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ABSTRACT: Neuropilin-1 acts as a coreceptor with vascular endothelial growth
factor receptors to facilitate binding of its ligand, vascular endothelial growth factor.
Neuropilin-1 also binds to heparan sulfate, but the functional significance of this
interaction has not been established. A combinatorial library screening using heparin
oligosaccharides followed by molecular dynamics simulations of a heparin
tetradecasaccharide suggested a highly conserved binding site composed of amino
acid residues extending across the bl and b2 domains of murine neuropilin-1.
Mutagenesis studies established the importance of arginine513 and lysineS14 for
binding of heparin to a recombinant form of Nrpl composed of the al, a2, b1, and b2 —

domains. Recombinant Nrpl protein bearing RS13A,KS14A mutations showed a

significant loss of heparin-binding, heparin-induced dimerization, and heparin-

dependent thermal stabilization. Isothermal calorimetry experiments suggested a 1:2

complex of heparin tetradecasaccharide:Nrp1l. To study the impact of altered heparin

binding in vivo, a mutant allele of Nrp1 bearing the R513A,K514A mutations was created in mice (NrpI®) and crossbred to Nrpl*/~
mice to examine the impact of altered heparan sulfate binding. Analysis of tumor formation showed variable effects on tumor growth
in Nrp1®® mice, resulting in a frank reduction in tumor growth in NrpI®~ mice. Expression of mutant Nrp1® protein was normal in
tissues, suggesting that the reduction in tumor growth was due to the altered binding of heparin/heparan sulfate to neuropilin-1.
These findings suggest that the interaction of neuropilin-1 with heparan sulfate modulates its stability and its role in tumor formation
and growth.

B INTRODUCTION responsible for binding to the Sema domain of Sema3 ligands,
e . . 16,17

Members of the neuropilin (Nrp) family of proteins (Nrpl and and they facilitate interaction with the VEGF. The bl and

Nrp2) are plasma membrane surface receptors that participate b2 domains bind the C-terminal domains of both VEGF and

in angiogenesis and axon guidance.l_5 In angiogenesis, Nrpl Sema3 ligands.”’18 The ¢ domain does not directly facilitate

acts as a coreceptor for vascular endothelial growth factor Sema3 or VEGF binding.'® Therefore, other roles have been
receptor-2 (VEGFR2) and facilitates VEGF binding.”® In the

central nervous system, Nrpl forms a coreceptor with
members of the plexin family to facilitate Sema3a binding
and axon guidance.”® Nrpl has also been identified as a
coreceptor for human T_Cell lyrnphotropic virus type 1 entry Nrpl function.lg’zo Evolutionary conservation Of the neuropilin
and recently as a potential receptor for SARS-CoV-2 virus.”~ " structure emphasizes its importance as a cell surface receptor
Thus, there is great interest in understanding the structure and and likely participation in angiogenesis and axon guidance
function of the Nrp proteins in angiogenesis, axon guidance,
and infectious disease.

Nrpl and Nrp2 are evolutionarily conserved, possessing
almost identical domain structures and 44% amino acid
identity.”* The domain structure of Nrpl includes two
complement binding CUB domains (al and a2), two
coagulation factor domains (bl and b2), a MAM (meprin,
AS, mu) domain (c), a transmembrane domain, and a short C-
terminal cytoplasmic tail."”>~"> The al and a2 domains are

suggested for the ¢ domain including regulating signaling,
promoting proper positioning of the ectodomain, and
facilitating other protein—protein interactions relevant to the

across species.
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Figure 1. Combinatorial virtual library screening (CVLS) and molecular dynamics (MD) based identification of binding sites, key amino acid
residues, and minimal chain length. A, Electrostatic potential surface of mouse Nrpl (PDB: 4GZ9) using APBS tool in Pymol. Blue areas represent
electropositive surfaces, and red areas represent electronegative surfaces. B, CVLS-predicted hexasaccharide sequences binding to three preferred
sites (BS1, BS4 and BSS) on mNrpl from a library of 288 sequences containing a range of sulfate groups (0—12) per sequence. Shown are overlays
of the docked poses of hexasaccharide sequences that bind mNrpl by satisfying the CVLS dual-filter strategy. Sequences that bound at the
preferred binding sites: BS1 (green atom sticks), BS4 (cyan atom sticks), and BSS (pink atom sticks) are shown. Note: sequences at BS4 and BSS
were found to partially overlap with each other. C—E, Interaction of heparin/heparan sulfate hexasaccharides at BS1 (C), BS4 (D) and BSS (E).
Hydrogen-bonding profile of hexasaccharide sequences with key residues of mNrp1 (shown as black dotted lines; hexasaccharides are shown as
green (BS1), cyan (BS4) and pink (BSS) sticks). F, Total free energy value in kcal/mol, from 200 ns MD simulations of hexasaccharide bound to
BS1, BS4, and BSS, respectively. Note: total free energy decreased (better binding) when BS1 and BSS were simultaneously occupied. G, Free
energy contributions for the 14-mer GAG sequence interacting amino acid residues in the binding region of the Nrpl protein. H, Electrostatic
potential plot of Nrpl with selected residues colored green.

An electropositive patch in the blb2 domains has been especially in sulfation. How these structural variations impact
implicated as a ligand binding site for heparin.'”*' An Nrpl is unknown.
oligosaccharide composed of at least eight sugar residues
(degree of polymerization [dp] 8 oligosaccharide) was needed
to compete with the binding of native heparin (~dp50) to
Nrpl, and dp20 heparin oligosaccharides were able to

In this report, we elucidated the structure of the heparin/
heparan sulfate binding site in Nrp1 using molecular modeling

and biochemical binding assays. To explore the functional

completely inhibit binding.'” Heparin has also been shown significance of the heparin/heparan sulfate interaction with

to induce oligomerization of Nrpl, and the effect is size Nrpl, key amino acid residues required for binding were
21 o

dependent.” Heparin is a form of heparan sulfate generated by identified and mutated. Inactivation of the capacity of Nrpl to

connective tissue mast cells and is derived from porcine or
. . 22 . . )

bovine intestinal mucosa.”” Extensive sulfation of heparin

makes it one of the most electronegative polymers found in

bind heparin/heparan sulfate resulted in destabilization of the
protein to thermal inactivation and reduced dimerization of the

nature. In contrast, heparan sulfate is made by all animal cells protein in vitro. Replacement of the wild-type Nrpl gene in
and varies significantly in the overall structure from heparin, mice with the mutant reduced tumor formation in vivo.
1821 https://doi.org/10.1021/acschembio.4c00389
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B RESULTS

To locate and understand the heparin/heparan sulfate binding
site in Nrpl at the residue level, we first resorted to
computational simulations and analysis. The surface of
mouse Nrpl (PDB ID: 4GZ9) was divided into 13 potential
binding sites (BS1—BS13, Figure S1B) in an unbiased manner
followed by implementation of the combinatorial virtual library
screening (CVLS) algorithm. The CVLS algorithm is a genetic
algorithm that has now been implemented on dozens of
heparin/heparan sulfate binding proteins to identify the
preferred binding site and preferred structures of oligosacchar-
ide chains.””** The algorithm, which has been parametrized
primarily for highly sulfated structures, utilizes a dual-filter
strategy consisting of GOLDScore as the first filter followed by
an RMSD filter. In combination, the two filters segregate the
library of oligosaccharide chains into two bins, those that
engage the putative binding site with high GOLDScore and
low RMSD versus the rest. The genetic-screening function
within the CVLS algorithm studies thousands of configura-
tional and conformational variations to extract the best set of 6
poses for each preferred oligosaccharide sequence, which are
then used to calculate the GOLDScore, a measure of “in silico
affinity”, and RMSD (see Figure S1A), a measure of “in silico
selectivity”.

