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Abstract

Neuropilin is an essential cell surface receptor that functions in both semaphorin dependent axon
guidance and vascular endothelial growth factor (VEGF) dependent angiogenesis. The interplay
between these two seemingly distinct pathways is a source of considerable interest. Indeed, several
semaphorin family members have been shown to have potent anti-angiogenic activity in vivo.
However, reports conflict as to whether semaphorin and VEGF competitively bind to neuropilin.
Previous work has demonstrated that all known ligands and inhibitors of neuropilin interact with the
b1 domain of neuropilin via a C-terminal arginine. No semaphorin family member possesses a C-
terminal arginine, leading to uncertainty as to the physical mechanism of interaction between the C-
terminal domain of semaphorin and the b1 domain of neuropilin. Semaphorin 3F (Sema3F) possesses
an RXRR furin recognition site in its C-terminus and we demonstrate that it is proteolytically
processed. This processing is found to be essential for the interaction of the C-terminus of Sema3F
with the b1 domain of neuropilin. We further demonstrate that furin activation of the C-terminus of
Sema3F produces a species that potently inhibits the binding of VEGF to neuropilin. These studies
provide a mechanistic basis for understanding the anti-angiogenic activity of semaphorin as well as
the physical interaction and competition between neuropilin ligands.

Vertebrates employ a wide array of secreted growth factors and cell surface receptors to
regulate the growth and guidance of axons. The semaphorins represent one of the largest
families of cytokines that directly guide axon growth (1,2). There are five recognized families
of semaphorins in vertebrates, including the class 111 semaphorin family, all six members of
which are secreted and able to diffuse through tissues (3). Neuropilin directly binds to most
class 11 semaphorins and is essential for axonal guidance (4,5).

Neuropilin interacts with members of the semaphorin family of ligands and functions together
with plexin family receptors in semaphorin mediated axon guidance (6,7). Neuropilin also
interacts with the VEGF family of ligands and functions together with VEGF-R family
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receptors in VEGF mediated angiogenesis (8,9). Higher eukaryotes possess two neuropilin
family members, neuropilin-1 and neuropilin-2, which share 44% amino-acid sequence
identity (10). They both function in semaphorin and VEGF signaling but differ in their substrate
specificity among ligands and receptors, as well as specific control of protein expression and
recycling (11). In vivo, Sema3F functions via neuropilin-2 to control axon guidance both in
the CNS and peripheral nervous system (12).

The coagulation factor domains of neuropilin, b1 and b2, contain the high-affinity binding site
for both VEGF and the C-terminal domain of semaphorin (13,14). Because semaphorin and
VEGF share an overlapping binding site within the b1 domain of neuropilin, the role of
neuropilin in mediating interplay between the two seemingly distinct pathways of VEGF
dependent angiogenesis and semaphorin dependent axon guidance is the source of considerable
interest. However, there are conflicting reports as to the role and extent of ligand competition
for neuropilin binding.

A number of researchers have observed direct competition between VEGF and semaphorin
(15-17). This is consistent with both VEGF and semaphorin families possessing a highly basic
C-terminal domain that interacts with the b1 domain of Nrp. Additionally, multiple class Il
semaphorin family members have been shown to have potent anti-angiogenic activity in vivo
(18-20).

Surprisingly, a number of other researchers have recently reported that there is no competition
between VEGF and semaphorin (21,22). Previous studies defined the critical importance of a
C-terminal arginine residue in the binding of both VEGF and inhibitory peptides to neuropilin
(23-26). The observed lack of ligand competition for neuropilin is consistent with the fact that
no class 111 semaphorin family members possess a C-terminal arginine, and it has been
suggested that two distinct surfaces in the b1 domain of neuropilin may be employed for ligand
binding.

