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ABSTRACT: Neuropilin-1 (Nrp1), an essential type I
transmembrane receptor, binds two secreted ligand families,
vascular endothelial growth factor (VEGF) and class III
Semaphorin (Sema3). VEGF-A and Sema3F have opposing
roles in regulating Nrp1 vascular function in angiogenesis.
VEGF-A functions as one of the most potent pro-angiogenic
cytokines, while Sema3F is a uniquely potent endogenous
angiogenesis inhibitor. Sema3 family members require
proteolytic processing by furin to allow competitive binding
to Nrp1. We demonstrate that the furin-processed C-terminal
domain of Sema3F (C-furSema) potently inhibits VEGF-A-
dependent activation of endothelial cells. We find that this
potent activity is due to unique heterobivalent engagement of Nrp1 by two distinct sites in the C-terminal domain of Sema3F.
One of the sites is the C-terminal arginine, liberated by furin cleavage, and the other is a novel upstream helical motif centered on
the intermolecular disulfide. Using a novel chimeric C-furSema, we demonstrate that combining a single C-terminal arginine with
the helical motif is necessary and sufficient for potent inhibition of binding of VEGF-A to Nrp1. We further demonstrate that the
multiple furin-processed variants of Sema3A, with the altered proximity of the two binding motifs, have dramatically different
potencies. This suggests that furin processing not only switches Sema3 to an activated form but also, depending on the site
processed, can also tune potency. These data establish the basis for potent competitive binding of Sema3 to Nrp1 and provide a
basis for the design of bivalent Nrp inhibitors.

Neuropilins (Nrps) make up an essential cell surface
receptor family.1 They function with vascular endothelial

growth factor receptors (VEGFRs) in VEGF-dependent
angiogenesis and with Plexin receptors in Sema3-dependent
axon guidance.2−6 In addition to their function in neurons, a
critical role for specific Sema3 family members in physiological
and pathological regulation of the cardiovascular system has
been increasingly recognized.7−9 For example, Sema3F is
critical for maintaining an avascular outer retina, while
Sema3A and Sema3E have important roles in vascular
patterning.9−12 In contrast, mutation and downregulation of
Sema3 family members are also observed in many types of solid
tumors and have been directly correlated with tumor
angiogenesis and cancer progression.7,13,14 Indeed, restoring
the expression of Sema3B and Sema3F in tumors inhibits
further cancer progression in vitro and in vivo.15−18

Nrp serves a central role in integrating the opposing signals
of VEGF and Sema3 in both physiological and pathological
contexts through competitive ligand binding. The Nrp1-b1
coagulation factor domain has a conserved C-terminal arginine
binding pocket that is critical for competitive VEGF and Sema3

binding.19,20 Alternative splicing of VEGF-A regulates Nrp1
binding,21 with the exon 8-encoded C-terminal arginine residue
being necessary for binding Nrp1-b1.22 In contrast, furin
proteolysis of Sema3 is critical for regulating its ability to bind
Nrp and function. Furin processing can either inactivate or
activate Sema3 by processing at sites in the central or C-
terminal domains, respectively. Processing in the central region
of Sema3 has been primarily reported to inactivate Sema3
activity by cleaving the protein into two fragments, although the
fragments may still possess activity.23−25 Furin processing
within the Sema3 C-terminal domain is critical to activate the
Sema3 pro-protein by producing a C-terminal arginine,
allowing competitive engagement of Nrp1-b1.20,26

Multiple C-terminal arginine-containing peptides and
peptido-mimetics have been produced as competitive antago-
nists of VEGF-A−Nrp1 binding.27−29 While these peptides
function as inhibitors in vitro and in situ, their efficacy and that
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of peptido-mimetics suffer from limited potency (IC50 ≈ 10−50
μM). In contrast, endogenous Sema3F functions as a potent
inhibitor of binding of VEGF-A to Nrp1.20 However, the
molecular mechanism of high-affinity binding of Sema3F to
Nrp1 has not been elucidated, leaving open the question of
how Sema3F potently competes for Nrp1 binding.
In this study, we demonstrate the mechanistic basis for the

potency of the furin-processed C-terminal domain of Sema3F
(C-furSema) (Figure 1A) in vitro and in situ. We find that C-
furSema exhibits unique heterobivalent engagement of Nrp1
that is essential for high-affinity binding. Further, different C-
terminal furin-processed Sema3A isoforms show a range of
potencies, which correlates with the distance between the
helical and C-terminal arginine binding motifs.

