancer (DCC) and uncoordinated-5 (UNC-5B). NET-1 and
DCC complexes signal chemoattraction, whereas NET-1 binding to UNC-5B causes
chemorepulsion (Hernaiz-Llorens et al. 2021; Shao et al. 2017). While direct NET-1 and
DCC interactions are structurally and biophysically characterized, the molecular interactions
between NET-1 and UNC-5B are poorly understood (Finci et al. 2014; Xu et al. 2014).

NET-1 belongs to the laminin superfamily; it has a laminin VI domain with a calcium
binding loop to bind Ca?*, three laminin-type epidermal growth factor-like (LE-1, 2,

3) repeats, and a C-terminal domain. LE-2 is a highly positively charged domain that

binds heparin sulfates (Serafini et al. 1994; Matsumoto et al. 2007). UNC-5B is a single-
pass receptor containing the following extracellular domains: Tandem Ig-1 and Ig-2, and
thrombospondin-1 and thrombospondin-2, and the following cytoplasmic domains: a ZU-5
domain, a DCC binding domain, and a death domain motif. Previous studies showed that
NET-1 binds to UNC-5B via LE-2 to Ig-2 (Hong et al. 1999; Kruger et al. 2004; Grandin
et al. 2016; Hernaiz-Llorens et al. 2021). In this study, we used multi-wavelength analytical
ultracentrifugation (MW-AUC) to characterize the dynamic complex formed between NET-1
and soluble extracellular domains of UNC-5B. Through strategic addition of a fluorophore
on UNC-5B we spectrally separated the UNC-5B signal from the NET-1 signal in the
sedimentation profile (Henrickson et al. 2022). We discovered that NET-1 and UNC-5B
form transient heterocomplexes independent from the oligomerization of NET-1.

Materials and methods

Protein expression and purification

Gallus gallus NET-1 with truncated C-terminal domain (Uniprot ID: Q90922, amino acid
[aa] 26-458), and UNC-5B (Uniprot ID: Q8K1S3, aa 25-300) all containing a thrombin
cleavable C-terminal double Strep 11®-tag were expressed in human embryonic kidney 293
T cells using the Sleeping beauty transposon system (Kowarz et al. 2015). Confluent cells
were induced with 0.5 pg/mL Doxycycline in Dulbecco’s Modified Eagle’s Media and 2.5%
fetal bovine serum. Collected media was passed through a Strep-Tactin Superflow Plus
cartridge (Qiagen Inc., Toronto, Canada) to affinity purify the proteins. Subsequently, the
affinity tag was removed by thrombin digestion during dialysis. The receptor UNC-5B was
dialyzed into 50 mM Tris pH 7.5, 200 MM NaCl and NET-1 was dialyzed into 50 mM Tris
pH 7.5, 500 mM NaCl, 500 mM (NH,4)»,SO,4 to remove bound heparins. Final purification
was performed on a Superdex 200 with the appropriate dialysis buffer.
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Alexa 488 labeling of UNC-5B

Purified UNC-5B was buffer exchanged into 50 mM HEPES pH 8, 200 mM NaCl using a
pre-equilibrated PD-10 column. Then ten-fold molar excess Alexa Fluor™ 488 NHS ester
was added to the protein and incubated in the dark for 60 min. The unbound dye was
removed via desalting column PD-10, and buffer exchanged into the analysis buffers: 50
mM Tris pH 7.5, 200 mM NaCl (TRIS pH 7.5) or 50 mM MES pH 6.5, 154 mM NaCl
(MES pH 6.5) using a PD-10 column. The molar extinction coefficients of labeled and
unlabeled proteins were determined by measuring the spectrum at various concentrations
from 200 to 550 nm with a Genesys 10S UV-Vis spectrophotometer.