For Nrpl, we implemented the CVLS algorithm on each of
the 13 putative binding sites, utilizing a library of 72 heparin/
heparan sulfate disaccharide topologies. When the docked
poses of disaccharides were overlaid onto the 13 binding sites
(Figure S1B), the higher affinity/selectivity disaccharides
preferentially aligned with the electropositive cleft formed by
the bl and b2 domains (Figure 1A). Following this, a library of
288 hexasaccharides was generated from all possible
combinations of disaccharides reported earlier.”> This library,
containing hexasaccharides with 8 to 12 sulfate groups, was
then studied using the dual filter CVLS algorithm. Figure 1B
compiles the results of these experiments, which led to the
conclusion that BS1, BS4, and BSS are the three primary
putative sites for binding of heparan sulfate hexasaccharides.
When the best-fit hexasaccharides (Figure 1C—E), having the
sequences IdoA-GIcNS-GlcA2S-GleNS356S-IdoA-GIcNS3S6S,
GIcNACc6S-1doA2S-GIcNS6S-GlcA2S-GIcNS3S6S-GlcA, and
GlcA-GIcNS6S-1doA2S-GlcNAc-GlcA2S-GIcNS3S6S,  respec-
tively, were simultaneously projected onto the three binding
sites, considerable overlap was noted between the best ranking
sequences, suggesting a strong possibility of recognition of an
extended heparan sulfate chain within the electropositive cleft
in the bl and b2 domains.

To identify the preferred chain length, we used molecular
dynamics (MD) simulations on 1:1 docked complexes of
hexasaccharides from CVLS onto Nrpl. The MD technology
was now been successfully implemented on dozens of GAG—
protein complexes to understand thermodynamic and
mechanistic features of interactions.”””’ We implemented
MD simulations in explicit water molecule box (TIP3P) using
a constant temperature, constant pressure (NPT) ensemble of
each high affinity/high selectivity hexasaccharide sequence
bound in its preferred site, i.e., BS1, BS4, or BSS. Each
hexasaccharide was found to bind well in its preferred binding
site in the presence of water. MMGBSA-based free energy
calculations revealed the order of preference with regard to
sites of binding (BS4 > BSS > BSI; see Figure 1F). It is
important to note that the MMGBSA approach, which is a

1822

well-established method for calculating free energies from MD
trajectories, is an excellent tool for qualitative comparison of
closely related structures and, therefore, particularly suited for
revealing preferred sites of binding. We then studied the effect
of simultaneous, dual-site occupancy and found that the
combined occupancy of BS1 and BSS with their preferred
hexasaccharide sequences was 2-fold better than single
occupancy at any of three BSs (Figure 1F). Furthermore,
simultaneous triple-site occupancy was found to be detrimental
to binding (not shown). Rather, it was computationally
possible to identify a disaccharide sequence that binds in
BS4 and optimally connects on either side with the best
hexasaccharide sequences of BS1 and BSS. This led to the
hypothesis that a distinct tetradecasaccharide (dp14) would be
predicted to bind in the long electropositive cleft of Nrpl.

To support this hypothesis, we studied the stability of the
dp14 oligosaccharide in complex with Nrpl using a 1 ys MD
simulation (see Figures 1, SIC and S1D, see also Supporting
Information Video 1). The average fluctuations of the dpl4
oligosaccharide over a long simulation time (>100,000
structures) was 4.36 A, while for Nrpl, it was 2.20 A.
Visualization of the full MD trajectory (Supporting Informa-
tion Video 1) showed that the ligand remained anchored to the
contiguous site formed by BS1, BS4, and BSS.

A better insight into the nature of interactions within the site
of binding can be derived from the hydrogen-bond occupancy
and enthalpy contributions of each amino acid present in the
site of binding. Such an analysis has provided keen predictive
insights into a range of proteins with minimal information on
their recognition of heparin/heparan sulfate.”*** Thus, we
evaluated hydrogen-bond occupancies (Figure SIE) and
single-residue free energy contributions to binding (Figure
1G). Not surprisingly, the long dp14 chain length implicated
an extensive set of amino acid residues in binding including
Glu271, Ser321, Tyr322, Lys323, Arg359, Lys373, Asn376,
Lys377, Ala378, Lys397, Lys407, Lys509, Arg513, LysS14,
Lys538, Glu541, AsnS544, AsnS54S, ThrSS3, and HisS71
(Figures 1G and S1E). Of the 20 residues, nine are
evolutionarily identical across multiple animal species, whereas
the other 11 positions have conservative substitutions (Figure
S1F). Comparison of Nrp1 to Nrp2 in humans, mice, and rats
reveals that six of these residues are identical, five have
conservative substitutions, and nine are nonconserved residues
between the two isoforms. Of note, the positively charged
lysine and arginine residues are highly conserved, as would be
expected for a site involved in binding negatively charged
polysaccharides such as heparin or heparan sulfate.”” In
addition, the b2 domain contains a conserved XBBXBX amino
acid motif across amino acid residues 512—517 (MRKFKI),
which corresponds to a Cardin-Weintraub glycosaminoglycan
binding consensus sequence.”"”’

Structural studies of the Nrpl indicate that subdomains
b1b2 are tightly packed and form a rigid scaffold, with a deep
cleft or groove that runs across the interdomain junction,
measuring ~40 A in length.”" This cleft has dimensions that
roughly correspond to the length of a heparin dp12.*
Mutation of specific arginine and lysine residues to glutamate
(R359E, K373E, RS13E, KS14E, and KS16E) along the cleft
abolished the heparin-induced dimerization.”’ Examination of
the interaction of recombinant dimeric Fc fusion of rat Nrpl
with heparin suggested amino acid residues involved in heparin
binding were also present in the al domains,® although

https://doi.org/10.1021/acschembio.4c00389
ACS Chem. Biol. 2024, 19, 1820—1835
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Table 1. Salt Concentrations for Heparin Sepharose Elutions and K, and B,,,, Values for BSA-Heparin ELISAs

heparin sepharose

heparin-BSA ELISA

conductivity (mS/cm) salt (M)
Nipl 48 0.52
R359A 43 0.47
K373A 40 0.43
KS09A 44 0.48
RS13A 33 0.35
KS14A 39 0.43
KS16A 46 0.50
RS513A,KS514A 28 0.28

Asalt (mM) K, (uM, 95% CI) Boux (95% CI)
0 0.10—0.14 0.69—0.76
-50 0.39-0.52 0.76-0.85
—-90 0.50-0.73 0.67—0.80
—40 0.34-0.38 0.58—0.61
-170 0.43-0.61 0.64—0.75
—-90 0.45-0.66 0.77-0.91
—-20 0.34-0.45 0.68—0.75
—240 1.64—4.61 0.33-0.69

molecular docking studies with the murine ala2b1b2 protein
did not support this hypothesis.

Recombinant Protein Production. In the following
biochemical studies, we expressed wild-type and mutant
forms of the ala2blb2 domain of mouse Nrpl using a
construct previously utilized in the crystallization of mouse
Nrp1.* Nrpl ala2b1b2 domain has been shown to have a 3-to-
8-fold _greater affinity for VEGF16S over the blb2 domain
alone."” The mouse construct was selected in anticipation of in
vivo studies to examine the functional significance of the
heparin binding domain. Based on the modeling results, the
location of conserved amino acid residues, and previous
mutational studies, the amino acid residues R359, K373, K509,
RS513, K514, and K516 were converted to alanine residues
(Figure 1H). Robust expression was achieved using ExpiCHO
cells to allow glycosylation of the two Asn-linked glycosylation
sites in the a2 domain,”’ which could affect binding to
heparin/heparan sulfate. Previous studies employed recombi-
nant protein expressed in E. coli which lacks the glycosylation
enzymes found in mammalian systems.”' The resulting
recombinant proteins, wild-type and seven alanine substitution
mutants, were purified by Ni**-affinity chromatography to take
advantage of the His6Tag added to the N-terminus. All the
recombinant proteins expressed at comparable levels (0.8—2.4
mg/L). SDS-PAGE analysis showed that all the proteins had
the expected molecular weight and appeared to be stable based
on the retention of the HissTag and recognition by anti-Nrpl
antibody in western blots (Figure S2A). Each recombinant
protein was also N-glycosylated as demonstrated by a
comparable decrease in molecular weight following treatment
of the purified proteins with PNGase to release the Asn-linked
glycans (Figure S2B). The overall conformation of the
recombinant proteins appeared similar based on their
comparable migration on native PAGE (Figure S2C).