■ EXPERIMENTAL PROCEDURES
C-furSema and Variant Production. Homodimeric C-

furSema (GLIHQYCQGYWRHVPPSPREAPGAPRSPEPDQ-
KKPRNRR), truncations, and point mutants were synthesized
using solid phase synthesis, oxidized to produce the natural
intermolecular disulfide, and purified via reversed phase high-
performance liquid chromatography (HPLC) using a 4.6 mm ×
250 mm, SinoChrom ODS-BP column to >95% purity (Neo-
Peptide, Cambridge, MA). The monomeric C-furSemaMon

(GLIHQYSQGYWRHVPPSPREAPGAPRSPEPDQKKPRN-
RR) was produced in the same manner without oxidization. C-
furSemaHet was produced by combining separately synthesized
reduced C-furSema and C-furSemaHelix (GLIHQYCQGYW-
RH), oxidized in the presence of the excess C-furSemaHelix, and
purified via reversed phase HPLC using a 4.6 mm × 250 mm,
SinoChrom ODS-BP column to >95% purity (LifeTein, South
Plainfield, NJ). All C-furSema variants were well behaved in
solution and soluble to >1 mM. A dimeric construct of C-
furSemaHelix alone showed limited solubility, with a maximal
solubility in phosphate-buffered saline (PBS) of 20 μM, and no
ability to inhibit VEGF-A binding up to the limit of solubility.
Protein and peptide concentrations were determined using

OD280 values measured on a Nanodrop 1000 (Thermo Fisher
Scientific, Wilmington, DE).
In Situ Inhibition Assays. Porcine aortic endothelial

(PAE) cells stably overexpressing VEGFR-2 and Nrp1 were
utilized to measure the ability of C-furSema to block VEGF-A
activation of VEGFR-2.30 PAE cells were grown in F12 medium
(Invitrogen, Grand Island, NY) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen) and 1% Pen/Strep in six-well
cell culture plates to 70% confluence. Cells were then serum-
starved for 16 h in Endothelial cell basal growth medium-2
(EBM-2) (Lonza, Walkersville, MD). C-furSema samples were
resuspended in EBM-2, added at a final concentration of 10
μM, and incubated for 90 min at 37 °C. Cells were then
stimulated with 100 ng/mL VEGF-A (R&D Systems,
Minneapolis, MN) for 3 min. After 3 min, the medium was
removed and cells were solubilized in RIPA buffer supple-
mented with phosphatase and protease inhibitor (Roche).
Total VEGFR-2 and VEGFR-2 phosphorylation were deter-
mined by Western blotting using 55B11 and 19A10 antibodies
(Cell Signaling, Danvers, MA), respectively, at a 1:1000
dilution followed by a goat anti-rabbit horseradish peroxidase
(HRP)-conjugated secondary antibody at 1:20000 dilution (sc-
2301, Santa Cruz). The SuperSignal West Femto chemilumi-
nescence (ECL) detection system (Thermo Fisher Scientific,
Rockford, IL) was used for detection of immunoreactivity on X-
ray films (HyBlot CL, Denville Scientific, Inc., Metuchen, NJ).