These conflicting reports suggest that a critical mechanistic feature of neuropilin ligand binding
is not understood. This has motivated studies to determine the physical mechanism for the
interaction of neuropilin and semaphorin and the basis for semaphorin's observed anti-
angiogenic activity. The immediate C-terminus of class 111 semaphorins is not well conserved
and does not contain a C-terminal arginine residue (Fig. 1A). However, a region just upstream
of the C-termini is, in fact, highly conserved and has been shown to be a cleavage site for the
furin family of pro-protein convertases. Proteolytic processing in semaphorin's C-terminal
domain has been shown to regulate the anti-angiogenic potency of several semaphorins, which
has been suggested to involve neuropilin binding (18,20,27). We hypothesized that proteolytic
activation of the C-terminus of semaphorin may be critical for regulating interaction with
neuropilin. We demonstrate that Sema3F is proteolytically processed at its C-terminus. This
processing is essential for the production of a mature C-terminal region of Sema3F that can
physically interact with neuropilin. Further, the mature form of semaphorin potently blocks
VEGF binding to neuropilin. These data demonstrate that mature semaphorin and VEGF
ligands do compete for binding to the overlapping binding site in the b1 domain of neuropilin,
but that furin processing of semaphorin is essential for its physical interaction and anti-
angiogenic potency. These findings resolve conflicting results in the literature by providing a
physical basis for understanding the regulation of semaphorin interaction with neuropilin.
Further, these results open new avenues to understand the cross-talk between neuronal and
vascular guidance through ligand competition for a shared co-receptor.
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EXPERIMENTAL PROCEDURES

Protein production

The C-terminal neuropilin binding region of human Sema3F (residues 605-785 (16)) was
produced as a C-terminal or an N-terminal Human Growth Hormone (Hgh) fusion from the
pLexM vector (28,29). Protein was produced from CHO, furin deficient FD11, and furin
overexpressing cells (30). Protein was also produced in COS-7 cells in the absence and presence
of Dec-RVKR-CMK and D-poly-Arg-NH, furin inhibitors (Calbiochem, San Diego, CA).
Cells were maintained in a-MEM supplemented with 5% FBS. For protein expression, cells
were transfered to Hybridoma-SFM media (Invitrogen, Carlsbad, CA) when they reached 80%
confluence and transfected with PEI-MAX (Polysciences Inc., Warrington, PA) using 1 ug
DNA/mL media and a 3:1 PEI:DNA ratio.

The core ligand binding regions (b1b2) of human neuropilin-2 and neuropilin-1 were expressed
and purified as previously described (24).

Western blot

Western blots were performed using an anti-Hgh polyclonal primary antibody (1:10,000
dilution, RDI-HGHabrX1 Fitzgerald Industries, Acton, MA), anti-rabbit-HRP secondary
antibody (1:20,000 dilution, sc-2301 Santa Cruz Biotechnology, Santa Cruz, CA), and
developed using SuperSignal West Pico (Pierce Biotechnology, Rockford, IL).

Peptide synthesis

Peptides were synthesized using solid phase synthesis and purified to >95% purity. The well
characterized neuropilin inhibitory peptide ATWLPPR was used as a positive control (Sigma-
Genosys, St. Louis, MO). Two dimeric disulfide linked peptides of the C-terminal region of
Sema3F were synthesized, oxidized to produce the natural intramolecular disulfide, and
purified (Genscript, Piscataway, NJ). One peptide, C-Sema, corresponds to the final 46 residues
of Sema3F (GLIHQYCQGYWRHVPPSPREAPGAPRSPEPDQKKPRNRRHHPPDT) while
the second peptide, C-furSema, is 40 residues and corresponds to the furin cleaved species
(GLIHQYCQGYWRHVPPSPREAPGAPRSPEPQDQKKPRNRR). Each peptide contains a
single tryptophan residue and peptide concentrations were determined using absorbance at 280
nm.