Binding of Recombinant Nrp1 Mutants to Heparin.
To elucidate the contribution of these candidate amino acids
to the interaction of Nrpl ala2blb2 with heparan sulfate,
recombinant proteins were subjected to a series of heparin and
heparan sulfate binding assays. Heparin, a highly sulfated
fractionated form of heparan sulfate, is commercially available
in large quantities and is used as a surrogate for more typical
heparan sulfate found on cells.”” To assess the interaction of
the recombinant proteins with heparin, samples were bound to
heparin sepharose and eluted with a salt concentration gradient
from 0.15 to 0.6 M NaCl. Several of the recombinant mutant
proteins showed small reductions in the salt concentration
needed for elution compared to the wild-type ala2blb2
protein (0.43—0.5 M NaCl versus 0.52 M for wild-type Nrp1,
Figure S2D, Table 1). R513A, K514A, and K373A mutants
eluted at much lower salt concentrations (0.35, 0.43, and 0.43

1823

M NaCl, respectively), suggesting these amino acids
contributed significantly to the interaction of Nrpl ala2blb2
with heparin (Figures 24, S2D, Table 1). Recombinant Nrpl
ala2b1b2 protein containing two mutations (RS13A,KS14A)
showed an additive effect, eluting at 0.28 M NaCl (A = —0.24
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Figure 2. Heparin binding of Nrpl ala2blb2 mutants. A, Elution
profiles of Nrpl mutants on heparin sepharose. Wild-type
Nrplala2blb2 and mutants were passed over heparin sepharose,
and the concentration of NaCl required for elution from the column
was determined. Dashed vertical line at 10 mL is the beginning of the
elution phase. B, Binding of wild-type Nrpl ala2blb2 and mutants to
immobilized heparin-BSA. C, Increases in melting temperatures of the
Nrpl ala2blb2 proteins in the presence of heparin due to heparin-
induced stabilization. Statistics denote a one-way ANOVA with
Tukey’s multiple comparison test. **** p < 0.0001.
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Table 2. Determined Molar Masses (MMs) for Nrpl ala2blb2:Heparin Oligosaccharide Complexes

sample oligo size (kDa) MM (kDa) error (%)
Nipl 74 2 1.0
Nipl + dp6 1.8 73 4 1.0
Nrpl + dp8 2.4 73 4 1.0
Nrpl + dpl0 3.0 77 3 1.0
Nipl + dpl2 3.6 94 5 13
Nirpl + dpl4 41 106 3 14
Nrpl + dpl6 47 130 6 18
Nirpl + dpl8 52 134 3 1.8
Nrpl + dp20 5.8 162 2 22

ratio to monomer

expected MM 1:1 complex (kDa)  expected MM 2:1 complex (kDa)

74

76 149
76 150
77 150
78 151
78 152
79 152
79 153
80 153

M NaCl for the double mutant vs —0.17 and —0.09 M NaCl
for mutants RS13A and KS14A, respectively).

These results were validated in a different assay format in
which binding of recombinant proteins was evaluated by
ELISA using plates coated with heparin-BSA (Figure 2B,
Figure S2E). Incubation with the wild-type protein showed
saturable binding with an apparent Ky value of 0.10—0.14 uM
(95% Cl). All of the single amino acid mutants showed
reduced affinity, but the extent of binding based on B, values
was comparable (Table 1). The double mutant R513A,K514A
bound with much reduced affinity (K; = 1.64—4.61 uM, 95%
CI), and the extent of binding was reduced as well.

Heparin Stabilizes Neuropilin-1 against Thermal
Denaturation. Binding of glycosaminoglycans to proteins
often stabilizes them against denaturation compared to their
unbound state.””*” To determine the effect of heparin binding
on Nrpl stability, we utilized differential scanning fluorimetry
to monitor the thermal denaturation of Nrpl in the presence
and absence of heparin. Nrpl was mixed with $X SYPRO
Orange Protein Gel Stain, a hydrophobic dye that binds to the
hydrophobic domains of the protein exposed by denaturation.
Heparin-enhanced thermal stability appeared as an increase in
the melting temperature. Wild-type Nrpl ala2blb2 demon-
strated a characteristic melting curve (Figure S2F), which
yielded a melting temperature of 49.4 °C based on the
maximum of the first derivative of the dye binding curves
(Figure S2G). Increasing the molar ratio of heparin:protein
from 1:1 to 10:1 resulted in further stabilization reflected as
higher melting temperatures (50.6—51.6 °C) (Figure S2H).
Analysis of the mutant proteins with a 10:1 molar ratio of
heparin:protein showed that mutants KS09A and KS16A were
similarly stabilized by heparin compared to the wildtype,
whereas R359A, K373A, R513A, and K514A mutants showed
less heparin-induced stabilization (Figure 2C). Heparin had no
effect on the R513A,KS14A double mutant as reflected by the
lack of increase at the melting temperature (Figure 2C). As a
control, we also examined melting of each protein construct in
the absence of heparin. Some mutants exhibited slightly altered
melting temperature in the absence of heparin indicating some
differences in stability (KS09A, RS13A, RS16A; Figure S2I).
Nevertheless, the stabilization by heparin suggests that the
heparin-binding sites can still engage heparin. The lack of
stabilization by heparin of the double R513/K514A mutant is
consistent with diminished levels of binding.

Heparin-Induced Dimerization of Neuropilin-1. Hep-
arin binding by Nrp1l has been shown to induce dimerization
of human b1b2 domains based on size exclusion chromatog-
raphy.”' To explore the impact of heparin-binding on the
oligomerization of murine ala2blb2 protein, we examined

heparin oligosaccharides of different lengths. Wild-type protein
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was incubated with size-specific heparin oligosaccharides
(dp8—dp20), and the resulting mixtures were analyzed by
size-exclusion chromatography with multiangle light scattering
(SEC-MALS). Murine Nrpl ala2blb2 protein ran as a
monomer with an apparent molecular mass of 74 + 2% kDa
by gel filtration (Table 2), consistent with the expected mass
based on the amino acid sequence as well as previously
determined molecular mass for Nrpl ala2blb2.® The
consistent molecular mass across the peak suggested
homogeneity (Figure 3). The extended heparin binding cleft
accommodated dp6 to dpl8 oligosaccharides, resulting in a
shift in apparent molecular masses approximately equal to the
summation of the masses of the individual components (Table
2). Incubation with dp20 heparin oligosaccharides resulted in a
complex with an apparent molecular mass consistent with a
dimer (~160 kDa; Figure 3H, Table 2). These results suggest
that heparin oligosaccharides shorter than dp20 can bind; the
intermediate apparent molecular weights of these complexes
most likely reflect the dynamic process of complex assembly
and disassembly during the gel filtration run. Smaller trailing
peaks in the OD,q, traces may be due to the presence of a
double bond at the nonreducing end of the heparin
oligosaccharides that arose from enzymatic processing of
heparin during production of the oligosaccharides (Figure
30).

Alanine substitution of positively charged amino acid
residues in the electropositive cleft in mouse Nrpl ala2blb2
decreased its ability to bind heparin (Figure 2A), suggesting
that heparin-mediated dimerization might be altered, as well.
Incubation of dp20 heparin oligosaccharides with the RS13A
and KS514A mutant proteins resulted in complexes of
intermediate apparent molecular weights compared to wild-
type protein (83 and 97 kDa versus 180 kDa, respectively;
Figure 3L,M). A bound complex consisting of one heparin
dp20 chain and one ala2blb2 monomer can account for the
apparent molecular mass of the complexes formed by the single
RS13A and KS14A mutants with dp20 heparin oligosacchar-
ides (Table 3). The R513A,K514A double mutant showed no
shift in molecular mass by gel filtration, supporting its weak
interaction with heparin (Figure 3N; Table 3). Experiments
with dpl8 heparin oligosaccharides yielded similar results
(Figure 3I-K; Table 3).