Experiments were performed in triplicate, and results are
reported as means ± the standard deviation.
For the determination of in situ potency, a VEGFR-2 cellular

phosphorylation sandwich enzyme-linked immunosorbent
assay (ELISA) was utilized (ProQinase). Primary human
umbilical vein endothelial cells (HUVECs) were plated in
endothelial cell growth medium (ECGM) supplemented with
10% FBS (PromoCell), serum-starved for 16 h, incubated with
varying concentrations of C-furSema for 90 min, and then
activated with VEGF-A at a concentration of 100 ng/mL for 3
min. The level of VEGFR-2 phosphorylation was determined
via a sandwich ELISA using a VEGFR-2 capture antibody and
an anti-phosphotyrosine detection antibody (PromoCell). Raw
data were converted into percent phosphorylation relative to
high and low controls. Cells treated with VEGF-A alone were
defined as high control (100%), and those treated with 1 μM
sunitinib, a well-characterized VEGFR-2 kinase inhibitor with
an IC50 of 10 nM, were defined as low control (0%). Inhibition
curves were fit using a standard four-parameter sigmoidal curve
to yield the IC50. Experiments were performed in duplicate, and
results are reported as means ± the standard deviation.

Protein Expression and Purification. Proteins were
expressed and purified using established protocols.20 Briefly,
Nrp1-b1b2 (residues 274−586) was expressed in Escherichia
coli and purified using nickel affinity chromatography (IMAC)
followed by heparin affinity chromatography. Alkaline
phosphatase (AP)-fused VEGF-A was produced from Chinese
hamster ovary (CHO) cells.

In Vitro Inhibition Assays. Plate-based inhibition assays
were performed as previously reported.20 Briefly, 410 μM p-
nitrophenol phosphate (pNPP) hydrolyzed per minute per
microliter of AP-VEGF-A was combined with Sema3F-derived
peptides in binding buffer [20 mM Tris (pH 7.5) and 50 mM
NaCl], incubated with Nrp1 affinity plates for 1 h at 25 °C,
washed three times with PBS-T [0.01 M phosphate-buffered
saline and 0.1% Tween 20 (pH 7.4)], incubated with PBS-T for
5 min, aspirated, and developed by addition of 100 μL of 1×
alkaline phosphatase pNPP substrate31 followed by quenching
with 100 μL of 0.5 N NaOH. AP activity was quantitatively
measured at 405 nm using a SpectraMax M5 instrument
(Molecular Devices, Sunnyvale, CA). Binding curves were fit
using a standard four-parameter sigmoidal curve to yield the
IC50. Inhibitory potency is expressed per subunit for peptides to
allow direct comparison between dimeric and monomeric
peptides. Experiments were performed in triplicate, and results
are reported as means ± the standard deviation. An unpaired t
test was used to compare IC50 values.

Circular Dichroism (CD). C-furSema and C-furSemaMon

were dissolved in 0.01 M sodium phosphate and 50 mM NaCl
(pH 6.5) at a concentration of 0.5 mg/mL. CD spectra were
measured using a J-810 spectrapolarimeter (Jasco, Easton, MD)
with a 1 mm path length quartz cuvette. All measurements were
performed at 25 °C and three scans averaged for each
spectrum. A blank spectrum was collected in the same manner
and used for background subtraction. The fraction of secondary
structure was determined by K2D3 using the wavelength range
of 200−240 nm.32

■ RESULTS
C-furSema Is a Potent Inhibitor in Situ. To determine

the potency of C-furSema function in a cellular context, we
examined its ability to inhibit VEGF-A-mediated activation of
VEGFR-2. Nrp1 and VEGFR-2 were stably expressed in PAE
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cells,30 and the ability of C-furSema to inhibit VEGF-A-
dependent phosphorylation of VEGFR-2 Y1175 was assessed.
C-furSema markedly inhibited VEGF-A-dependent VEGFR-2
activation (Figure 1B). To confirm this finding in a distinct cell
type and determine the potency and extent of this inhibition in
primary endothelial cells, we measured the dose-dependent
inhibitory effect of C-furSema on the activation of VEGFR-2 in
HUVECs using a quantitative sandwich ELISA. Strikingly, C-

furSema showed potent inhibition of VEGFR-2 activation with
an IC50 of 34 ± 15 nM (Figure 1C), consistent with its potency
in vitro,20 and more than 2 orders of magnitude greater than
those of short peptide inhibitors of Nrp1.27,28,33,34 Additionally,
complete inhibition of VEGFR-2 activation was observed in
HUVECs, in contrast to other Nrp inhibitors that are able to
only partially inhibit VEGFR-2 activation even at their maximal
dose.28 Thus, C-furSema is a potent inhibitor of Nrp1-
dependent activation of endothelial cells in situ.