Affinity pull-down

Neuropilin-2 was coupled to AffiGel (Bio-Rad, Hercules, CA) according to manufacturer's
recommendation at 5 mg protein/mL resin. N-terminally tagged Sema3F Ig-basic was
expressed in Cos-7 cells with and without furin inhibitors. 200uL of conditioned media was
diluted to 1 mL with Buffer A (20 mM Tris, pH=7.5, 100 mM NaCl) and incubated with 100
uL of neuropilin-2 affinity resin for thirty minutes. Resin was washed three times with Buffer
A, and then eluted using 1 M NaCl. Eluted protein was resolved using SDS-PAGE and
visualized by western blot.

Analytical Ultracentrifugation

Sedimentation velocity experiments were conducted with a Beckman XL-A analytical
ultracentrifuge (Beckman-Coulter, Fullerton, CA). Experiments were conducted at 4°C in
10mM Tris pH 7.5, 150 mM NaCl, 1mM sodium azide at a speed of 40,000 rpm. Neuropilin-2
concentration was held constant at 8uM in all samples. Samples with Sema3F derived peptides
contained peptides in 2.5X molar excess. Absorption measurements were made at 280 nm.
Measurements of sedimentation coefficient distributions between 0.1 and 6s were resolved by
fitting data to numerical solutions of the Lamm equation implemented in the program Sedfit
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(31). Parameters used, including buffer density, viscosity, and partial specific volumes of the
proteins, were calculated with SEDNTERP (http://www.rasmb.bbri.org/) using standard
methods (32).

Fluorescence Aniosotropy

C-furSema was synthesized with an N-terminal Fluorescein isothiocyanate (FITC) (Genscript).
The peptide was resuspended and buffer exchanged into Buffer A. 1.8 uM FITC C-furSema
was combined with increasing concentrations of neuropilin-2 and neuropilin-1. Fluorescence
aniosotropy was measured at 23°C using a SpectraMax M5 (Molecular Devices, Sunnyvale,
CA) with excitation at 485 nm, emission at 525 nm, and an emission filter at 515 nm).
Anisotropy was calculated from the average of three independent samples at each point using
the experimentally determined G-factor of 1.113. Dissociation constants (Kgy) were calculated
by fitting the data with Kaleida-Graph (Synergy Software, Reading, PA) using a single site
model:

rq [ neuropilin]

r=rogt————
?" Kd+ | neuropilin]

where rg is the initial aniosotropy and ry is the difference in aniosotropy between bound and
free species.

Plate-based inhibition assay

A guantitative method to determine peptide inhibitory potency was developed. The core ligand
binding domains (b1b2) of neuropilin-1 were physically coupled to high protein binding 96-
well polystyrene plates (Corning, 9018). Neuropilin-1 was coupled, using a one hour
incubation in pH=10.4 carbonate, followed by blocking with BSA. Using this method, 500 ng
of purified neuropilin-1 could be efficiently coupled to each well. Inhibitory potency was
measured by displacement of alkaline phosphatase (AP) tagged VEGF-A(164). AP was used
because it allows rapid, sensitive, quantitative competition assays to be performed. Protein was
produced with an N-terminal AP tag (pAPtag-5, GenHunter, Nashville, TN) in CHO-S cells
(Invitrogen, Carlsbad, CA). Conditioned media was concentrated and buffer exchanged into
20 mM Tris pH 7.5, 50 mM NaCl.

AP-tagged VEGF-A and inhibitory peptides were premixed and incubated in the 96-well plate
for one hour at 25°C. Wells were washed three times with PBS-T and incubated with PBS-T
for another five minutes. Wash solution was removed and 100 pL of 1X AP Assay A Reagent
was added (GenHunter). The reaction was stopped after eight minutes by addition of 200mL
0.5N NaOH. Evolution of p-Nitrophenol (p-NP) was quantitated at 405nm using a 96-well
plate reader and converted to AP activity according to manufacturer's instructions.
Displacement of AP-tagged VEGFs from the plate with increasing peptide concentration was
fit, using a standard four parameter sigmoidal curve, yielding the ICsxy.