Neuropilin-1 Binds Heparin Oligosaccharides in a 1:2
Heparin:Protein Complex. The accuracy of SEC-MALS was
not sufficient to accurately determine the stoichiometry of the
heparin binding. Thus, we analyzed the complexes with
isothermal calorimetry (ITC). Titration of wild-type
ala2blb2 protein with a heparin dpl4 oligosaccharide
produced a Kp value of 0.69 uM and a stoichiometry of
0.419 =+ 0.004, indicating that the complex most likely consists
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Figure 3. Size-dependent heparin-induced dimerization of Nrpl. SEC-MALS chromatogram of Nrpl ala2blb2 and A, heparin hexasaccharide
(dpé6); B, heparin octasaccharide (dp8); C, heparin decasaccharide (dp10); D, heparin dodecasaccharide (dp12); E, heparin tetradecasaccharide
(dp14); F, heparin hexadecasaccharide (dpl6); G, heparin octadecasaccharide (dp18); and H, heparin icosasaccharide (dp20). SEC-MALS
chromatogram of I, RS13A + heparin octadecasaccharide (dp18); J, KS14A + heparin octadecasaccharide (dp18); K, RS13A,KS14A + heparin
octadecasaccharide (dp18); L, RS13A + heparin icosasaccharide (dp20); M, KS14A + heparin icosasaccharide (dp20); N, RS13A,KS14A + heparin
icosasaccharide (dp20); and O, a mix of heparin oligosaccharides (dp20, dp14, dp8). Gray lines are protein only, and black lines are protein

incubated with oligosaccharide.

Table 3. Determined Molar Masses (MMs) for Nrpl ala2b1b2:dp18 and Nrpl ala2blb2:dp20 complexes

solo +dpl8 (5.2 kDa) +dp20 (5.8 kDa) expected size + dpl8 expected size + dp20
MM (kDa) error (%) MM (kDa) error (%) MM (kDa) error (%) 1:1 complex 2:1 complex 1:1 complex 2:1 complex
Nrpl 80 S 140 7 183 3 85 165 86 166
RS13A 79 1 80 3 83 3 84 163 85 163
KS14A 79 2 92 2 97 4 84 163 85 163
RS513A, KS14A 78 2 79 1 77 1 83 161 84 161
1825 https://doi.org/10.1021/acschembio.4c00389
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Figure 4. Nrpl and heparin oligosaccharide form a 1:2 heparin:Nrpl ala2blb2 complex. Isothermal calorimetry was used to assess complex
formation of Nrpl ala2blb2 with heparin tetrasaccharides. Nrpl ala2b1lb2 (A) and the RS13A,KS14A mutant (B).

of one heparin oligosaccharide and two ala2blb2 proteins
(Figure 4A). Analysis of complexes generated by admixture of
wild-type Nrp1 ala2b1b2 with dp20 yielded similar results (K,
of 0.49 uM and a stoichiometry of 0.404 + 0.00S, Figure S4A).
The R513A)K514A double mutant engaged poorly with the
heparin tetradecasaccharide, and the shape of the binding
curve did not allow accurate determination of a K, value or
stoichiometry (Figure 4B). Control titration of heparin
oligosaccharides (dp14) into buffer alone showed appropriate
peak magnitudes (Figure S4B,C). The stoichiometry of the 1:2
dpl4:protein complex suggests that a single heparin
oligosaccharide is adequate to dimerize the protein, even in
the absence of other domains and other ligands.

Interaction of Neuropilin-1 with Heparan Sulfate.
While heparin is commonly used as a surrogate for heparan
sulfate, Nrpl on the plasma membrane of cells more likely
engages heparan sulfate in the form of proteoglycans present in
the glycocalyx. Prior studies showed that human recombinant
human Nrpl blb2 domain can bind cell surface heparan
sulfate based on flow cytometry.”* Wild-type mouse Nrpl
ala2blb2 protein bound to wild-type CHO-K1 cells, and
binding was proportional to concentration up to 3 uM, the
highest concentration that was tested (Figure SA). The
recombinant mutant proteins showed various levels of binding
to the cells when tested at 1 yM; R359A and KS16A mutants
retained similar levels of binding as the wild-type protein,
whereas K373A, KS09A, R513A, and K514A bound to a lesser
extent (Figure SB). Engagement of the recombinant
R513AK514A mutant protein with the cell surface was
especially attenuated. Prior treatment of the cells with a
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combination of heparin lyases I, II, and III (HSase), which
removes cell surface heparan sulfate, diminished binding of
wildtype and mutants to a similar baseline level (Figure SB).
Staining of untreated and HSase-treated CHO-K1 cells with an
antiheparan sulfate antibody (10E4) demonstrated efficient
removal of heparan sulfate from the cell surface (Figure SS).
Binding was also measured in human umbilical cord
endothelial cells (HUVECs). Binding showed more typical
signs of saturability, but HSase treatment only partially
diminished the level of binding (Figure SC). Furthermore,
binding of the RS13A,K514A mutant was reduced to a level
like that observed for wild-type protein after treatment of the
endothelial cells with HSase (Figure SD), whereas binding of
the RS13A,KS14A mutant was minimally affected by HSase
treatment. Together, these results show that the reduced
binding of the ala2b1b2 mutants to heparin was recapitulated
in studies of recombinant protein with native heparan sulfate
present on mammalian cells.

Generation of Heparan Sulfate Binding Deficient
Nrp1 (Nrp1°) Mouse Model. Nrpl plays important roles in
developmental processes including axon guidance and angio-
genesis based on the phenotype of mice bearing null alleles of
Nrpl or mutant alleles in which binding to VEGFA or Sema3A
were altered."”>™® To assess how Nrp-1 interaction with
heparan sulfate could influence its functions in vivo, we created
a mouse model expressing full length Nrpl with the double
mutation R513A;KS514A in order to systemically reduce its
interaction with heparan sulfate. CRISPR/Cas9 gene editing
was employed with an sgRNA designed to target Nrpl near
amino acid residues 513 and 514 along with a donor DNA
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Figure S. Neuropilin-1 binding to cell surface heparan sulfate. A,
CHO-KI1 cells titrated with recombinant wild-type Nrpl ala2blb2
protein. B, Binding of wild-type Nrp1 ala2b1b2 and mutants (1 uM)
to CHO-K1 cells with and without treatment with heparin lyases I, II,
and III (HSase). Statistics denote a one-way ANOVA with Tukey’s
multiple comparison test. ** p < 0.002 and **** p < 0.0001. C,
HUVECs were titrated with recombinant wild-type Nrpl ala2blb2
protein. D, Binding of wild-type Nrpl ala2b1b2 and mutant (3 uM)
to HUVECs with and without HSase treatment. Specific binding
(total binding—nonspecific binding) is shown for each condition in
this figure. Statistics denote a two-way ANOVA with Tukey’s multiple
comparison test. * p < 0.033 and ** p < 0.002.

oligonucleotide to allow for the alanine substitution of these
target residues. Sequencing of the resulting heparan sulfate
binding-deficient mutant confirmed the desired change in
genomic sequence (Figure S6A). This sequence alteration was
further validated by the loss of a BspHI restriction enzyme site
in the Nrp1®” sequence, rendering PCR-generated amplicons of
the site resistant to digestion (Figure S6B).

To address if the NrpI® protein was expressed at levels
comparable to wild-type Nrpl, homogenates of the mouse
lungs were separated by SDS-PAGE and immunoblotted with
antibodies to Nrpl and f-actin (Figure S6C). Animals with
either a single copy of the mutant allele (NrpI1™*) or two
copies of the mutant allele (Nrp1™P) expressed similar levels
of Nrpl to that of wild-type mice (Figure S6C,D). Nrp1™'~
mice express comparable levels of protein to Nrpl*/~, which
was roughly half of the wild-type level of expression (Figure
S6C,D). Additionally, NrpI mRNA levels were normal, as
expected based on the protein expression data (Figure S6E).