Mechanism of C-furSema Potency. C-furSema, which
corresponds to the full C-terminal basic domain of Sema3F, is
larger and more complex than peptide and peptido-mimetic
inhibitors that have been developed to target Nrp1. Given the
dimeric nature of C-furSema, because of its conserved
intermolecular disulfide bond, we predicted that the potency
of C-furSema might be attributable to avidity effects arising
from the dual engagement of Nrp1. Indeed, previous studies
have demonstrated that oligomeric peptide inhibitors of Nrp
have enhanced potency.28

To test this, we produced a monomeric form of C-furSema
by mutating the single conserved cysteine residue responsible
for dimerization to serine (C-furSemaMon). The ability of C-
furSema and C-furSemaMon to competitively block binding of
VEGF-A to Nrp1 was compared (Figure 2). A significant

decrease in potency was observed for the monomer (black line;
IC50 = 1.3 ± 0.7 μM) compared to the dimer (gray line; IC50 =
24 ± 1 nM). While these data indicate a direct correlation of
oligomerization and potency, it is notable that the monomeric
species of C-furSema is still an order of magnitude more potent
than previously published inhibitors,27,28,33,34 suggesting that
additional mechanisms may contribute to C-furSema potency.
A C-terminal arginine has been shown to be critical for Nrp

ligand binding.19 In the Sema3 family, furin processing liberates

Figure 1. C-furSema potently inhibits VEGF-A-mediated VEGFR-2
activation in situ. (A) Schematic representation of Sema3 highlighting
the furin-processed C-terminal domain (C-furSema). (B) Activation of
PAE cells stably overexpressing Nrp1 and VEGFR-2 by VEGF-A is
inhibited by C-furSema as demonstrated by a decrease in the level of
autophosphorylation of Tyr-1175 of VEGFR-2. (C) C-furSema is a
potent, dose-dependent inhibitor of VEGF-A-mediated HUVEC
activation as demonstrated by a sandwich ELISA (IC50 = 34 ± 15
nM). Phospho-VEGFR-2 levels were normalized to VEGF-A alone
and 1 μM sunitinib.

Figure 2. Effect of the intermolecular disulfide on C-furSema potency.
(A) Comparison of dimeric C-furSema and C-furSemaMon. (B) Critical
role for the conserved intermolecular disulfide C-furSema (gray line;
IC50 = 24 ± 1 nM) and C-furSemaMon (black line; IC50 = 1.3 ± 0.7
μM) in inhibiting binding of VEGF-A to Nrp1.
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a C-terminal arginine and is required for Nrp binding.20,26 In
Nrp1 ligands, residues near the C-terminal arginine have been
shown to contribute to potency and selectivity.22,35 Thus, we
hypothesized that residues directly upstream of the C-terminus
might be responsible for enhanced potency.
To test the role of the C-terminal residues, we performed

alanine scanning mutagenesis of the seven C-terminal residues
of C-furSema (Figure 3A,B). As expected, mutation of the C-

terminal arginine of C-furSema to alanine, R779A, dramatically
decreased its inhibition potency by greater than two orders of
magnitude (IC50 = 4.5 ± 0.2 μM). Surprisingly, no other
mutation decreased the C-furSema potency. In fact, the R778A
was slightly more potent, consistent with a recent report of a
role for the C-1 position in tuning potency.35 These data
confirm the importance of a C-terminal arginine in binding of
Sema3 to Nrp1 but indicate that the residues directly upstream
minimally contribute to potent competitive binding to Nrp1.
Therefore, the enhanced potency of C-furSema relative to other
peptide inhibitors cannot be explained by additional
interactions within the region directly proximal to the C-
terminal arginine.
Contribution of the N-Terminal Helical Region. In