Differential scanning fluorimetry

Measurements were performed using a Prometheus Panta (NanoTemper Technologies
GmbH). Standard Prometheus capillaries (PR-C002) were filled with 10 pL of NET-1 (0.5
mg/mL) with either 1 mM CaCl2 or 1 mM EDTA. The temperature was increased from 25
to 65 °C at a ramp rate of 1 °C/min, intrinsic tryptophan fluorescence was measured at 330
nm and 350 nm. Data analysis was performed with the Panta Analysis software (Version
1.2).

Analytical ultracentrifugation (AUC)

NET-1 monomer—dimer sedimentation velocity experiments (SVEs) were performed using a
ProteomeLab™ XL-I analytical ultracentrifuge at the University of Manitoba and an An50Ti
8-cell rotor (Beckman Coulter Inc., Mississauga, ON). Standard 12 mm double-sector cells
were filled with 400 pL of samples and run at 30,000 rpm, 20 °C for 24 h measuring
intensity mode at 278 or 295 nm. Multi-wavelength AUC experiments were performed in

a Beckman Optima AUC instrument (Beckman Coulter, Indianapolis) at the University of
Lethbridge. Standard 12 mm 2-channel centerpiece cells were filled with 450 uL of sample
per channel, diluted to the desired concentration in TRIS pH 7.5 or MES pH 6.5 and spun
at 60,000 rpm for 7.5 h in an An60Ti 4-cell rotor. SVEs were measured in intensity mode.
The wavelength ranges 250-300 nm and 460-500 nm were selected, in increments of 3

and 2 based on the molar extinction spectrum of NET-1 and UNC-5B (Fig. 1D). Solutions
of NET-1 and UNC-5B were diluted to absorb 0.1-1 OD in a 12 mm pathlength AUC

cell within the selected wavelength range. A minimum of 50 scans per wavelength were
measured.

AUC data analysis

Experimental data were processed with UltraScan-111 (Demeler and Gorbet 2016) as
described by Demeler et al. (2010) to remove time- and radially invariant noise and to
determine boundary conditions. Multi-wavelength AUC (MW-AUC) data from the Optima
AUC were processed as previously described (Henrickson et al. 2022). This results in
iteratively refined two-dimensional spectrum analysis (2DSA) models (Brookes et al. 2010a,
b) for each wavelength which are subsequently time-synchronized to account for serial data
acquisition on the Optima AUC, and to allow spectral decomposition (Henrickson et al.
2022). The contribution of each analyte was spectrally deconvoluted using molar extinction
profiles generated on a Genesys S10 spectrophotometer from a dilution series (Demeler and
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Gorbet 2016) and normalized to the molar extinction coefficient at 280 nm based on the
analyte’s protein sequence. This process renders the MW-AUC data as separate datasets

in molar concentration units for each spectrally unique analyte in the mixture, allowing
each analyte’s contribution and stoichiometry in a complex to be studied separately. After
deconvolution, and for single-wavelength experiments, diffusion-corrected sedimentation
profiles were determined using the enhanced van Holde-Weischet (vHW) method (Demeler
and van Holde 2004). Kd measurements were performed with the discrete model genetic
algorithm analysis (DMGA) (Demeler et al. 2010) in combination with the Monte Carlo
analysis (Demeler and Brookes 2008) to determine the confidence intervals (Fedorov et al.
2020).

Hydrodynamic modeling

Results

To compare the experimentally determined hydrodynamic parameters of NET-1 and
UNC-5B to their respective crystal structures, the PDB structures were analyzed with ZENO
implemented in UltraScan-SOMO (Brookes and Rocco 2018). Missing residues and side
chains in the starting structure of NET-1 (PDB ID: 7LRF), and UNC-5 (PDB ID: 600L)
were built into the models using Coot 0.9.8.5 to ensure that all residues in the expressed
sequences (Emsley et al. 2010) were accounted and contributed to the hydrodynamic
calculations. After the initial starting structures were confirmed, MD simulations were
performed using the ff14SB force field parameters in GROMACS (Pronk et al. 2013). The
system was solvated to a neutral charge using a TIP3P cubic periodic box with a minimal
distance to the box border of 10 A which included the addition of sodium and chloride

ions at a concentration of 200 mM. Lastly, the system was energy minimized using a
minimization method with 5000 steps, with steepest descent, and the Particle-mesh Ewald
method (Darden et al. 1993). Final structure files (pdb format) for fully minimized UNC-5B,
and NET-1 monomer and dimer structures are available for download from the Open Science
Framework (Heide 2023).

