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ABSTRACT: Neuropilin-1 and -2 are critical regulators of angiogenesis, lymphangiogenesis, and cell survival as receptors for
multiple growth factors. Disulfide-rich peptides that antagonize the growth factor receptors neuropilin-1 and neuropilin-2 were
developed using bacterial display libraries. Peptide ligands specific for the VEGFA binding site on neuropilin-1 were identified by
screening a library of disulfide-rich peptides derived from the thermostable, protease-resistant cyclotide kalata B1. First
generation ligands were subjected to one cycle of affinity maturation to yield acyclic peptides with affinities of 40−60 nM and
slow dissociation rate constants (∼1 × 10−3 s−1). Peptides exhibited equivalent affinities for human and mouse neuropilin-1 and
cross-reacted with human neuropilin-2 with lower affinity. A C-to-N cyclized variant (cyclotide) of one neuropilin ligand retained
high affinity, exhibited increased protease resistance, and conferred improved potency for inhibiting endothelial cell migration in
vitro (EC50 ≈ 100 nM). These results demonstrate that potent, target-specific cyclotides can be created by evolutionary design
and that backbone cyclization can confer improved pharmacological properties.

The receptors neuropilin-1 (NRP1) and neuropilin-2
(NRP2) serve critical roles in normal vascular and

lymphatic development. However, these receptors are also
implicated in pathological angiogenesis and cell survival in
human cancers. Neuropilins interact with a surprising number
of growth factors known to promote angiogenesis and tumor
progression, including VEGFs and HGF for NRP1 and NRP2,
and PIGF, FGF, and PDGF for NRP1.1 NRP1 not only
enhances the interaction of VEGF with its receptors2,3 but also
serves as an independent receptor for multiple VEGF isoforms.
High levels of NRP1 expression on glioma, metastatic breast,
pancreatic, and colon cancer cells has been proposed to
promote tumor cell survival and chemoresistance through
autocrine signaling loops.4−7 For example, NRP1 expression on
pancreatic cancer cells increases HGF-mediated cell invasion
through interaction with c-Met and also increases cell survival
in glioma cells.5,8 In addition to growth factor mediated
signaling, the extracellular domain of NRP1 has been shown to
interact with the epidermal growth factor receptor to enhance
AKT signaling upon EGF or TGFα interaction.9 These studies
indicate that the role of NRP1 in promoting tumor progression
and survival extends beyond a pro-angiogenic role.
Blockade of neuropilins has been shown to enhance the

efficacy of cancer therapeutic agents through multiple distinct

mechanisms. Anti-NRP1 antibodies have an additive effect in
reducing tumor growth when delivered with an anti-VEGF
antibody by blocking vascular remodeling and endothelial cell
migration.10 Despite preclinical efficacy of the anti-NRP1
antibody, atypically fast serum clearance was observed in mice
due to saturation of receptors on non-target tissues, as well as
faster non-specific clearance in humans compared to other
human monoclonal antibodies.11,12 A peptide named iRGD
interacts with both integrins and NRP1 via a C-terminal
RGDK/R motif and increased the tumor penetration and
efficacy of co-administered chemotherapeutic agents and
monoclonal antibodies.13,14 Instead of inhibiting angiogenesis
mediated through NRP1, an antibody that blocks NRP2
decreased tumor lymphangiogenesis and reduced metastasis to
lymph nodes.15 Collectively, these previous studies suggest that
potent neuropilin antagonists, which combine dual specificity
with efficient tumor penetration, could enhance the efficacy of
anti-neuropilin agents for cancer therapy.
Disulfide-rich peptides can confer high receptor binding

affinity and intrinsic resistance to proteolytic enzymes, thereby
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making them attractive alternatives to antibodies for therapeutic
development. In particular, C-to-N cyclized peptides (cyclo-
tides) frequently possess superior chemical and proteolytic
stability properties for in vivo use.16 Both knottins and
cyclotides possess an extensive hydrogen bonding network
and a characteristic cystine knot motif. The knot is formed by
three disulfide bonds; two of the bonds create a ring with the
peptide backbone through which the third disulfide bond
passes. The binding specificity of the naturally occurring
cyclotide kalata B1 has been redirected toward several protein
targets, yielding peptide ligands with substantially improved
proteolytic resistance. For example, the screening of a kalata
B1-based peptide library yielded thrombin inhibitors with
resistance to the digestive proteases trypsin and chymotryp-
sin.17 Orally available bradykinin B1 receptor antagonists were
developed by grafting the appropriate ligand sequence into the
kalata B1 scaffold, and the resulting molecule induced a
significant analgesic effect in mice.18 Kalata B1 also was
engineered as a high-affinity, specific melanocortin agonist.19

Here we used the kalata B1 scaffold as a template, along with
bacterial display, to create and affinity mature a potent cyclotide
inhibitor of NRP1 and NRP2 (Figure 1). Comparison of the

function-blocking effect of the cyclotide with the otherwise
identical acyclic peptide from which it derives provided
evidence that the cyclotide has superior biological efficacy.