addition to the C-terminus, the N-terminal sequence of C-
furSema is conserved across species. Furthermore, secondary
structure predictions indicate α-helical propensity for the 11

amino acids centered around the cysteine (Figure 4A). Notably,
this is the only predicted structured region in the otherwise

extended C-terminal basic domain of Sema3. On the basis of
this, we hypothesized that the N-terminus may be involved in
binding to Nrp1. To test this, we produced a protein with half
of the predicted helix deleted but that retained the conserved
cysteine residue necessary and sufficient for dimerization (ΔN-
C-furSema). On the basis of a simple avidity model, ΔN-C-
furSema should have unaltered inhibitory potency. Strikingly,
ΔN-C-furSema was approximately 5-fold less potent (IC50 =
111 ± 21 nM) than C-furSema (IC50 = 25 ± 3 nM) (Figure
4B). These data suggest that the N-terminal region of C-
furSema, centered around the conserved cysteine, contributes
to the potent competitive inhibition of binding of VEGF-A to
Nrp1. However, this could be due to either direct binding of

Figure 3. C-furSema C-terminal arginine contributes to high-affinity
binding to Nrp. (A) An alanine scan of the C-terminus of C-furSema
was performed. The ability of C-furSema and mutants to inhibit AP-
VEGF-A binding to Nrp1 was determined. (B) Inhibition curves were
utilized to determine peptide potency (IC50), with a significant
decrease only observed with the C-terminal arginine mutant.

Figure 4. N-Terminal helical motif is a structured region that
contributes to potency. (A) Sequence, predicted secondary structure,
and conservation of C-furSema (based on an alignment of human, rat,
mouse, cow, dog, chicken, and zebrafish orthologs). (B) ΔN-C-
furSema, an N-terminal helical deletion, decreases the potency of C-
furSema (IC50 values of 111 ± 21 and 25 ± 3 nM, respectively). (C)
Difference CD spectrum of dimeric vs monomeric C-furSema reveals a
characteristic loss of α-helical content. The inset shows CD spectra of
dimeric C-furSema (---) and C-furSemaMon ().
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the N-terminal region to Nrp1 or indirect effects of orienting
the two C-terminal arginines for optimal Nrp binding.
The conserved cysteine of C-furSema is required both for

oligomerization and for potent competitive Nrp1 binding.
Interestingly, the cysteine is centered within the predicted N-
terminal helix. This led us to examine the possibility of an
additional role for the intermolecular disulfide in maintaining
the structure of the N-terminal region. Thus, we compared the
secondary structure of C-furSema and C-furSemaMon using CD.
The overall spectra are consistent with the predicted secondary
structure of C-furSema, an overall coil with a smaller helical
component. The difference spectrum clearly shows a loss of
helical character in C-furSemaMon (Figure 4C). Fitting the
individual spectra reveals an approximately 30% loss of helicity
in C-furSemaMon, with a 16% overall helical composition for C-
furSema compared to 11% for C-furSemaMon. These data
indicate that the conserved cysteine that forms the key
intermolecular disulfide in Sema3F is important not only for
determining the oligomeric state of C-furSema but also for
stabilizing the N-terminal helical region of C-furSema required
for potent engagement of Nrp1.
We interpret these data to indicate that the disulfide-

stabilized N-terminal helix directly contributes to Nrp1 binding.
However, it remains possible that this region indirectly affects
potency by imposing conformational constraints that orient the
C-furSema dimer. To distinguish between these possibilities, we
designed a heterodimer composed of one subunit of C-furSema
and one subunit containing only the 13 N-terminal helical
residues (C-furSemaHet) (Figure 5A). This construct contains
the full N-terminal helix but only a single C-terminal arginine.
This unique disulfide-linked heterodimer was produced and
purified to >95% purity (Figure 5B). Strikingly, C-furSemaHet