Macromolecular state of NET-1 and UNC-5B as a function of pH

To compare the oligomerization properties of NET-1 as a function of pH, we performed
SVEs of NET-1 in 50 mM MES pH 6.5, 154 mM NaCl and in 50 mM Tris pH 7.5, 200
mM NacCl. Analysis by the enhanced van Holde— Weischet analysis (vHW) demonstrated
oligomerization of NET-1 at pH 7.5, but not at pH 6.5, suggesting a monomer—dimer
equilibrium at pH 7.5 (Fig. 1A and B). An increase in NET-1 concentration at pH 7.5
caused the sedimentation coefficient distributions to increase from 3.5S to 4.5S, indicating
mass action. However, at pH 6.5, a change in the same concentration range only caused a
negligible shift of the sedimentation coefficient distribution, with most of the sedimentation
occurring at 3.5S, consistent with a decrease of the association constant compared to pH
7.5. To further quantify the mass action of NET-1 at pH 7.5 and pH 6.5, SVEs performed at
12.1 uM (pH 7.5) and 17.1 pM (pH 6.5) were analyzed with the DMGA analysis (Demeler
et al. 2010). The hydrodynamic and thermodynamic results are shown in Table 1 and
indicated a Kd of 17.6 uM for NET-1 at pH 7.5 and 137 uM at pH 6.5. Remarkably, the
Zeno results were found to be in excellent agreement with the hydrodynamic parameters
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determined by the DMGA analysis (see Tables 1, 2). Since the Zeno predictions for the
dimer complex present in the asymmetric unit of 7LRF and 40OVE NET-1 agree closely with
the experimental AUC data, the dimer likely represents two anti-parallel NET-1 proteins
interacting through the LE-2 and LE-3 domains as depicted in Fig. 1E.

2N=N, )

To characterize the hydrodynamic behavior of the receptor UNC-5B, we performed SVEs as
a function of concentration and pH, 10 uM (pH 6.5) and 2.7 uM (pH 7.5) (Fig. 1C). Our data
show that UNC-5B remains a homogeneous, monodisperse protein that sediments at 2.3S.

In contrast to NET-1, UNC-5B does not change its sedimentation behavior as a function of
either concentration nor pH (6.5 vs 7.5) and remains monomeric within the concentration
range measured.

The dynamic nature of UNC-5B binding to monomeric and dimeric NET-1

To study the dynamics of the NET-1 + UNC-5B interaction, we first examined if UNC-5B
interacts with monomeric NET-1. Therefore, we performed MW-AUC experiments at pH
6.5. UNC-5B was labeled with Alexa Fluor-488 to facilitate spectral separation. Both
UNC-5B and NET-1 are homogeneous, monodisperse proteins that sediment at 2.3S and
3.5S, respectively (Fig. 2A). NET-1 was titrated (2—-42 pM) into 5 uM UNC-5B with a
multi-wavelength SVE obtained at each titration point (Fig. 2). As NET-1 concentration
was increased, an increase in the sedimentation coefficient was observed, which clearly
indicates NET-1 + UNC-5B complex formation (Fig. 2A and C). Spectral analysis of the
MW-AUC data suggests a stoichiometric complex formation with an equimolar ratio of
1:1 (Fig. 2A and B), which is consistent with the hydrodynamic results. The small change
in sedimentation coefficient of NET-1 and the gradual increase in UNC-5B sedimentation
suggest the complex associates with relatively fast kinetics on the timescale of the velocity
experiment. At lower NET-1 concentrations (Fig. 2A and B) a significant amount of
unbound UNC-5B is evident, suggesting relatively weak binding. At higher molar excess
concentrations of NET-1 (Fig. 2C and D) the slight shift in the sedimentation coefficient
observed for the deconvoluted NET-1 signal suggests the presence of significant amounts of
unbound monomeric NET-1.