RESULTS

Sema3F is proteolytically processed in its C-terminal domain

Sema3F possesses an RXRR consensus furin-like protease recognition sequence at its C-
terminus. This region is highly conserved in five of the class 111 semaphorin family members
(Figure 1A). To test whether Sema3F is proteolytically processed in its C-terminus, we
expressed the C-terminal neuropilin binding region of Sema3F (Ig-basic) with a C-terminal
human growth hormone (Hgh) fusion. The construct was expressed in CHO cells, FD11 CHO
cells lacking furin activity, and CHO cells overexpressing furin (30). Wild-type CHO cells
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expressed a mixture of processed and unprocessed forms of Sema3F (Figure 1B). FD11 cells
produced solely the unprocessed form of Sema3F, whereas furin overexpressing cells produced
only the processed form (Figure 1B). To further confirm that the observed proteolytic
processing is the result of furin activity, the construct was expressed in Cos7 cells. The protein
was found to be >95% processed (Figure 1C). The observed proteolytic processing is fully
blocked by addition of furin inhibitors (Figure 1C). Thus, as has been previously observed with
other class 111 semaphorin family members (18, 20), Sema3F is proteolytically processed in its
C-terminal basic domain.

C-terminal processing of Sema3F regulates interaction with neuropilin

A specific interaction has been shown between the C-terminus of Sema3F and core ligand
binding domains (b1b2) of neuropilin-2 (13). To determine the effect of the observed
proteolytic processing, we tested the ability of the unprocessed and processed forms of Sema3F
to interact with neuropilin, utilizing a neuropilin-2 affinity pull-down of the C-terminus of
Sema3F. In order to test the effect of the C-terminal sequence, a construct was produced with
a native C-terminal sequence and the Hgh attached to the N-terminus. Furin cleavage would
remove only six residues at the C-terminus and so, as expected, no difference in apparent
molecular weight is observed between N-terminally tagged protein expressed in Cos-7 cells in
the absence or presence of furin inhibitors. However, a dramatic difference is observed in their
ability to interact with neuropilin-2. The processed form of Sema3F, expressed from Cos-7
cells in the absence of furin inhibitors, shows a robust interaction with the neuropilin-2 affinity
resin (Figure 2A). This result is consistent with previous reports describing the domain specific
interaction between the C-terminal Ig-basic domain of Sema3F and neuorpilin-2 (13). In
contrast, the unprocessed form, expressed from Cos-7 cells in the presence of furin inhibitors,
shows little if any ability to interact with the neuropilin-2 affinity resin (Figure 2A). This result
suggests that the mechanism underlying the profound physiological effect of furin processing
of semaphorin may be direct regulation of the physical interaction between the C-terminus of
semaphorin and the b1 domain of neuopilin.

Physical interaction between the C-terminus of Sema3F and neuropilin-2

To more fully characterize the interaction of the C-terminus of semaphorin with neuropilin,
we produced peptides from the C-terminus of Sema3F that include the C-terminal
intermolecular disulfide and basic domain. This allowed production of a pure, chemically
defined species corresponding to the unprocessed (C-Sema, the final 46 residues of Sema3F)
and processed (C-furSema, the same with the final six residues removed, thus possessing a C-
terminal arginine) forms of Sema3F.

Sedimentation velocity analysis was performed to determine the interaction and stoichiometry
of Sema3F in complex with neuropilin-2. On its own, neuropilin-2 exists primarily as a
monomer (Szow=3.03, c(M)=37.9 kDa * 1.9 kDa, expected 38.4 kDa) with a small fraction
(3%) of dimer (s w=4.73) (Figure 2B, Table 1). When a 2.5 fold molar excess of C-Sema is
added, neuropilin-2 monomer (spg w=3.04) and dimer (spow=4.65) are observed, along with
free C-Sema (spo w=1.26) (Figure 2C, Table 1).