■ RESULTS AND DISCUSSION
Discovery of NRP1 Ligands from a Kalata B1 Library.

To identify stable, high-affinity cyclic ligands specific for NRP1,
a bacterial display library of disulfide-rich peptides, derived
from the kalata B1 scaffold, was screened against the NRP1

extracellular domain. The library was constructed by random-
izing seven residues within loop 6 of the cyclotide kalata B1 and
contained ∼6 × 109 members.17 Sequential rounds of MACS
and FACS were used to enrich the library for high-affinity
clones. Isolated NRP1-binding clones were grouped into three
consensus families: QL/MARG

K/A
V/K, KP

V/AR
G/S

V/L
R/K, and

KA/VPR
M/G

L/V
R/K (Table 1). The first position of the

randomized region strongly preferred lysine and glutamine
considering these amino acids are encoded by a single codon
using the NNS scheme versus the three codons that encode
arginine. Arginine was highly conserved at the fourth position
with almost exclusively hydrophobic amino acids (L, V, A, P)
between the conserved arginine and lysine residues. Arginine
and lysine were preferred in the seventh position of loop 6,
which is the end of a disulfide-constrained loop within the
kalata B1 scaffold. Thus, the free C-terminal carboxyl group of
R or K, previously reported to be critical for high-affinity

Figure 1. Cyclotide ligand design strategy. (a) Concept figure showing
the two kalata B1-based libraries with the randomized positions
highlighted in red, fixed regions in black, and the final synthesis of the
acyclic and cyclic ligands. (b) Peptide sequence of kalata B1 with the
positions that were mutated in the final NRP1 ligands shown in red,
the six cysteines in purple, and the native disulfide connectivity.

Table 1. Sequences of NRP1 Binding Peptidesa

aThe randomized positions from each library are shown in bold black.
Positively charged residues (arginine and lysine) are highlighted in
gray.
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binding to NRP1,20 was not required. The majority of first-
generation peptide sequences possessed apparent equilibrium
dissociation constants of 100−200 nM for NRP1, as measured
using flow cytometry (Supplementary Figure 1). The peptides
also bound with similar affinity to mouse NRP1 (data not
shown), which shares >90% identity with human NRP1.21

In order to verify that the NRP1-binding peptides recognized
the endogenous receptor on cells, the binding of peptide-
displaying fluorescent bacterial clones to NRP1-expressing
tumor cells was measured using flow cytometry. Three NRP1
ligands selected from different consensus groups (N1.1, N1.8,
N1.14) each bound effectively to NRP1-expressing PPC-1
prostate cancer and MDA-MB-231 breast cancer cells3,22

(Figure 2, Supplementary Figure 2). In contrast, the bacteria

did not bind to M21 melanoma cells, which express VEGFR1
and VEGFR2, but not NRP1.22,23 Preincubation of the PPC-1
cells with the anti-NRP1 polyclonal antibody decreased the
binding signal between the tumor cells and the ligand-
displaying bacteria by 45−60%, whereas an unrelated anti-
HER2 monoclonal antibody did not inhibit binding.
Furthermore, native E. coli surface proteins and the kalata B1
display scaffold did not substantially contribute to the binding
since bacteria displaying the native kalata B1 sequence did not
bind appreciably to the tumor cell lines. Binding was not
completely blocked by the anti-NRP1 antibody, suggesting the
peptides may also interact with related receptors such as NRP23

or that the polyclonal antibody does not completely block the
peptide-binding site. For example, previous work with a
neuropilin peptide ligand (CGNKRTR) demonstrated that
the binding to DU145 cells, which express NRP1 but not
NRP2, was also incompletely inhibited by a 3-fold greater
concentration of the same polyclonal anti-NRP1 antibody used
in this work.24 In addition, this neuropilin-binding peptide also
exhibited binding to endogenous NRP2 receptors expressed on
MDA-MB-435 cells.
With the goal of enhancing the affinity and aqueous solubility

of the first-generation NRP1 ligands, a second-generation
bacterial display peptide library was constructed and screened
(Figure 1, Figure 3a). Four hydrophobic residues in loop 5
(SWPV), along with P6 and V28, were fully randomized (Table
1), while the neuropilin-binding epitope of N1.14
(KAPRMVR) was fixed in loop 6. In addition, N4 was partially
randomized (to R/K/N/S) to allow for the possibility of
scaffold stabilization through a salt bridge with E25 that would
constrain the N- and C-termini in close proximity to mimic the
circular backbone of native kalata B1. Sorting the second-
generation library with reduced NRP1 concentrations (10−30
nM) and exposing the library populations to an excess of
trypsin favored high-affinity and protease-resistant ligands.17