As described above, NET-1 exists in a monomer—dimer equilibrium at pH 7.5. To study
whether UNC-5B can interact with dimeric NET-1, we repeated the NET-1 titration SVES

in TRIS buffer at pH 7.5 (Fig. 3). To account for the change in the sedimentation

distribution as a function of NET-1 concentration, each NET-1 and UNC-5B solution is
compared to NET-1 of similar concentration. As the concentration of NET-1 increased,

the UNC-5B sedimentation distribution also increased (Fig. 3A and B). The sedimentation
distribution of monomeric NET-1 also significantly increased, meaning most NET-1 is either
self-associating or binding to UNC-5B. The wider UNC-5B sedimentation distribution in pH
7.5 compared to pH 6.5 further indicates UNC-5B interacts with NET-1 as a monomer and
dimer (Fig. 3C and D).
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The role of Ca2* and heparin in NET-1-mediated UNC-5B binding

In the literature is a controversial discussion about the potential role of extracellular short-
chain heparins, and their role for NET-1 mediated receptor interactions (Bennett et al. 1997;
Geisbrecht et al. 2003; Kruger et al. 2004). Also, the role of Ca%* in the oligomerization

of NET-1 and UNC-5B has not been established. Here, we performed multi-wavelength
sedimentation velocity experiments in the presence and absence of Ca2* and heparin

and measured their impact on complex formation (Fig. 4). The addition of CaZ* or short-
chain heparin (dp8) to UNC-5B in the absence of NET-1 did not change the UNC-5B
sedimentation coefficient (Fig. 4). In the absence of UNC-5B, addition of Ca2* to NET-1 did
not alter the vertical sedimentation distribution pattern in the van Holde—Weischet analysis,
which indicates homogeneity, but induced a slight shift to a higher sedimentation coefficient.

Discussion

Biophysical techniques such as analytical ultracentrifugation, size-exclusion
chromatography, and light scattering provide pivotal information required to understand
protein assemblies under physiological conditions (Inagaki et al. 2013; Chouquet et al.
2022). A powerful addition to this arsenal is multi-wavelength analytical ultracentrifugation
which adds a second characterization dimension to the hydrodynamic separation. It
provides the ability to distinguish individual molecules with different chromophores

based on their absorbance properties, offering spectral separation and assessment of

the stoichiometry of hetero-associations and complex assemblies. Simultaneously, the
hydrodynamic characterization identifies the effects of changes in ionic strength, pH, and
the addition of small molecule ligands (Henrickson et al. 2022). By adding fluorescent tags
to one of the molecules, a distinct chromophore is available to facilitate the effectiveness of
MW-AUC, and extends the capabilities of protein—protein assembly studies. Here, we used
MW-AUC to separate the contributions of NET-1 and UNC-5B and extracted critical details
about their dynamic interactions in the solution phase.

NET-1 is an extracellular matrix (ECM) protein and local changes of pH in the ECM

were observed during brain injury, angiogenesis, immune reaction, bone loss or cancer

cell invasion (Lardner 2001; Goerges and Nugent 2004; Arnett 2008; Tian and Bae 2012).
We, therefore, investigated the NET-1 + UNC-5B interactions at both pH 7.5 and 6.5
because we noticed a difference in oligomerization and binding properties between the