While homozygous Nrpl knockout animals (Nrpl™~) are
embryonic lethal,l’35Nrp1+/_, NrplD/D, and NrplD/_ animals
survived to adulthood and bred normally. Nrp1 is expressed in
bone marrow stromal cells and endothelial cells that support
the hematopoietic stem cell niche.*”*° Tibias of wildtype and
Nrpl mutant mice (NrpI*~, Nrp1®*, and Nrp1™~) were
analyzed for total bone marrow cellularity (Figure S7A), c-Kit"
Sca-1* Lin~ (KSL) hematopoietic stem/progenitor cells
(HSPCs) (Figure S7B), CD48~ CD150" KSL long-term
hematopoietic stem cells (LT-HSCs) (Figure S7C), and c-
Kit" Sca-1~ Lin~ hematopoietic progenitor cells (Figure S7D).
Although there was reduced total bone marrow cellularity
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concomitant with decreased numbers of HSPCs in the Nrp1*/~
mice, HSPC frequency and mature blood cells were unchanged
(Figure S7E), indicating a modest impact to the hematopoietic
system in Nrpl mutant mice.

Continual growth of solid tumors requires tumor angio-
genesis to support their metabolic needs;*' specifically, in a
subcutaneous B16 melanoma model, tumor growth has been
shown to be dependent on VEGF-mediated angiogenesis.****
This model has also been used more recently to demonstrate
that Nrpl plays an important part in the VEGF-stimulated
angiogenesis and tumor growth.’*** To assess if heparan
sulfate binding by Nrpl affects tumor growth in this model, 5
X 10° B16—F10 cells were injected subcutaneously on the
flank of the animals and yielded tumors over the next 15 days
that were easily measured with calipers (Figure 6A). Tumors in
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Figure 6. Alteration of neuropilin-1 and heparan sulfate binding
impairs subcutaneous B16 tumor growth. A, Schematic of
subcutaneous B16—F10 tumor model. B, Tumor growth curves of
bilateral subcutaneous B16—F10 tumors in wild-type and mutant
Nrpl mice. Significance between Nrpl*/* and NrpI™~. C, Tumor
growth curves of unilateral subcutaneous B16—F10 tumors in wild-
type and mutant Nrpl mice. Significance between NrpI1™P and
NrpI®~. There is some variability between the bilateral and unilateral
models, as observed from differences in the growth curves of the
NrpI1”® mice. Statistics denote a two-way ANOVA with the Geisser—
Greenhouse correction followed by a Fisher’s LSD test for each set of
data. * p < 0.05 and ** p < 0.01.

Nrp1P /D animals showed reduced growth in one set of
experiments (Figure 6B) but did not exhibit a diminution in
growth when the experiment was repeated (Figure 6C),
possibly reflecting differences in the overall injected dose and
bilateral versus unilateral tumor burden. To sensitize tumor
growth and obtain more consistent results, we reduced the
amount of Nrp1 protein in half by using Nrp1”~ (Figure S6D)
and comparing the growth of the unilateral tumors in Nrp1”/~
to Nrpl*/~ and Nrpl™* animals. Tumors in NrpI®~ mice
grew much slower and remained smaller than the other groups
(Figure 6B,C6). This difference in growth is unlikely to be
from the reduced expression of Nrpl in these animals as
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normal tumor growth is seen in the Nrp1+/ ~ mice, which
express the same amount of protein and mRNA as the Nrp1”/~
animals (Figure S6C,D).

In summary, we mapped the heparin/heparan sulfate
binding site in mouse neuropilin-1 and defined, through
molecular modeling and biochemical evaluation of alanine
substitution mutants, some of the amino acids crucial for Nrpl
interaction with heparin and heparan sulfate. Binding stabilizes
the protein to thermal denaturation and induces dimerization
in the absence of other ligands and domains of the protein.
Dimerization of Nrpl was found to be dependent on the
length of the heparin chain, with dp14 oligosaccharides being
able to induce a 1:2 heparin:Nrpl complex. The mutations
also affected the ability of Nrpl to bind heparan sulfate on
endothelial cells. Finally, reduction of binding to heparan
sulfate by Nrpl affects subcutaneous tumor growth.

Bl DISCUSSION

Nrpl plays critical roles in the development of cardiovascular
and peripheral nervous systems. In the nervous system, Nrpl
modulates axon guidance by acting as a coreceptor with plexin
receptors and different semaphorins.” In the vascular system,
Nrpl regulates vasculogenesis and angiogenesis by forming
complexes with vascular endothelial growth factors (VEGFs)
and VEGF receptors.”** These developmental processes are
also modulated by heparin and heparan sulfate, which can bind
both Nrpl, VEGF receptors, and certain VEGF isoforms, such
as VEGF 4. Previous studies have focused on heparin and
heparan sulfate interactions with Nrpl in vitro using rat and
human forms of Nrpl subdomains, in particular, b1b2 and
ala2b1b2 subdomains. Here we characterized the binding of
heparin and heparan sulfate to murine ala2b1b2 domains and
examined protein stability, oligomerization, and the stoichi-
ometry of binding and as a segue to in vivo studies of tumor
growth in the mouse.

It is well established that both Nrpl and VEGF165 can bind
heparin, and in fact binding can enhance the formation of
VEGF 4/Nrpl complexes,” specifically through the blb2
domain.'” Nrp1 can also bind heparin directly, and chains of
8 monosaccharides (dp8) are sufficient.'” In contrast, a dp20-
dp24 heparin chain was necessary for forming a complex with
VEGF 45 and Nrpl, consistent with the idea that the heparin
chain acts as a scaffold that binds both VEGF and Nrpl. This
complex facilitates VEGF-mediated endothelial cell prolifer-
ation in vitro, suggesting that complexes that form in vivo with
endothelial heparan sulfate can play a role in vasculogenesis
and angiogenesis.

Heparin binding patches and clefts on proteins tend to
contain many electropositive amino acids that form salt bridges
with the uronic acids and sulfate groups in heparin/heparan
sulfate.”” These ionic interactions account for a substantial
fraction of the free binding energy of the total interaction.””
The structure of human Nrpl blb2 determined by X-ray
crystallography and the modeling studies of murine Nrpl
ala2blb2 presented here are in general agreement regardin§
the location and general size of the heparin binding site.”
Residues identified in previous and current studies through
biochemical means were also identified in the CVLS simulation
and cover a ~40 A cleft spanning both bl and b2 domains,
which would correspond to a heparin oligomer of ~12
saccharides” (Figure 1). Other studies have suggested heparin
binding sites in other domains of the protein, including al, ¢
(MAM), and the region between the ¢ domain and the
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transmembrane domain.”® The b2 domain contains a
conserved XBBXBX amino acid motif (512—517; MRKFKI)
which corresponds to a Cardin-Weintraub glycosaminoglycan
binding consensus sequence.”” We found through mutagenesis
that RS513 and KS14, which lie in the middle of the
electropositive groove, contributed highly to the interaction
of Nrpl with heparin and heparan sulfate. These two residues
may act as “gatekeepers” to allow the heparin/heparan sulfate
chain further access to the protein surface. In contrast, the
K516 residue, despite being part of the conserved Cardin-
Weintraub motif, does not seem to contribute significantly to
the interaction. K516 may be positioned past a small bend in
the tertiary structure and, therefore, is displaced from the
primary binding cleft that contains RS13 and KS14. In
addition, based on our modeling studies, the positioning of the
heparin/heparan sulfate chain suggests that the chain wraps
around to the back of the protein to engage other amino acids
(K397, K538, ES41, NS544, NS4S, TSS3, HS71) instead of
continuing down to the bottom of the bl domain (Supporting
Information Video 1). Mutational manipulation of these
residues should be explored singularly or in combination in
order to further elucidate their contribution to heparin/
heparan sulfate binding,