Screening enriched a population of peptides that, unlike the
parental peptide N1.14, exhibited high affinity before and after
treatment with trypsin. Sequencing identified 12 unique full-
length NRP1-binding peptides (Table 1) and a highly
represented peptide fragment with four cysteines (N2.13).
The first consensus group contained an additional KxxR motif
within loop 5 (KPL/PR), and the second consensus group had
hydrophobic residues in the first three positions of loop 5 and a
conserved arginine in the fourth position (e.g., LPLR). Three of
the five peptides in the second group exhibited both N4R and
V28E/D, suggesting that this substitution pair might stabilize
the acyclic scaffold. Overall, peptides from the second
generation library exhibited higher binding responses at lower
NRP1 concentrations and increased binding after trypsin
treatment (Figure 3b).
Previous studies have demonstrated that peptides exhibiting

a free C-terminal arginine or lysine residue bind with
substantially increased affinity to NRP1. Consequently, the C-
terminal R/KxxR/K motif was dubbed the C-end rule
(CendR).22 In contrast to these previous reports, the
disulfide-rich NRP1 binding peptides identified here do not
possess a C-terminal arginine residue.22 Molecular modeling
suggested that tight backbone turns enabled by a glycine

Figure 2. Peptide-displaying bacteria bind specifically to NRP1-
expressing cells. Binding of green fluorescent bacteria displaying the
NRP1 ligands to M21 melanoma cells (light gray), PPC-1 prostate
cancer cells (black), PPC-1 cells preincubated with an anti-NRP1
polyclonal antibody (diagonal lines), and PPC-1 cells preincubated
with a HER2-specific monoclonal antibody (dark gray). The error bars
represent the standard deviation of duplicate samples.

Figure 3. Trypsin resistance of cell-surface displayed peptides. (a) Each successive round of sorting of the second-generation library increased the
trypsin-resistance of the displayed peptides. (b) Individual clones were assayed by flow cytometry after treatment with 2 μM trypsin and normalized
to the signal without trypsin. Two different induction conditions (with EDTA in light gray and without EDTA in black) were used to determine if
increasing the peptide display level would alter trypsin resistance. The error bars represent the standard deviation of triplicate samples.
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residue immediately following R/K (i.e., RxxKxxRG) can allow
effective peptide docking into the NRP1 B1 domain pocket.20

In a similar fashion, the disulfide bond formed by the cysteine
following R/K in the kalata B1 scaffold may enable the final
arginine in loop 6 to dock tightly into the pocket in the NRP1
B1 domain, thereby obviating the need for a free carboxyl
terminus to enable a high-affinity interaction.20 Unlike the
iRGD peptide, which required cleavage following an arginine
residue for binding to NRP1,24 proteolytic cleavage of the
kalata B1-based peptides was not required to activate binding
function.
Synthesis and Characterization of NRP1 Ligands.

Synthetically prepared acyclic peptides were oxidatively folded
using immobilized Ellman’s reagent, whereas the cyclic peptides
were generated using a one-pot cyclization and oxidation
reaction. Following purification of the peptides with RP-HPLC,
mass spectrometry measurements verified that the peptides
contained three disulfide bonds. The purified material may have
contained multiple species with differing disulfide connectivities
due to co-elution of these species in a single HPLC peak.
Unlike the NRP1-binding cyclotide, cyclic kalata B1 with the
correct disulfide connectivity elutes during purification as a
sharp, distinct, and hydrophobic peak separate from any
misfolded material. Therefore, the synthesized and purified
parent kalata B1 molecule contained a single, native structure as
has been previously confirmed using NMR.25 Since the
neuropilin ligands were generated by mutating approximately
50% of the amino acids in the original peptide scaffold, overall
structures and folding yields of the ligands differed from those
of the parental scaffold.
Affinity-matured acyclic peptides (N2.1, N2.2, N2.6) bound