When C-furSema is added, significant differences are observed. The major species shifts, with
molecular weight consistent with a 1:1 complex (sp0.w=3.15, ¢(M)=46.7 + 3.4 kDa, expected
weight of a 1:1 complex, 47.7 kDa). Interestingly, the 1:1 complex appears to predominate
even though C-furSema is a disulfide linked dimer. A second unique species is formed
(S20,w=4.02, c(M)=66.7+ 4.9 kDa, expected weight of a 2:1 complex, 86.2 kDa). This species
sediments at an intermediate mass between that expected for the 1:1 and 2:1 neuropilin-2:C-
furSema complex, likely representing a species in exchange between the two forms of the

Biochemistry. Author manuscript; available in PMC 2011 May 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Parker et al.

Page 6

complex. Free C-furSema is also observed, as expected since it is in molar excess (spg w=1.09)
(Figure 2D, Table 1).

To quantitatively characterize the interaction of the two proteins, the binding of FITC labeled
C-furSema to neuropilin-2 was measured using fluorescence anisotropy. Incubation with
neuropilin-2 resulted in a significant increase in anisotropy consistent with a decrease in the
rotational diffusion of the bound complex. The observed binding was well fit with a single site
binding model (R?=0.99) and allowed determination of the dissociation constant Kyg=4.1+0.5
uM (Figure 3A).

Based on these data, we conclude that furin mediated activation of Sema3F is critical for the
physical interaction of the C-terminus of Sema3F with neuropilin-2.

Binding of C-furSema to neuropilin-1

Sema3F functions with neuropilin-2 in axon guidance, but functionally blocks VEGF-A
binding to neuropilin-1 to block angiogenesis. To determine the basis for Sema3F anti-
angiogenic activity, we first tested if C-furSema was also able to bind to neuropilin-1. The
binding of FITC C-furSema to neuropilin-1 was determined using fluorescence anisotropy as
with neuropilin-2. Binding was again well fit with a single site binding model (R?=0.99) and
a dissociation constant K4=2.2+0.2 uM (Figure 3B). Thus, C-furSema can bind both to
neuropilin-2 and neuropilin-1, the latter with slightly higher affinity.

Inhibition of VEGF binding

To test whether the observed anti-angiogenic activity of Sema3F is due to direct competition
with VEGF-A for binding to neuropilin-1, we developed a novel inhibitory assay. This assay
measures the ability of Sema3F to compete with VEGF-A for binding to the core ligand binding
domains (b1b2) of neuropilin-1. Neuropilin-1 was adsorbed to 96-well plates to which AP-
tagged VEGF-A binds specifically. VEGF-A binding could be competitively blocked using
anti-angiogenic inhibitory peptides or other blocking reagents. Bound AP-VEGF-A was
quantitatively determined using a colorometric p-NPP based assay (Figure 4A).

To validate the assay, we used the well characterized neuropilin inhibitory hepta-peptide
ATWLPPR. Increasing concentrations of ATWLPPR were able to block AP-VEGF-A binding.
The inhibitory potency of the peptide determined using this novel assay was 1C57=10.5 + 2
uM (Supplementary Figure 1). This corresponds well to its previously reported inhibitory
potency IC50=19 uM, determined by measuring displacement of biotinylated VEGF-A from
the neuropilin ectodomain (33).

C-furSema, representing the processed form of Sema3F, was able to fully inhibit the binding
of AP-VEGF-A to neuropilin. C-furSema was found to be a very potent inhibitor with an
IC50=46 + 3 nM (R?=0.9999) (Figure 4B, green). This demonstrates that, in fact, Sema3F and
VEGEF-A do directly compete for binding to the core ligand binding domains of neuropilin,
explaining the anti-angiogenic potency of Sema3F in vivo.

To determine the effect of proteolytic activation of Sema3F on anti-angiogenic potency, we
tested the ability of C-Sema to competitively block VEGF-A binding to neuropilin. C-Sema,
representing the unprocessed form of Sema3F, showed no inhibition of VEGF-A binding even
at high concentrations (Figure 4B, red).