two pH values. The van Holde-Weischet integral sedimentation coefficient distributions
provide information about the composition of a sample. A vertical distribution indicates
homogeneity, while a half-parabola shaped distribution indicates monomer—dimer formation.
UNC-5B alone remained homogeneous under all conditions tested, indicating the absence
of oligomerization with a sedimentation coefficient of 2.3S, which is consistent with a
monomer. Similarly, NET-1 at low concentration, and also at pH 6.5, sedimented primarily
as a homogeneous monomer at 3.5S. At pH 7.5, a reversibly self-associating monomer—
dimer system was observed, with increasing dimer formation as a function of increasing
concentration. The same observation at pH 7.5 was made earlier in SVE studies of UNC-6,
a NET-1 ortholog in C. elegans (Krahn et al. 2019). To quantify the thermodynamics of
binding, we measured the Ky by SVE for the self-association of NET-1 at pH 7.5 (17.6 pM)
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and at pH 6.5 (137 uM), confirming significantly reduced dimer formation at lower pH. This
suggests that concentration and pH both control the oligomeric conformation of NET-1 in
the ECM, and may function differently based on these parameters.

Our interaction studies clearly demonstrate that UNC-5B binds to NET-1 at either pH. We
also show that UNC-5B binding to NET-1 occurs regardless of the oligomerization state of
NET-1. MW-AUC confirms a 1:1 molar interactions between NET-1 and UNC-5B. Because
of the higher Ky at lower pH, much higher ratios of NET-1:UNC-5B are required to see

the interaction of UNC-5B with dimeric NET-1 at low pH, but the interaction stoichiometry
between NET-1 and UNC-5B seems not to be affected by the pH. The physiological function
of NET-1 oligomerization is not clear, but it is conceivable that NET-1 oligomerization is a
key regulatory function. Taylor et al. (2015) observed a reversal of the migration direction
from attraction to repulsion when the NET-1 concentration increased. As a single-pass
receptor, UNC-5 requires a second receptor to signal. This role could be filled by a different
NET-1 receptor in the monomeric case, such as DCC, or a second UNC-5 molecule that
could bind to the dimeric form of NET-1 at high concentration of NET-1. Either combination
could have a different signaling pathway (Merz et al. 2001; Lim and Wadsworth. 2002;
Kruger et al. 2004). Merz et al. (2001) also show UNC-5 alone signals repulsion. DCC
binds at two sites (LN and LE-3 domains) to NET-1, and potentially via the heparin binding
motif on the LE-2 domain (Finci et al. 2014), the same site where UNC-5 binds, but this is
controversial. LN and LE-3 DCC binding sites identified in previous studies are compatible
with our results and allow for a NET-1 + DCC + UNC-5 heterocomplex. Keleman and
Dickson (2001) showed that a complex of NET-1 + DCC signaled attractive migration axon
growth, but was reversed from attractive to repulsive when UNC-5B was present. Therefore,
repulsive signaling can be achieved by modulating NET-1 concentration through NET-1
oligomerization and mass action, by forming a NET-1 + UNC-5 signaling complex with
UNC-5 alone.

NET-1 is a well-known heparin binding protein (Serafini et al. 1994; Bennet et al. 1997;
Finci et al. 2014). Heparin is also known to mediate the assembly of other proteins in

the ECM. One possibility is that UNC-5B binding to NET-1 is only possible by heparin-
mediated assembly. To examine any potential effects of heparin binding to UNC-5B which
may cause UNC-5B assembly, we measured the sedimentation of UNC-5B in the presence
and absence of dp8, a short-chain heparin molecule. These experiments conclusively show
that heparin does not cause UNC-5B assembly. This result suggests that UNC-5B interacts
directly with NET-1, and not through heparin-mediated binding.