human NRP1 with KD values of 40−60 nM and exhibited slow
dissociation constants of 1 × 10−3 s−1 (Figure 4, Table 2). The

cyclized form of N2.1 (N2.1C) also exhibited affinity and
binding kinetics equivalent to those of the acyclic peptide.
Although the curves were fit to a 1:1 Langmuir model, the
dissociation phases appeared biphasic and were therefore also
fit to a biexponential model (Supplementary Figure 3). For
both N2.1 and N2.1C, approximately 75% of the material
dissociated with a slower off-rate (6 × 10−4 s−1), while 25% of
the material had an off-rate 50-fold faster (3 × 10−2 s−1). The

disulfide-rich kalata B1 scaffold contributed substantially to the
binding affinity of the NRP1 ligands. The 7-mer peptide
KAPRMVR present within N1.14 had an equilibrium binding
affinity of approximately 10 μM for human NRP1 (Supple-
mentary Figure 4), demonstrating that the scaffold provided a
roughly 200-fold improvement in affinity. Each of the peptides
characterized exhibited equivalent affinities for human and
mouse NRP1 (Table 2, Supplementary Figure 5). The peptides
also bound human NRP2, albeit with reduced affinity. The
binding interactions of cyclic and acyclic N2.1 with human
NRP2, when compared to the binding interactions with NRP1,
exhibited 3-fold slower association rates (7.2−9.8 × 104 M−1s−1

versus 2.2−3.1 × 104 M−1s−1) and 2-fold faster dissociation
rates (2.1 × 10−3 s−1 versus 1 × 10−3 s−1) (Supplementary
Figure 6). Also, the parent scaffold, cyclic kalata B1, did not
exhibit measurable affinity for human NRP1, mouse NRP1, or
human NRP2.
The affinities of the neuropilin ligands developed here are

nearly 2 orders of magnitude higher than previously discovered
ligands harboring the KxxR motif. The peptides RPARPAR and
iRGD have reported KD values of ∼2 μM.14,22 Moreover, the
NRP1 ligands reported here exhibit dissociation rate constants
of 1 × 10−3 s−1, which is comparable to a first-generation
function-blocking anti-NRP1 monoclonal antibody.26 Increased
residence time for the receptor−ligand complex would be
expected to improve the retention and therapeutic effect of the
ligand. The biexponential dissociation kinetics observed here
may have resulted from the presence of multiple distinct
disulfide conformers co-eluting together; this co-elution has
been previously observed for peaks containing misfolded kalata
B1.27 The improved affinity of the NRP1 ligands is due in part
to the repeated KxxR binding motif in loops 5 and 6 and the
additional constraints conferred by the three disulfide bonds of
the kalata B1 scaffold. The repeated epitope may bind to two
distinct sites on NRP1 or alternatively bind to the same site on
NRP1 with a higher effective concentration of the interaction
epitope. Regardless of the mechanism, the increased affinity of
these novel cyclotide NRP1/2 ligands provides an opportunity
to investigate the effect of neuropilin blockade on tumor
progression.
Cyclotide N2.1C exhibits dual specificity for human NRP1

and NRP2, a characteristic that would be expected to improve
antitumor efficacy. The preferential specificity of VEGFA165 for
the B1B2 domain of NRP1 over that of NRP2 has been
attributed to the negatively charged exon 7 encoded domain of
VEGFA165 that repels a similarly negatively charged loop on
NRP2, which is not present on NRP1.28 This electrostatic
repulsion is responsible for the 50-fold higher affinity that
VEGFA165 has for NRP1 compared to that for NRP2. The
peptide ligands here mimic exon 8 of VEGFA165 and do not
have a negatively charged patch, so this electrostatic repulsion
should not occur. Although NRP1 and NRP2 share an overall
sequence identity of only 47%, the regions that interact with
exon 8 of VEGFA165 are somewhat conserved.3 Additionally,
RPARPAR binds to NRP2, but with lower affinity than to
NRP1. Interestingly, phage displaying a RPARPAR-like motif
were internalized into MDA-MB-435 breast carcinoma cells
that express NRP2, but not NRP1.24 The interaction of the
second-generation ligands with NRP2 may explain the partial
decrease in binding response of bacteria displaying neuropilin-
binding peptides when the tumor cells were preincubated with
an anti-NRP1 antibody. Therefore, the reduced affinity of the
peptide ligands for NRP2 is consistent with previous studies,