was as potent as C-furSema at inhibiting VEGF-A-dependent
activation of endothelial cells (Figure 5C) and binding of
VEGF-A to Nrp1 (Figure 5D; IC50 = 35 ± 3 and 24 ± 1 nM,
respectively). This is in stark contrast to C-furSemaMon, with an
IC50 of 1.3 ± 0.7 μM (Figure 5D). These data emphasize the
importance of the N-terminal helical region and demonstrate
that C-furSema potency is determined by a heterobivalent
mechanism combining a C-terminal arginine and structured N-
terminal helical region.

Insights into Distinctly Furin-Processed Forms of
Sema3A. This raises the question of whether the distance
between the C-terminal arginine and helical region is a critical
factor in determining Sema3 engagement of Nrp1. There are
between one and three furin cleavage sites in the C-terminal
basic domain of different Sema3 family members, which
produce natural variants with different spacing between the C-
terminal arginine and the dimeric helical region. While Sema3F
possesses one furin consensus site, Sema3A possesses three.
These three sites in Sema3A are known to be processed and
important for function26 (Figure 6). To define the role of the
multiple furin processing sites in Sema3A, we measured the
inhibitory potency of the three processed variants of Sema3A.
The furin-processed forms similar to C-furSema, Sema3A.2 and
Sema3A.3, are similar in potency (Figure 6B; IC50 values of 45
± 12 and 27 ± 5 nM, respectively). Intriguingly, the shortest
form, Sema3A.1, shows significantly reduced potency (IC50 =
1.1 ± 0.3 μM). This form has the same amino acid sequence in
both helical and C-terminal motifs, differing only in the spacing
of these motifs. These data suggest that furin site selection may
represent a natural mechanism for producing Sema3A proteins
with differing Nrp binding motif spacing, providing a unique
mechanism for fine-tuning Sema3A−Nrp1 binding.

Figure 5. Helical motif determines potent competitive Nrp1 binding. (A) To determine the contribution of the N-terminal helical region to
mediating Nrp inhibition, C-furSemaHet was synthesized. (B) Comparison of nonreducing vs reducing SDS−PAGE demonstrates the purity and
correct intermolecular disulfide bond formation of C-furSema and C-furSemaHet. (C) C-furSema and C-furSemaHet equivalently inhibit VEGF-A-
dependent activation of PAE cells and (D) have nearly equal potencies (IC50 values of 24 ± 1 and 35 ± 3 nM, respectively).
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■ DISCUSSION
Together, these data demonstrate that Sema3 family members
engage Nrp1 utilizing two distinct regions in their C-terminal
domain, a C-terminal arginine and an upstream helical region.
This engagement results in potent competitive binding to Nrp1
that antagonizes VEGF binding and cellular activation.
Importantly, the decreased potency observed between dimeric
and monomeric forms of C-furSema is primarily due not to the
presence of two C-terminal arginine motifs but instead to the
presence of the stable helical motif, as demonstrated by the
potency of C-furSemaHet. These data indicate that the potent
competitive binding of C-furSema to Nrp1 is determined by a
unique heterobivalent mechanism requiring only one C-
terminal arginine and the novel upstream helical region.
Previously, it has been shown that the exon 7-encoded

residues of VEGF-A engage loop L1 of the Nrp1-b1 domain,
enhancing binding and controlling Nrp1 receptor selectivity.22