These results underline the essential importance of furin processing of semaphorin, and provide
a mechanism for the observed anti-angiogenic potency of Sema3F. In summary, we
demonstrate that furin processing produces a form of Sema3F that binds to the core ligand
binding domains of neuropilin and directly competes with VEGF-A for receptor binding.
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DISCUSSION

We demonstrate that Sema3F is proteolytically processed at its C-terminus. This processing is
essential for the interaction of Sema3F with the core ligand binding domains of neuropilin.
Our data provides a physical explanation for this, since furin processing liberates a C-terminal
arginine. Possession of a C-terminal arginine has been demonstrated to be critical for the
interaction of both VEGF and peptide inhibitors with neuropilin (24,25). Further, the b1 domain
of neuropilin is utilized for binding both VEGF and semaphorin families of neuropilin ligands,
yet the nature of the different ligand interactions with and competition for neuropilin has been
unclear. We demonstrate that the two classes of ligands directly compete for neuropilin binding,
but only when semaphorin is processed. A C-terminal peptide representing the proteolytically
processed form of Sema3F potently blocks the binding of VEGF to neuropilin, explaining the
anti-angiogenic activity of Sema3F (Figure 5).

Understanding the mechanistic basis for the interaction of the C-terminus of semaphorin with
neuropilin also provides a simple yet elegant explanation for the divergent literature reports
regarding the competition of VEGF and semaphorin ligands for neuropilin binding. C-terminal
fusions, such as Fc or AP, are often used in the expression and purification of semaphorin
family members. This includes commercially available semaphorins, which are expressed and
purified using a C-terminal Fc-fusion (R & D Systems). These proteins represent solely the
unprocessed form of semaphorin and, as expected from our studies, are unable or have
dramatically decreased ability to compete with VEGF for binding to neuropilin. When using
a C-terminal tag, such as AP, for quantitation but not purification, the protein produced will
likely be a mixture of the processed and unprocessed forms. When using an N-terminal tag,
care should be taken since proteolytic processing of the C-terminus does not produce an
appreciable shift in molecular weight and thus a mixture of processed forms will be produced
unless furin activity is specifically inhibited or enhanced. It is interesting to note that Sema3F
produced in wild-type CHO cells has a larger percentage of unprocessed protein, whereas that
produced in COS-7 cells is almost completely processed. In vitro, the ratio of processed to
unprocessed semaphorin will be highly dependent on the cell type used to express the protein.
Invivo, cell and tissue-specific proteolytic processing of semaphorin family members may well
represent an important mechanism controlling the production of anti-angiogenic semaphorins.

The role of proteolytic processing of the C-terminus of Sema3F is the simplest case for class
I11 semaphorins, since it possesses a single furin consensus site in its C-terminus. Other family
members have additional furin-like consensus sites. For instance, it has been demonstrated
experimentally that semaphorin 3A can be processed at three different sites in its final forty-
five residues (18). It will be interesting to determine if proteolytic processing at these different
sites produces proteins with differing anti-angiogenic potency.

Paradoxically, it has been shown that furin processing of semaphorin 3B can inactivate its anti-
angiogenic potency (34). However, the observed cleavage is at a known site in the middle of
the semaphorin gene, upstream of the Ig domain, and removes the entire Ig-basic region,
including the cysteine that forms the critical intermolecular disulfide essential for sesmaphorin
function (3). Thus, proteolytic processing of semaphorin can either activate or inactivate its
anti-angiogenic potency, depending on the site of proteolysis.

While it is clear that only the processed form of semaphorin is able to function as a VEGF
pathway inhibitor, the role of C-terminal processing of semaphorin in axon guidance is an
intriguing area that remains to be explored. The C-terminal domain of semaphorin is necessary,
but not sufficient, for its function in axon guidance. Semaphorin additionally requires an
interaction between its sema domain and the al domain of neuropilin (14,16,35). Itis interesting
to note that the C-terminal Fc fusion of semaphorin, which represents the unprocessed form of
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semaphorin, is able to cause axon repulsion in situ (21,36). Thus, both processed and
unprocessed forms of semaphorin are able to function in situ in axon guidance. In vivo, furin
processing may be solely utilized as a mechanism regulating the anti-angiogenic activity of
semaphorin or it may alter the potency and range of activity of semaphorin in axon guidance.
Alternatively, VEGF has well characterized neurotrophic and neuroprotective effects and it is
possible that furin processing of semaphorin could affect the ability of VEGF to compete for
neuropilin binding on the surface of neuronal and glial cells.