Figure 4. Binding kinetics of the kalata B1-based ligands with human
NRP1. Binding responses for a concentration series from 4.1 nM to 1
μM of (a) N2.1, (b) cyclic N2.1C, (c) N2.2, and (d) N2.6 were
measured using surface plasmon resonance (SPR) with surface-
immobilized human NRP1. The raw data (black lines) were fit with a
1:1 Langmuir binding model (dashed red lines).
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and the interaction with NRP2 may increase the efficacy of the
ligands.
To assess the suitability of these cationic NRP1-binding

peptides for use in cell culture and in vivo studies, their
cytotoxicity toward PPC-1, M21, and MDA-MB-231 cell lines
was measured. Peptide N2.1 and the corresponding cyclotide
N2.1C did not exhibit measurable toxicity against any of the
cell lines (Supplementary Figure 7). However, peptides N2.2
and N2.6 exhibited mild toxicity toward one of three tumor cell
lines at the highest concentration tested: 65−75% of the M21
melanoma cells were viable after a 24 h incubation with 10 μM
N2.2 and N2.6. All of the four peptides assayed were nontoxic
toward PPC-1 and MDA-MB-231 cells, while the control
peptide melittin (+6 net charge at physiological pH) exhibited
toxicity levels similar to that previously reported (IC50 of 1−2
μM, Supplementary Figure 8).29 Toxicity of melittin, N2.2, and
N2.6 occurred independently of NRP1 expression. M21 cells
express negligible levels of NRP1, while PPC-1 and MDA-MB-
231 cells express high levels of the receptor.
Because the second-generation NRP1/2 ligands are highly

cationic, electrostatic attraction of the peptides to the negative
charge on cell membranes could lead to potential cytotoxicity
due to disruption of the lipid bilayer. At physiological pH,
peptides N2.1 and N2.1C both carry an overall charge of +5.
Cyclotide N2.1C, however, was nontoxic to multiple tumor cell

lines unlike the cationic bee venom peptide melittin. For
comparison, cyclotides MCoTI-II and kalata B1 are internalized
into tumor cells through both electrostatic and hydrophobic
interactions with the lipid membrane, and kalata B1 was
cytotoxic at concentrations above 5 μM.30 In the second-
generation library, the hydrophobic residues within the kalata
B1 scaffold were randomized to increase the solubility of the
peptides. By substituting the hydrophobic amino acids, the
peptides became less amphiphilic since the remaining hydro-
phobic residues were surrounded by positively charged,
hydrophilic amino acids. Without the hydrophobic, solvent-
exposed patch, the NRP1-binding peptides apparently can no
longer bury into and disrupt the lipid membrane of cells. Given
that N2.1 and N2.1C were nontoxic and bound NRP1 with
high affinity, these ligands were chosen for further character-
ization in biological assays.

NRP1-Binding Cyclotide Inhibits HUVEC Migration.
Since neuropilin blockade has been previously shown to inhibit
VEGF-stimulated endothelial cell migration, a Boyden chamber
assay was performed to assess the extent to which the peptides
N2.1 and N2.1C inhibited human umbilical vein endothelial
cell (HUVEC) migration. Cyclotide N2.1C potently inhibited
VEGF-stimulated migration of HUVECs, exhibiting an EC50 of
∼100 nM (Figure 5a). Migration was strongly inhibited by up
to 80% at a N2.1C concentration of 12.5 μM. The acyclic

Table 2. Parameters for the Binding Kinetics of the NRP1 Ligands with Human and Mouse NRP1a

ID ka (M
−1 s−1) kd (s

−1) KD (nM) Rmax (RU)

Human NRP1
N2.1 2.2 ± 1.0 × 104 1.09 ± 0.07 × 10−3 56 ± 23 100 ± 11
N2.1C 2.7 ± 0.4 × 104 1.4 ± 0.3 × 10−3 51 ± 15 75 ± 19
N2.2 3.1 ± 0.5 × 104 1.28 ± 0.02 × 10−3 42 ± 6 61 ± 16
N2.6 3.7 ± 2.1 × 104 1.1 ± 0.3 × 10−3 34 ± 15 157 ± 57

Mouse NRP1
N2.1 2.1 ± 0.8 × 104 1.1 ± 0.1 × 10−3 59 ± 35 122 ± 41
N2.1C 2.7 ± 0.3 × 104 1.4 ± 0.2 × 10−3 52 ± 12 103 ± 25
N2.2 2.4 ± 0.5 × 104 1.5 ± 0.2 × 10−3 67 ± 22 72 ± 25
N2.6 2.0 ± 0.3 × 104 1.1 ± 0.2 × 10−3 54 ± 9 320 ± 91

aThe uncertainties represent the standard deviation from triplicate measurements.