Structural information from X-ray crystallography and size
exclusion chromatography suggests that in solution recombi-
nant Nrpl blb2, a2blb2, and ala2blb2 behave as
monomers,”*"*" The absence of crystal structures of Nrpl
in complex with either VEGFR1/VEGF or plexin/Sema3a
makes it difficult to predict the orientation of the blb2
domains in these higher order functional signaling complexes.
Superposition of Nrpl dimers in the plexin/Sema3a complex
positions the Nrpl dimer as a bridge locking the components
of opposing semaphorin-plexin pairs within the overall
structure,” but this does not provide any additional insight
into the orientation of the heparin ligand. Inclusion of heparin
induces dimerization of human b1b2 domain and the need for
a stoichiometric excess of heparin to drive dimer formation in
vitro suggested a 2:2 stoichiometry of human recombinant
Nrp1 b1b2 with heparin.”' A model was proposed in which the
two heparin oligosaccharides were oriented toward each other,
but charge repulsion of two heparin chains makes this
orientation unlikely. Here, we provide direct evidence based
on isothermal calorimetry that the complex of murine Nrpl
ala2blb2 is best characterized as a 1:2 complex of heparin
oligosaccharide to Nrpl. We imagine that a single heparin
oligosaccharide chain acts as a scaffold, serving as the interface
between the blb2 monomers in the Nrpl dimer. A similar
arrangement has been proposed for FGF1/FGFR2 com-
plexes,d'6 RAGE dimer,”” and the dimeric E2 domain of
APLP1%,

The studies reported here demonstrate the participation of
heparin/heparan sulfate—protein interactions in dimerization,
but we did not explore possible protein—protein interactions
that might further stabilize the complex. Previous studies of the
contributions of various domains of Nrpl to its ability to
dimerize collectively suggest that dimerization necessitates
multiple domains and their interactions. Since heparin is able
to dimerize the extracellular domains (ala2blb2) without the
c or transmembrane domains, these interactions may be
superfluous in vivo given that the cell surface is covered with a
glycocalyx rich in heparan sulfate. In addition, heparan sulfate
likely stabilizes the dimerization of soluble forms of Nrpl,
which usually contain only ala2b1b2 domains. Nevertheless,
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there may be protein—protein contacts between the blb2
monomers that further stabilize the complex and are worthy of
consideration. If the dimer involves weak protein—protein
interactions, this might explain why longer oligosaccharides
provide greater stabilization to the complex during gel
filtration. Lastly, it is possible that binding of heparin/heparan
sulfate to Nrpl may induce a conformational change in the
protein, exposing an interface that facilitates dimerization.

Earlier studies examining the glycosaminoglycan-binding
properties of Nrpl utilized heparin as a mimetic for heparan
sulfate. However, heparin is a fractionated form of heparan
sulfate, derived from connective mast cells resident in the
mucosa of porcine and bovine intestines.”> Like heparan
sulfate, heparin is a linear polysaccharide comprised of
alternating glucosamine and uronic acid units.””** A family
of sulfotransferases add sulfate groups at C2 of uronic acid and
at N-, C3, and C6 of the glucosamine residues.*’ In heparan
sulfate, sulfation occurs substoichiometrically and within short
segments of the chain, creating a variety of partially sulfated
sequences interspersed by nonsulfated or poorly sulfated
domains of the chain. In contrast, in heparin, the chains are
more fully sulfated and exhibit a higher extent of uronic acid
epimerization. Thus, one must be careful about extrapolating
the behavior of systems analyzed by the addition of heparin
compared with native heparan sulfate. Indeed, studies of Nrpl
indicate that affinity for heparan sulfate is much reduced
compared to heparin.”’

The modification of the glucosamine units with a 3-O-sulfate
group is of interest with respect to Nrpl. Sulfation at the C3
position of glucosamine residues occurs at low frequency
compared to sulfation at other positions, but can induce high
affinity interaction with proteins, such as antithrombin.”' The
3-O-sulfate modification has also been assessed for its specific
interactions with tau’>>* and apoE.55 In recent years, revised
methods for detection of the 3-O-sulfate group ™’ as well as
disaccharide and tetrasaccharide standards have been devel-
oped.”®>” Potential explanations for how 3-O-sulfation
promotes specific protein binding include alteration of the
topology of the heparan sulfate chain® as well as reduction of
the chain size needed for protein engagement.”' Thacker et al.
showed that 3-O-sulfation of glucosamine residues in heparan
sulfate enhanced binding of Nrpl to heparan sulfate
immobilized on plastic plates and to heparan sulfate present
on cultured cells.”* Chemoenzymatically synthesized 3-O-
sulfated heparan sulfate dp12 oligosaccharides protected Nrpl
from thermal denaturation and inhibited Nrpl-dependent,
Sema3A-induced growth cone collapse of neurons derived
from murine dorsal root ganglia.’* 3-O-sulfated heparan sulfate
also enhanced the inhibition of endothelial cell sprouting by
exogenous heparan sulfate.’* Moreover, alteration of the
enzyme Hs3st2, which positions 3-O-sulfate groups in a
unique way, specifically affected growth cone collapse.’
Attempts to determine the amino acid residues in Nrpl that
interact specifically with the 3-O-sulfate group, for example by
comparing binding of the mutant recombinant Nrpl proteins
to cells expressing specific 3-O-sulfotransferases, were un-
successful possibly due to the complex network of electrostatic
and nonelectrostatic interactions that facilitate ligand binding.
The CVLS and MD studies can be used to study this problem
further, since it can account virtually for all possible sulfation
configurations. Further exploration of the effect of 3-O-
sulfation could be achieved by utilizing cell lines that lack
specific 3-O-sulfotransferases.
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Previous studies have demonstrated that alterations in Nrpl
function reduce tumor growth, likely due to changes in tumor
angiogenesis. Blocking Nrpl function through antibodies
reduced subcutaneous HI1299 lung tumor growth and
demonstrated additive effects with an antibody targeting
VEGE.”” Tumor growth was also heavily impacted in
subcutaneous B16 melanoma models in mice with VEGFA-
binding-deficient Nrp1 (Y297A/Y297A) or endothelial specific
loss of Nrp1%®.** Thus, we predicted that a change in Nrpl
function due to its reduced ability to bind heparan sulfate
would likely alter tumor growth as well. To understand the
participation of heparan sulfate binding in Nrpl activities, we
created a knock-in mouse expressing Nrpl containing the
RS13A,KS14A allele (Figure S6). Variable penetrance of the
mutation in the context of tumor growth was noted, which
became penetrant when the level of Nrpl was reduced by
heterozygous mutation (NrpI™~). The R513A,K514A muta-
tion only partially reduces heparan sulfate binding of Nrpl in
endothelial cells (Figure SD) and therefore, the effect of the
Nrpl/HS interaction on tumor growth is likely under-
estimated. In addition, our mutation does not prevent Nrpl
interaction with its protein binding partners, independently of
heparan sulfate. Further studies are needed to examine how
compounding the NrpI®® mutation with a loss of function
alleles in heparan sulfate might exacerbate the phenotype.
Additional targeted genetic studies are also needed to pinpoint
defects in angiogenesis or vascular permeability in the tumor
environment.