Neuropilin ligand mimicry

Semaphorin-like proteins are produced by a variety of viruses that utilize molecular mimicry.
Various poxviruses encode SemaV family members, which are sema domain proteins
homologous to the N-terminus of semaphorin (37). SemaV family members have been shown
to induce changes in host cytoskeletal dynamics, thereby altering the adherence and spreading
of infected cells (38). It has recently been shown that neuropilin is essential for HTLV-1 viral
entry (39). The HTLV-1 coat protein is a heparin binding protein that directly interacts with
neuropilin (40). Further, the interaction and infectivity of HTLV-1 can be attenuated by both
VEGF-A and peptide inhibitors of neuropilin (40). Intriguingly, the HTLV coat protein that
interacts with neuropilin requires furin processing for maturation and infectivity (41). From
our studies, we suggest that HTLV-1 utilizes molecular mimicry of the mature furin processed
form of semaphorin to target the shared semaphorin/VVEGF binding site in the b1 domain of
neuropilin. This insight provides a novel avenue for potential therapeutic intervention in
HTLV-1 infected individuals.

Novel inhibitors of angiogenesis

The difference between the observed direct binding affinity of C-furSema to neuropilin and its
inhibitory potency in blocking VEGF binding to neuropilin is of interest. The observed binding
affinity of C-furSema for neuropilin (2.2 pM) is comparable to those reported for VEGF
binding to neuropilin-1 (2 uM) by surface plasmon resonance with low neuropilin density
(42). Our analytical ultracentrifugation results suggest a 1:1 stoichiometry of binding in dilute
solution conditions, suggesting that this affinity respresents the monomeric binding of C-
furSema to neuropilin. However, VEGF binding to neuropilin has been shown to be highly
dependent on neuropilin density, with four fold higher density of neuropilin leading to a twenty-
fold increase in apparent affinity (42). The higher potency of inhibition observed in our plate-
based inhibitory assay is consistent with this result, since maximal amounts of neuropilin are
coupled to the plate. C-furSema's inhibitory potency in the plate based assay is thus likely due
to avidity affects of the dimeric ligand binding to two neuropilin molecules, and accurately
reproduces the inhibitory potency of previously reported peptides measured both in vitro and
in situ (Supplementary Figure 1).

Two major classes of peptide-based neuropilin inhibitors have been described (23,43). Both
are relatively small monomeric peptides (5-7 residues) with modest inhibitory potency (mid-
uM). It has been unclear if this modest potency is due to specific features of the peptides or if
it represents a general problem with this mode of inhibiting angiogenesis. Our results reveal
that C-furSema is able to inhibit binding of VEGF-A to neuropilin with an increase in potency
of two to three orders of magnitude relative to previous inhibitors. It will be interesting to
determine the physical basis for this enhanced potency. It is notable that while dimeric VEGF
was found to directly antagonize semaphorin mediated growth cone collapse, a monomeric
peptide inhibitor derived from the C-terminus of VEGF reversed this effect (36). C-furSema
contains the strictly conserved intermolecular disulfide, and the multimeric state of the peptide
may well contribute to its enhanced potency. Additionally, the C-terminal region of all known
anti-angiogenic semaphorins shows conservation beyond the terminal 5-7 residues. This
suggests that additional binding pockets on neuropilin may be employed which are not
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exploited by current generation peptides. Together, these results strongly suggest that potent
peptide inhibitors of neuropilin can be produced, opening exciting avenues to design novel
inhibitors based on Sema3F and other endogenous angiogenesis inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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3A —ENKKGRNRRTHEFERAPRSV
3B —SRRKGRNRRTHAPEPRAERGPRSATHW
3C —NSRKSRNRRNOQLPES

3D —-EMKKKRNRRHHRDLDELPRAVAT
3F —DQKKPRNRRHHPPDT

Furin KXRXRR

B C Furin Inhib

CHO FD11 Furin MW = + MW

Figure 1.