In contrast, loop L1 of Nrp1/2 does not play a role in selective
Sema3 binding.36 Our current data demonstrate that Sema3s
utilize their upstream helical motifs to allow potent
heterobivalent engagement of Nrp. The physical location of
the Sema3 helical binding site on Nrp1 is an important future
direction for both mechanistic insights into Sema3 function and
inhibitor design. It is notable that Sema3A.1 possesses only four
residues between the N-terminal helical region and the C-
terminal arginine and has significantly reduced potency,
indicating a minimal length is required to tether these two
physically distinct sites. Thus, VEGF and Sema3 utilize both
common and unique mechanisms to engage Nrp1.
Because Nrp has critical roles in pathological angiogenesis

and aberrant axon guidance, significant effort has been devoted
to producing Nrp inhibitors. Peptide and small molecule
inhibitors have been produced against the C-terminal arginine
binding pocket but generally possess modest (micromolar)
potency.28,33,34,37 We demonstrate that by coupling inhibitor
oligomerization with covalent tethering of the helical and C-
terminal arginine binding motif, we can achieve a two order-of-
magnitude increase in inhibitory potency. The identification of
two distinct Nrp1 binding sites that, when tethered together,
produce a potent inhibitor presents exciting possibilities for
fragment-based design strategies combining existing inhibitors
of the C-terminal arginine binding pocket with novel helical
motif binding site inhibitors.
The physiological role of furin processing in the regulation of

Sema3 signaling, as opposed to inhibition of VEGF binding,
remains to be determined. While inhibition requires avid
binding to only a single Nrp receptor, Sema3 signaling
minimally requires the engagement of two receptor molecules
and assembly of the signaling complex. Our data indicate that,

at a minimum, furin processing is required to activate Sema3
for Nrp-b1 domain binding by liberation of a C-terminal
arginine. Importantly, C-furSemaHet maintains the potent
engagement of Nrp, suggesting that furin processing of a single
subunit of the Sema3 dimer may be sufficient for potent
activation. Alternatively, furin processing may affect Sema3
engagement of the Nrp-b1 domain quantitatively such that the
different forms have progressively increasing signal potency
from unprocessed to singly processed to dual processed.
Sema3 engagement of Nrp is more complex than VEGF

engagement in that two distinct domains are required. Both
binding of the Sema3 C-terminal domain to the Nrp-b1 domain
and binding of the Sema3 Sema domain to the Nrp-a1 domain
are important for Sema3 signaling.38,39 Recent structural work
has provided significant insight into the contribution of the
Nrp-a1 domain in Sema3 binding40 and assembly of the active
Sema3−Plexin−Nrp complex.41 The specific contribution of a1
and b1 domains in terms of binding potency, specificity, and
coupling between the two interacting domains is an active area
of research.6

The ability of Sema3 to engage the Nrp-b1 domain has clear
implications for Sema3 signaling in the nervous system but also
in the cardiovascular systems. For example, Sema3A, which is
critical for nervous system development,42 has been shown to
inhibit VEGF-dependent angiogenesis yet acts as a vascular
permeability factor.12 Inhibition of VEGF is consistent with our
data demonstrating direct competition for Nrp binding.
However, induction of vascular permeability by Sema3 was
found to be due to specific Nrp-dependent signaling rather than
competitive binding. It is possible that these two functions of
Sema3 in the cardiovascular systems are differentially regulated
by furin processing. Indeed, furin processing of Sema3 family
members may have significant physiological implications for
regulated function in both nervous and cardiovascular systems.1

Our data demonstrate that the furin cleavage sites in the C-
terminal domain of Sema3A are nonequivalent in terms of
receptor binding. Thus, C-terminal furin processing not only
functions as a binary activation mechanism but also can
produce activated species with differing physical properties.
Recent data indicate that this may have profound physiological
implications. Mutations of two different residues in the
Sema3A.1 furin site, R730Q and R733H, have recently been
shown to cause Kallmann’s syndrome, a serious genetic disease
resulting from aberrant Sema3A-dependent axon guidance.43

Thus, differential furin processing of the C-terminal domain of
Sema3 can have profound functional and physiological effects
in human disease. Combined with these mechanistic insights,
the discovery of these disease-associated mutations underlines
the importance of future studies of the regulation and function
of differential furin processing of Sema3 in regulating Nrp
engagement in both neuronal and cardiovascular signaling.
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