B METHODS AND MATERIALS

Computational Studies to Elucidate the GAG-Binding
Site in Nrp1. The coordinates of mouse Nrpl were extracted
from the Protein Data Bank (ID:4GZ9).” Protein preparation
for modeling was carried out in a sequential manner by first
removing water molecules from the crystal structure, adjusting
the protonation states of amino acids to pH 7.2, and finally
adding hydrogen atoms. The structure was then minimized
with fixed heavy-atom coordinates using the Tripos force field
for a maximum of 10 000 iterations subject to a termination
gradient of 0.05 kcal/(mol-A), followed by calculation of the
electrostatic surface potential (ESP) of the protein (ala2b1b2
subdomains, see Figure 1A) using the Adaptive Poisson—
Boltzmann Solver (APBS) tool in PyMOL. Based on the ESP,
we divided the Nrpl surface into 13 different plausible GAG-
binding sites for implementation of the CVLS algorithm (see
Figure S1B). The radii of the binding sites for CVLS studies
were assigned as 12 and 18 A for di- and hexa-saccharides,
respectively. The coordinates of structures in the heparin/
heparan sulfate libraries were obtained from our in-house
database, which was constructed earlier.>*>** For this study,
we utilized 72 disaccharides and 288 hexasaccharide sequences.
CVLS screening of the disaccharides was performed on each of
the 13 sites using the GOLD version 5.6,°° which uses a
genetic algorithm (GA) to optimize the docking of ligands into
the binding site. Each sequence was docked using 100 GA
runs, each consisting of 100 000 iterations. The GA runs were
allowed to terminate early if the top three solutions displayed
an RMSD of 2.5 A or lower. The two best poses from each GA
run were stored and analyzed at the end of the docking
experiment. Experiments were carried out in triplicate, which
yielded at least six solutions for each sequence. GOLDScore
and RMSD were used to assess the fitness of the docked poses,
as described earlier.”
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Molecular Dynamics (MD). The initial structures for MD
runs were taken from the CVLS output files, which provided
the docked complexes for the best sequence(s) in the preferred
sites of binding. The residue and atom labeling of the bound
hexasaccharide (HS06) were altered to match the GLYCAM
library (see http://glycam.org/docs/force field/glycam-nam-
ing-2/). Both, protein (PDB ID: 4GZ9) and ligand (HS06),
were loaded in XLEAP of the AMBERIS suite,°® and
glycosidic linkages and the formal charge of HS06 were
rechecked to ensure their appropriateness. Residues 1 to 143 of
the protein were deleted for MD simulations because they do
not play any role in heparan sulfate binding. The overall charge
of the protein—ligand system was neutralized by adding
appropriate number of counterions (Na+). Amber-ff14SB and
GLYCAMOG6 force field parameters were used for protein and
ligand preparation, respectively.””*® This charge-neutralized
complex was solvated using a three-point water (TIP3P)
molecule box with a minimum distance of 12 A between the
walls of any atom of the complex. Finally, the initial parameters
and coordinate files were saved for each heparan sulfate-
protein complex, respectively. Each solvated heparan sulfate-
protein complex was minimized in two steps with 10 A
nonbonded cutoff. In the first step, the solute atoms were
restrained with a force constant of 100 kcal/(mol A2), while
the water molecules were relaxed using 500 cycles of steepest
descent and 2000 cycles of conjugate gradient method. In the
second step, the whole system was relaxed using conjugate
gradient minimization of 2500 cycles without any restraints.

Each solvated heparan sulfate-protein complex was equili-
brated in three phases to achieve the desired temperature and
pressure with an integration step of 2 fs. In the first phase, the
temperature was brought to 300 K using the temperature
coupling with a time constant of 2 ps. In the second phase, the
system was brought to a constant pressure using isotropic
position scaling. Equilibration was carried out for 1 ns with
initial strong restraints on the solute, which were systematically
reduced. The production run was performed in an NPT
ensemble with the integration time step of 2 fs. Bonds
involving hydrogen atoms were constrained by using the
SHAKE algorithm. Maxwell distribution was used to assign the
initial velocities. Each MD trajectory was computed for one
microsecond. Equilibration and simulation processes were
validated by monitoring physical observables of the system
including the energy (total, potential, and kinetic), temper-
ature, and pressure as a function of the simulation time, which
confirmed NPT ensemble settings (not shown). During the
entire process, the ring puckers of IdoA/IdoA2S were
maintained in their respective 1C4 or 2SO conformers using
a weak torsional restraint.”®

The hydrogen bond interaction between the donor—
acceptor atoms of the protein and HS06 oligosaccharide
were calculated from the trajectory using the CPPTRA] tool of
AMBER using a donor—acceptor distance cutoff of 3.5 A and
angle cutoff of 135°.% Free energy calculations on Nrp1-HS06
complexes were computed using postprocessing MM-PB(GB)-
SA method” from the MD trajectories. MM-GBSA employed
single residue energy decomposition (SRED) to estimate the
energy contributions of each receptor residue in the bound
state. Energy calculations were performed using the default
parameter settings by employing the python version of the
MM-PB(GB)SA module from Amber Tools (refer to http://
ambermd.org/tutorials/advanced/tutorial3/). Typically, these
calculations were performed using the entire simulation
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trajectory by taking strictures at equal intervals of time of a
total of 12 500 frames.

Expression and Purification of Nrp1. The Nrp1 plasmid
containing the cDNA for murine ala2b1b2 domains (residues
22—586) and a C-terminal His tag was obtained from Jones’
lab.® Nrpl mutant plasmids were developed through Gibson
Assembly using NEB HiFi Assembly Master Mix (NEB) and
fragments generated from synthesized geneblocks (IDT) or
from QS PCR amplification of the template wild-type plasmid.
Primers for the QS5 PCR were designed by using the NEBuilder
Assembly Tool (NEB) to generate fragments containing the
desired mutation. Mutant plasmids were confirmed by
sequencing (Genewiz and Eton Bioscience).

Recombinant protein was produced by transfecting Ex-
piCHO cells (6 x 10° cells/mL) with 0.8 ug/mL plasmid
DNA using ExpiFectamine and OptiPRO SFM following the
ExpiCHO Expression (ThermoFisher) protocol with Max
Titer feeding schedule. Cells were cultured post-transfection at
37 °C in the ExpiCHO expression medium. On day 1 after
transfection, ExpiFectamine CHO Enhancer and ExpiCHO
Feed were added to the culture. On day S after transfection,
ExpiCHO Feed was added to the culture. On day 12 post-
transfection, conditioned media was collected, treated with a
EDTA-free protease inhibitor (Roche Applied Science) and
adjusted to 30 mM imidazole before filtration through a 0.2
pm filter. Recombinant protein was initially purified on a 1 mL
Ni?*-Sepharose 6 Fast Flow column (GE Healthcare) on an
AKTA pure protein purification system (GE Healthcare).
Recombinant protein was loaded onto the column followed by
washing with 30 mM imidazole and 0.5 M NaCl in 25 mM
HEPES buffer (pH 7.5) and eluting with 0.3 M imidazole and
0.5 M NaCl in 25 mM HEPES buffer (pH 7.5). Recombinant
protein was concentrated by Amicon Centrifugal Filter Units
(Millipore Sigma) or Pierce Protein Concentrator PES
(ThermoPFisher Scientific). Concentrated protein was further
purified by size-exclusion chromatography (HiLoad 16/60
Superdex 200, preparation grade, GE Healthcare) with 0.2 M
NaCl and 5% glycerol in a 25 mM HEPES buffer (pH 7.5).
Wild-type and mutant forms of Nrpl were purified by this
method.

Analytical Heparin-Sepharose Chromatography. Re-
combinant proteins were loaded in Buffer A (Gibco DPBS
adjusted to 150 mM total NaCl, pH 7.2) onto a 1 mL HiTrap
heparin sepharose column (GE Healthcare). The column was
washed with 10 column volumes of Buffer A followed by
gradient elution from Buffer A to Buffer B (DPBS adjusted to
0.6 M NaCl, pH 7.2) over 10 column volumes. The salt
concentration of the elution peak was determined for each
protein.

Nrp1 Binding to Immobilized Heparin/HS-BSA. The
preparation of heparin-BSA conjugates was performed as
previously described.”’ High binding microplates were coated
with heparin-BSA (50 uL of 2 ng/uL solution) overnight while
rotating at 4 °C. The plates were blocked for 1 h at 32 °C with
1% BSA in PBST (Gibco DPBS with 0.05% Tween). Nrpl
proteins were incubated in the wells in triplicate, and bound
protein was detected with THE His Tag antibody [HRP]
(Genscript) diluted 1:4000 in 1% BSA in PBST. The wells
were developed with 100 uL of TMB turbo substrate for 6 m
followed by quenching with 100 L of 1 M sulfuric acid. The
absorbance of the wells was measured at 450 and 540 nm for
background correction. Prism 8 (Graphpad) was used for data
analysis and statistical analysis of the curves. Non-specific
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binding was assessed by incubation with antibody in the
absence of Nrpl proteins.