Furin processing of Sema3F A) Class 11 semaphorins contain a conserved furin recognition
sequence in their C-terminus. B) A mixture of unprocessed (100 kDa) and processed (24 kDa)
forms of Sema3F-Hgh fusion are observed when overexpressed in CHO cells. Furin deficient
(FD11) cells produce only the unprocessed form, whereas furin overexpressing cells produce
only the processed form. C) Sema3F-Hgh expressed in COS-7 cells is nearly completely
processed, whereas addition of furin inhibitors produces almost complete reversal to the
unprocessed form. Protein molecular weights were estimated using the Magic Mark XP
molecular weight standard (MW) (Invitrogen, Carlsbad, CA).
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Figure 2.

Interaction of the C-terminus of semaphorin with neuropilin-2. A) Affinity purification of the
Hgh-Sema3F C-terminus using neuropilin-2 affinity resin demonstrates that only the protein
with a furin processed C-terminus is efficiently pulled down. B) Sedimentation velocity
experiments reveal that neuropilin-2 exists predominantly as a monomer, with a small fraction
of dimer. Peak labels (a, b, ¢) correspond to the numerical peak data in Table 1. C) C-Sema
shows no significant interaction with neuropilin-2. D) C-furSema interacts with neuropilin-2
in a stable 1:1 complex and a higher order species with an intermediate molecular weight,
suggesting the species is in exchange between 1:1 and 2:1 neuropilin-2:C-furSema complexes.
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Figure 3.
Binding of C-furSema to neuropilin. A) FITC C-furSema shows a significant increase in

anisotropy when bound to neuropilin-2, which is fit well with a single site binding curve. B)
Neuropilin-1 also binds to FITC C-furSema with slightly higher affinity.
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Figure 4.

C-furSema potently inhibits VEGF-A binding to neuropilin. A) Design of a novel plate based
inhibition assay measuring the displacement of AP-tagged VEGF-A from neuropilin-1 b1b2
coated plates with increasing concentration of peptide. B) C-furSema potently inhibits the
binding of AP-VEGF-A to neuropilin-1 with an ICgq=45nM (green). C-Sema shows no
inhibitor potency even at high concentrations (red). Each point is the average of three
independent samples with error bars representing +/- one standard deviation.
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Figure 5.

Model for the mechanism of anti-angiogenic activity of semaphorin. Our data demonstrates
that furin dependent activation of the C-terminus of Sema3F is essential for direct interaction
with neuropilin and anti-angiogenic activity via competition with VEGF-A for binding to the
b1 domain of neuropilin.
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Sedimentation velocity data of neuropilin-2 alone and in complex with C-Sema and C-furSema

Table 1

Soow (S=10"3sec) : % c¢(M) (kDa) Expected MW
Neuropilin-2:
Peak a 3.03:97% 37.9+1.9kDa | 38.4 kDa (monomer)
Peak b 4.73 : 3% 74.3+3.0kDa | 76.8 kDa (dimer)
Neuropilin-2 + C-Sema:
Peak a 1.26:32% 11.1+ 0.6 kDa | 10.7 kDa (C-Sema)
Peak b 3.04 : 58% 41.7 £+ 1.8kDa | 38.4 kDa (monomer)
Peak ¢ 4.65: 4% 80.2+ 3.0 kDa | 76.8 kDa (dimer)
Neuropilin-2 + C-furSema:
Peak a 1.09 : 24% 9.4+0.6kDa | 9.4 kDa (C-furSema)
Peak b 3.15:62% 46.7+ 3.4 kDa | 47.7 kDa (1:1 complex)
Peak ¢ 4.02:12% 66.7+ 49 kDa | 86.2 kDa (2:1 complex)
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