Figure 5. HUVEC migration and viability assays. (a) A 5-fold concentration series of either N2.1C or N2.1 was preincubated with the HUVECs
followed by the addition of 3.3 nM VEGFA165 to determine if the NRP1 ligand could inhibit migration. The peptides alone (500 nM) did not alter
the extent of migration. The error bars represent the standard deviation from six inserts for cyclic N2.1C and three inserts for acyclic N2.1. A one-
sided Mann−Whitney test was used to assess statistical significance in the migration difference between the VEGF only control and cells incubated
with N2.1C (significance levels: * α = 0.05, ** α = 0.01). The overall extent of migration was between 35 and 110 HUVECs per field of view for the
VEGF only condition in separate experiments, and the data were normalized to this condition. (b) HUVECs showed over 90% viability following
incubation with either N2.1C or N2.1. The error bars represent the standard deviation from triplicate wells.
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peptide N2.1 also inhibited HUVEC migration, but with
reduced potency. The peptides did not substantially reduce
HUVEC viability under conditions identical to those of the
migration assay (Figure 5b). Thus, cyclotide N2.1C was a
potent antagonist of NRP1 and NRP2 and blocked VEGFA165
from interacting with NRP1.
To investigate whether the increased potency of the cyclotide

was due to increased proteolytic resistance, the stability of N2.1
and N2.1C was measured against three endopeptidases
frequently activated in human solid tumors:31,32 urokinase-
type plasminogen activator (uPA), matriptase-1 (MT-SP1), and
matrix metalloproteinase 9 (MMP-9). None of the tumor-
associated proteases degraded the parental cyclic kalata B1
molecule after 6-h digestions (Figure 6). Cyclotide N2.1C

exhibited increased resistance to both uPA and MMP-9 when
compared to the acyclic N2.1 but was more susceptible to MT-
SP1. The major products of the degradation of acyclic N2.1 by
MT-SP1 were the full-length peptide with a single cut, as well
as two peptide fragments that resulted from hydrolysis
following R19 in loop 6 (Supplementary Figure 9). For the
cyclotide N2.1C, the major degradation product of MT-SP1
digestion was the full-length peptide with a single cut. The
once-cut cyclotide may retain its binding activity because it
remains full length, while the acyclic peptide is digested into
two fragments.
Both N2.1 and N2.1C inhibited the VEGFA165-mediated

migration of HUVECs, with the cyclotide demonstrating a
higher potency relative to the acyclic variant. This increased
potency may result from increased resistance to proteases
including uPA and MMP-9, both of which are expressed by
HUVECs.33,34 Interestingly, the EC50 of N2.1C for inhibition of
HUVEC migration (100 nM) was within 2-fold of the KD of the
peptide for NRP1, even though HUVECs express other VEGF
receptors (VEGFR1 and VEGFR2) in addition to NRP1 and
NRP2. The previously reported NRP1 ligand, EG3287, blocked
VEGFA165 binding to porcine aortic cells expressing NRP1 with
an IC50 of 2.8 μM (Ki of 1.2 μM).35 Binding of VEGFA165 to
MDA-MB-231 breast cancer cells, which express NRP1 but not
VEGFR2, was also inhibited by EG3287 at a similar IC50.
However, EG3287 demonstrated reduced efficacy when
inhibiting the binding of VEGFA165 to HUVECs (IC50 of 20
μM) due to the presence of additional VEGF receptors. In
contrast, the high-affinity cyclotide N2.1C exhibited potent
inhibition of HUVEC migration despite the presence of

additional VEGF receptors. These results suggest that the
cyclotide blocks the interaction of the VEGFR2-VEGF complex
with NRP1 to inhibit endothelial cell migration.
Cyclotide N2.1C, exhibiting improved affinity and dual

specificity, coupled with a small size and increased protease
resistance, provides a new tool to investigate the roles of
neuropilins in pathological processes in vivo. More generally,
the screening and affinity maturation strategy described here
provides a new route to create small, stable bioactive ligands
with properties intermediate between small molecules and
antibodies that may be useful for diagnostic and therapeutic
applications.