Size Exclusion Chromatography and Multiangle
Light Scattering (SEC-MALS). Nrpl protein was concen-
trated and exchanged into gel filtration buffer (7S mM NaCl in
10 mM Phosphate Buffer, pH 7.4) in a Pierce Protein
Concentrator PES (10 KDa MWCO, ThermoFisher Scien-
tific). Concentrated protein (~2.5-3 mg mL™') was then
incubated with a S-fold molar excess of heparin oligosacchar-
ides (Iduron). For analysis by SEC-MALS, 100 uL of the
protein-heparin mixtures in gel filtration buffer was injected
onto a Superdex 200 Increase 10/300 GL Column (GE Life
Sciences). miniDAWN TREOS and Optilab T-rex detectors
(Wyatt Technology) were used to collect light scattering and
refractive index data, respectively. ASTRA v.6 software (Wyatt
Technology) was used to calculate the molar masses of the
complexes.

Differential Scanning Fluorimetry (DSF). Recombinant
Nrpl (2 uM), heparin oligosaccharides (2—20 uM, Iduron),
and SX SYPRO Orange Protein Gel Stain (Thermo Fisher
Scientific) were added to 150 mM NaCl in 10 mM HEPES
(pH 7.5) buffer. Thermal denaturation was achieved using a
temperature gradient from 25 to 95 °C at a rate of (0.5°C/30
s) on a CFX96 realtime PCR system (Biorad). Melting
temperatures were determined from the first derivatives of the
melting curve data, assuming a Gaussian distribution (Prism
8).

Cell Surface Binding. Cells were grown to 70—80%
confluency and lifted with 10 mM EDTA in DPBS (Gibco).
Cells were centrifuged and then washed with 0.5% BSA in
DPBS (Gibco; HUVEC wash buffer contained 5 mM EDTA).
For some experiments, some of the cells were partitioned and
treated with heparinases (HSase; 2.5 mU/mL Heparinase II
and S mU/mL Heparinase III; IBEX) for 30 min at 37 °C in
0.5% BSA in DPBS. The cells were then incubated with his-
tagged Nrpl protein (recombinant ala2b1b2) in 0.5% BSA in
DPBS for 60 min at 4 °C. After washing the cells twice in 0.5%
BSA in DPBS, the cells were incubated with an antiHis6
antibody (1:500 THE His Tag Antibody iFluor 488,
Genscript) in 0.5% BSA in DPBS for 30 min at 4 °C. The
cells were washed twice with 0.5% BSA in DPBS and then
analyzed on a FACSCanto flow cytometer (BD Bioscience).
Data were analyzed using FlowJo software (BD Bioscience)
and Prism 8. Non-specific binding was assessed by incubation
with antibody in the absence of Nrpl proteins.

Generation and Genotyping of Mouse cell Lines.
Nrpl floxed mice (Nrp1¥f) B6.129(SJL)- NrplthDdg/])
were purchased from the Jackson Laboratory.”® Nrp1?f mice
were crossed to Ella-Cre+ mice on C57Bl/6 background to
generate a Nrpl knockout allele.”” This line was then
backcrossed into the C57Bl/6 background over 5 generations.
To generate a mouse bearing an allele for a heparan sulfate
deficient Nrpl protein (Nrp1®), a CRISPR RNA (crRNA)
sequence and homology directed repair (HDR) donor
oligonucleotide were designed using the Deskgen platform to
target and mutate the R513,KS14 amino acids into alanine
residues. crRNA: GAG AAA ACA AGG UGU UCA UG; HDR
ssoligo donor: CTTGCTGTCATCCATGATAGTTTTC-
CAGTCAGAGCCATTGTTACTATAGGCGATCTTGAA-
CgcCgcCATGAACACCTTGTTTTCTCGGTGCTTCCCA-
CCCTGAATGATGACACCTCTTACTATCTT.

Alt-R S.p. Cas9 protein, a transacting CRISPR RNA
(TracrRNA), crRNA, and HDR oligonucleotides were from
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IDT. An in vitro cleavage assay was used to determine whether
the sgRNA (TracrRNA + crRNA) would induce cleavage in a
DNA fragment containing the target sequence, by combining
0.6 pig of Cas9 protein, 0.25 ug of sgRNA (tracrRNA+crRNA),
0.1S pg targeting substrate (PCR product), 1 uL of 10X NEB
Bufter, and 1 uL of 10X BSA buffer, and nuclease free buffer up
to 10 uL. After incubation for 1 h at 37 °C, RNase was added
to the reaction mixture, which was then incubated for 15 min
at 37 °C. Stop solution (1 uL; 30% glycerol, 1.2% SDS, 250
mM EDTA, pH 8.0) was added, and after 15 min at 37 °C, the
samples were analyzed by agarose gel electrophoresis. The
following mixture was used for blastocyst injection: Alt-R S.p.
Cas9 protein: 0.6 uM; TracrRNA: 0.6 uM; crRNA: 0.6 uM;
HDR Oligo: 20 ng/uL and diluted with IDTE bufter to 30 uL.

Resulting offspring were screened for transgenesis by
amplifying the genomic DNA surrounding the mutation site
by PCR using a QS High-Fidelity polymerase (New England
Biolabs) and ligated into a PUC19 vector. The ligated plasmids
were transformed into 10-beta competent E. coli (New
England Biolabs) and spread on plates treated with X-gal
(800ug; Apex) and IPTG (800ug; Sigma). White colonies
were selected for colony PCR using M13Forward and
MI13Reverse primers. Resulting amplicons were purified by
using the QIAquick PCR purification kit (QIAGEN).
Sequencing of these amplicons confirmed the editing of the
Nrpl gene (Figure S7A) and validating the genotyping method
involving BspHI digestion.

For genotyping of the Nrpl alleles, the following primers
were used. Nrpl Forward: AAG GAG TGG CAC AGC ATC
TT; Nrpl Reverse: TCA CAC CCA AAC TTC CTT CC;
Nrpl Exon2—-3B: GGG TGA ACT CAG CCA CTT GT;
Nrp1-HSBD Forward: GCA TCC AAT CAA GCC GAC AG;
Nrpl-HSBD Reverse: GCT TGG GAG GTA GAG ATG CA.
The Nrpl Forward and Reverse primers were used to identify
the floxed gene, and the Nrpl Forward and Nrpl Exon2-3B
primers were used to determine knockout alleles. The Nrpl-
HSBD forward and reverse primers were used to generate a
PCR-amplified region around the mutation site. The resulting
amplicons are then digested with BspHI and analyzed by
agarose gel electrophoresis. All animal husbandry and experi-
ments were performed in accordance with relevant guidelines
and regulations following standards and procedures approved
by the UC San Diego Institutional Animal Care and Use
Committee (protocol #599127).

Tumor Experiments. B16—F10 melanoma cells were
grown to 80% confluency in DMEM (Gibco) with 10% (v/
v) FBS, 1% (v/v) penicillin—streptomycin (Gibco) in an
environment of 37 °C, 5% CO,, and 95% air. Cells were lifted
with 0.05% trypsin (Corning), which was inactivated by adding
in DMEM with 10% FBS. Cells were sedimented by
centrifugation, washed with DPBS (Gibco) twice, resuspended
in DPBS and counted twice before being diluted to 5 X 10°
cells/mL in DPBS. Cell suspensions (100 uL) were injected
subcutaneously into the shaved flanks of anesthetized mice of
various genotypes. The tumors were initially done bilaterally,
but concerns about the overall tumor burden led us to
continue with only unilateral injections. Tumors were
measured with calipers every 2 days. From these measure-
ments, tumor volume was calculated using the formula volume
= length X width* X 0.5236.”%’* Tumors were grown until
they reached the terminal end point (>10 mm in one
dimension). Animals were sacrificed at the end point or
when ulcers were found, in accordance with our animal
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protocol. Size comparison was done at 15 days, when the first
tumors reached terminal end point and all animals were alive.
Tumors that ulcerated before day 15 were removed from the
data set. Those tumors deemed to be growing intramuscularly
by palpation and later dissection were also removed from the
data set. Tumor volumes were plotted, and statistical analysis
was performed in Prism 8.
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