To check the effect of Ca?* on the oligomerization properties of NET-1 and UNC-5B, we
performed control experiments on UNC-5B and NET-1 in the presence and absence of
Ca?*. We detected no effect on oligomerization. In the case of UNC-5B, the sedimentation
coefficient remained unchanged in the presence of CaZ*. However, in the case NET-1, we
detected a slight increase in the sedimentation NET-1 when Ca2* was added. We explain the
shift by the fact that NET-1, which has a Ca?* binding site, may change conformation to

a slightly more compact state when Ca2* is bound. Since compaction reduces friction, the
sedimentation coefficient increases slightly. The compaction is also supported by increased
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thermal stability observed in tryptophan fluorescence differential scanning fluorimetry
assays when Ca2* is bound to NET-1 (Supplemental Fig. 1).

NET-1 signaling is complicated, in addition to the dynamic monomer—dimer equilibrium

of NET-1 alone, NET-1 also binds heparins, forms large assemblies with DCC as shown

by Finci et al. (2014) and Xu et al. (2014) and forms a transient heterocomplex with
UNC-5B. Here, we demonstrate that MW-AUC is a potent analytical tool to assist with
further characterizing the complex assemblies that abound in NET-1 signaling systems. With
this MWAUC investigation, we demonstrate that MW-AUC is an excellent approach not
only for investigating complicated interactions involved in NET-1 signaling complexes, but
suggest its use for other systems involving two or more interacting molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Di%"fusion-corrected integral sedimentation coefficient distributions of A 1, 8, 12, 33 and 40
UM NET-1 in 50 mM Tris pH 7.5, 200 mM NaCl, as indicated by the color gradient from
light to dark blue; B 7, 10, 19, and 22 uM NET-1 in 50 mM MES pH 6.5, 154 mM NacCl, as
indicated by the color gradient from light to dark blue; C UNC-5 in Tris pH 7.5 (green) and
MES pH 6.5 (red); D Molar extinction spectrum of NET-1 (blue) and UNC-5 labeled with
Alexa Fluor-488 (red); E Crystal structure of NET-1 dimer structure (PDB code: 40VE)
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Diffusion-corrected integral sedimentation coefficient distributions of NET-1 and UNC-5
titration series in pH 6.5. Each plot shows 8 uM UNC-5 alone (red squares), 10 uM NET-1
alone (blue squares), deconvoluted UNC-5 (d-UNC-5, dark red circles) and deconvoluted
NET-1 (d-NET-1, dark blue circles) at molar ratios of A 1:2, B 2:1 C 9:1 NET-1to 5 pM
UNC-5 and at D 2:1 molar ratios of NET-1 to 9 uM UNC-5
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Di%‘fusion—corrected integral sedimentation coefficient distributions of UNC-5B in 50 mM
Tris pH 7.5, 200 mM NaCl (red), with the addition of 2 mM CaCl2 (pink), and 12 uM
heparin oligosaccha-ride dp8 (brown), and NET-1 in the same buffer without (blue) and with
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Discrete model genetic algorithm fitting results of NET-1 monomer—dimer equilibrium (Eg. 1)

Table 1

Parameter S(*1018s) D (*107cmfs) fifo wcm?3/g) Kd (uM)  RMSD
12.1 pm Monomer  3.52 £ 0.04 5.90 £0.22 151+006 0.71+001 17.6+3.6 0.00276
TrispH 7.5 Dimer 4.83+0.17 4.04 +0.09 1.75+£0.04
17.1uM Monomer  3.56 £ 0.03 5.09+0.14 1.79+£0.06 0.66+0.01 137+26.1 0.00407
MES pH 6.5 Dimer 5.13+0.10 3.66 +0.09 1.97 £0.05

All parameters were floated, and 95% confidence intervals were determined by Monte Carlo analysis with 100 iterations
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US-SOMO simulations of hydrodynamic parameters of NET-1 and UNC-5 using the Zeno method

Table 2

S(*1083s)  Translational D(*1077 cm%s) f/f

NET-1 PDB: 7LRF

Monomer 3.16 5.63
Dimer 4.64 4.13
UNC-5 PDB: 600L

Monomer 2.21 6.07

1.57
1.70
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