■ METHODS
Sorting the Kalata B1 Library against NRP1. The human NRP1

extracellular domain (aa F22−K644, R&D Systems) was biotinylated
and used for sorting. A bacterial display peptide library containing ∼6
× 109 variants of kalata B1 was subcultured 1:50 into LB with 34 μg
mL−1 chloramphenicol and grown at 37 °C for 2 h.17 Expression was
induced for 1 h at 37 °C by the addition of 0.04% w/v arabinose.
Peptide ligands for NRP1 were enriched using one round of MACS
with 100 nM biotinylated NRP1 followed by four rounds of FACS
with NRP1 concentrations of 100 nM for two rounds, 50 nM for the
third round, and 25 nM for the final round.36 The cells were washed
and labeled with 17 nM streptavidin-phycoerythrin (SAPE;
Invitrogen) prior to FACS. To prevent the enrichment of
streptavidin-binding peptides, the bacterial population was first
incubated with streptavidin-coated magnetic beads using a bead:cell
ratio of 1:1, and streptavidin-bound bacteria were removed prior to the
incubation of the library population with NRP1. Plasmid DNA isolated
from individual clones obtained in the third and fourth rounds of
FACS was submitted for sequencing.

Binding of Displayed NRP1 Ligands to Tumor Cells. To
demonstrate specificity of the displayed peptides for native NRP1, the
peptides were cloned into the GFP-eCPX plasmid,37 and individual
clones were assayed for their ability to bind two tumor cell lines: PPC-
1 (high NRP1) and M21 (low NRP1).22 Tumor cells were scraped
from the tissue culture plate (∼5 × 105 tumor cells per sample) and
washed once with PBS. Bacteria were then incubated with the tumor
cells for 1 h at 4 °C at a ratio of 50 bacteria per tumor cell (2.5 × 107

bacterial cells per sample). The mean green fluorescence (530 nm) of
the tumor cells was measured using flow cytometry. For the
competition assay, the tumor cells were first incubated with 200 nM
of either the polyclonal goat anti-NRP1 antibody (R&D Systems) or
the control anti-HER2 antibody for 1 h at 4 °C followed by the
addition of the bacteria.

Affinity Maturation of NRP1-Binding Peptides. In a second-
generation library, the NRP1-binding epitope from peptide N1.14
(KAPRMVR) was fixed in loop 6 of the kalata B1 scaffold, and
mutations were introduced within the surrounding scaffold residues.
N4 was mutated using codon ARN to enable R/K/N/S residues at
that position. P6, S11−V14 (loop 5), and V28 were completely
randomized with NNS codons. The library was constructed using the
primers in Supplementary Table 1 following a published protocol38

and contained ∼4 × 106 independent transformants.
To favor the collection of cells displaying peptides with improved

affinity and protease resistance, cells were exposed to trypsin at
concentrations that degraded sensitive peptides but did not
compromise cell viability. To verify that the bacterial display system
was compatible with trypsin exposure, bacterial clones displaying
either a trypsin-sensitive streptavidin binder (AECHPQGPPCIEGR↑
K↑)39 or an insensitive peptide (anti-T7Mab tag: MASMTGGQQ-
MG) were assayed for binding to their reporters before and after
trypsin exposure. Approximately 108 cells were pelleted and
resuspended in 50 μL of trypsin solution. Bacteria were incubated
with trypsin for 30 min at 37 °C prior to addition of the target protein,
and a range of trypsin concentrations (16 nM−2 μM) was tested to
identify the protease concentration yielding >90% streptavidin binder

Figure 6. Protease stability of acyclic versus cyclic peptides. Cyclic
kalata B1, N2.1, and N2.1C were exposed to 200 nM uPA, 200 nM
MMP-9, and 20 nM MT-SP1 for 6 h. The cyclic peptide N2.1C had
increased stability with uPA and MMP-9 compared to the acyclic
peptide N2.1 but was degraded more rapidly by MT-SP1. The error
bars represent the standard deviation from triplicate experiments.
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cleavage without T7 tag cleavage. Following the trypsin digestion, the
streptavidin binder and T7 tag clones were labeled with either 100 nM
SAPE or with 13 nM biotinylated anti-T7 antibody (EMD Chemicals)
followed by 17 nM SAPE. With trypsin concentrations of 400 nM and
2 μM, the fluorescence of the positive control decreased to the
background level, while the negative control maintained a constant
level of fluorescence (Supplementary Figure 10). To ensure that the
eCPX scaffold was not degraded by trypsin, the substitution K6N was
introduced by site-directed mutagenesis. Again, the streptavidin binder
displayed using eCPX K6N was rapidly degraded by trypsin, while the
T7 tag clone was resistant up to 250 μM trypsin.
Sorting of a second-generation library was performed as described

above with the addition of an incubation step with 400 nM trypsin for
30 min before the first two rounds and 2 μM trypsin for the last two
rounds. Following trypsin incubation, the cells were washed with cold
PBS and incubated with 30 nM NRP1 for the first three rounds and 10
nM NRP1 for the last round. DNA sequencing of clones from the
third and fourth rounds of sorting revealed 12 full-length sequences
and a highly represented truncated peptide with four cysteines
(N2.13). Individual clones were assayed for binding after exposure to 2
μM trypsin and labeling with 100 nM NRP1. To enhance the display
of these disulfide-rich peptides, 2 mM EDTA was added during the 1 h
induction. Bacteria were then washed with PBS containing 10 mM
MgCl2 to improve membrane stability.
Oxidative Folding of Synthesized Peptides. Acyclic kalata B1

variants were prepared using solid phase peptide synthesis and
oxidatively folded in solution. Reduced peptides (Selleck Chemicals)
at 5 mg mL−1 in 30 mM Tris (pH 7.4) with 50% v/v acetonitrile were
added to 166 mg of ClearOx (Peptides International) and incubated at
RT for 24 h. The reaction mixture was purified by RP-HPLC on a C18
column using a gradient of 1.28% acetonitrile min−1. The collected
fractions were analyzed with ESI-TOF mass spectrometry and verified
to possess the expected molecular weight and three disulfide bonds.
Cyclic kalata B1 variants were prepared by folding synthetically
produced peptides (0.25 mg mL−1) in 0.1 M ammonium bicarbonate
(pH 8.3) with 2 mM TCEP for 24 h at RT and purified by RP-HPLC.
Measuring Affinities Using SPR. The binding kinetics of

synthetic peptides were measured by SPR using a Biacore 3000.
Peptide concentrations in HBS buffer were measured by BCA. Human
and mouse NRP1, and human NRP2 (R&D Systems) (20 μg mL−1 in
acetate buffer, pH 4) were immobilized to 2300, 3100, and 5000 RU,
respectively, on a CM4 chip using NHS/EDC and capped with
ethanolamine; a CM4 chip was used to reduce non-specific
electrostatic interactions. A 3-fold dilution series of peptide (4 nM−
1 μM) was injected at 50 μL min−1 in HBS-EP (10 mM HEPES, pH
7.4, 150 mM NaCl, 3 mM EDTA, and 0.05% v/v Tween 20). The
surface was regenerated using 5 μL of 10 mM HCl. For analysis, the
binding responses were double-referenced to a blank flow cell and a
buffer injection.
MTT Assay To Measure Peptide Cytotoxicity. Peptide

cytotoxicity assays were performed with PPC-1, M21, and MDA-
MB-231 cell lines with 0.4, 2, and 10 μM peptide. Cells were seeded
into 96-well plates and incubated for 24 h at 37 °C. The peptides were
diluted into DMEM with 10% v/v FBS, and 100 μL of peptide
solution was added to each well and incubated for 24 h. MTT reagent
was then added according to the manufacturer’s instructions. As a
positive control for toxicity, melittin, the major component of bee
venom (GIGAVLKVLTTGLPALISWIKRKRQQ-NH2, Anaspec), was
tested with a 5-fold concentration series from 80 nM to 50 μM.
Transwell Migration Assays and HUVEC Viability. HUVECs

(Lonza) were grown to confluency in EGM-2 with 5% v/v FBS and
then serum-starved in the assay medium (EBM-2 with 0.1% v/v FBS)
for 16 h. Transwell inserts (8 μM pores, Millipore) were coated with
attachment factor (Gibco), and 100,000 HUVECs were seeded per
insert. The peptide was added to the top of the insert and incubated
for 45 min at 37 °C prior to the addition of 3.3 nM VEGFA165 to the
bottom chamber. Cells were allowed to migrate for an additional 5 h
and fixed using paraformaldehyde, stained with DAPI, and counted
across 10 fields of view using a 40x objective.

To determine whether peptides were cytotoxic to HUVECs under
the migration conditions, cells were serum-starved and seeded into a
96-well plate precoated with attachment factor (30,000 cells per well).
Cells were incubated with peptides for 6 h at 37 °C, and then 10% v/v
alamarBlue was added to each well to incubate for an additional 1 h
prior to measuring the fluorescence (excitation 540 nm, emission 590
nm).

Protease Stability via LC−MS. Cyclic kalata B1, acyclic N2.1, and
cyclic N2.1C at a final concentration of 0.3 mg mL−1 were incubated
with either 200 nM uPA, 200 nM MMP-9, or 20 nM MT-SP1 (R&D
Systems) at 37 °C for 6 h. The samples were analyzed via LC−MS,
and the extent of degradation was measured using the integrated area
of the 220 nm absorbance peaks.
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