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Abstract: The interaction of Neuropilin-1 (NRP-1) with vascular endothelial growth factor (VEGF) has
been shown to promote angiogenesis under physiological and pathological conditions. Angiogenesis
around tumors is a major factor allowing for their growth and spread. Disrupting NRP-1/VEGF
complex formation is thus a promising pathway for the development of new anticancer pharmaceu-
ticals. A large body of work has been produced in the last two decades detailing the development
of inhibitors of NRP-1/VEGF complex formation. Among those were peptide A7R and its smaller
derivatives KXXR and K(Har)XXR. It has been previously reported that replacement of the XX back-
bone with triazole residues has a positive effect on the proteolytic stability of inhibitors. It has also
been reported that a higher dihedral angle range restriction of the XX backbone has a positive effect
on the activity of inhibitors. In this work, we have designed new triazole derivatives of K(Har)XXR
inhibitors with substitution allowing for higher range restriction of the XX backbone. The obtained
peptidomimetics have greater activity than their less restricted counterparts. One of the newly
obtained structures has greater affinity than the reference peptide A7R.

Keywords: VEGF-165; neuropilin-1; peptidomimetics; triazole; structure–activity relationship

1. Introduction

Compounds inhibiting the interaction between vascular endothelial growth factor 165
(VEGF165) and the complex of vascular endothelial growth factor receptor type-2 (VEGFR-2)
with Neuropilin-1 (NRP-1) have been under intensive investigation in recent years [1–20].
The complex of these three proteins initiates the signaling leading to angiogenesis [21].
Angiogenesis is a process of new blood vessel formation from pre-existing vessels. It occurs
as a result of local low oxygen levels in tissues, which itself is a byproduct of intensive
tissue growth, for example in tissue development or healing [22,23]. An analogous situation
occurs in intense tumor growth, which triggers vascularization through the same molecular
pathways [24,25]. It is thus recognized since at least the 1990s that inhibiting the process
of angiogenesis can be a potential anticancer strategy [25]. This recognition has sparked
intense research into the inhibitors of the formation of this angionesis-inducing complex,
especially the interaction between VEGF165 and Neuropilin-1 [1–20]. Neuropilin-1’s inter-
action with VEGF165 greatly enhances angiogenesis signaling, which can be also mediated
solely by VEGFR-2 and VEGF165 [26]. Some cancers were even found to overexpress
Neuropilin-1 as a mechanism that makes them more malignant [27–29].

Many of the currently investigated neuropilin inhibitors (“neuropilin inhibitor” will
be used here as a shorthand for the inhibitor of the interaction between Neuropilin-1 and
VEGF165) originate in their design from the initial discovery, through phage display method,
of a 7-mer peptide of the sequence ATWLPPR (often referred to as A7R) with high potency
against VEGF165/NRP-1 complex formation [30]. The shortest version of this peptide which
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retained high activity was the 4-mer LPPR [3]. It was also demonstrated that substitution
of leucine into lysine, thus forming peptide KPPR, increased the inhibition of VEGF165
binding to NRP-1 [9,12]. The N- and C-terminal basic amino acids of this tetrapeptide are
crucial for the affinity to the protein, while the second and third residues seem to be of
structural importance [12,31]. The range of dihedral angles (omega, psi and fi) located
in this two-residue-long backbone has been a subject of a dedicated study [14]. Since
short peptides are known to exhibit a labile conformational character, specific methods of
decreasing the conformation latitude in the KXXR structure could lead to a better inhibitor.
It was found [14] that the more labile the backbone (XX in KXXR), the less active the
analogues tetrapeptide. In another study, it was discovered that branching N-terminal
lysine with additional homoarginine (Har) residue, affording Lys(Har)-Xaa-Xaa-Arg, results
in more effective inhibition [17]. This scaffold, K(Har)XXR, has been subsequently used in
further refinement. As it was observed that enzymatic cleavage of this structure occurred
between the second and third residue (between XX) [17], its half-life in human body could
be extended via the introduction of non-cleavable bioisosteres of peptide bonds in the XX
region, thus producing a better therapeutic candidate [18].

Incorporation of 1,2,3-triazoles into biomimetic molecules is popular owing to the
ease of preparing the click reaction through 1,3-dipolar cycloaddition catalyzed by copper
ions [32,33]. The incorporation of a triazole ring into the peptide chain on the one hand
changes the conformational latitude of the chain, and on the other it elongates the distance
between the proceeding and subsequent residues by about 1 Å (3.9 Å for aa unit vs. 4.9 Å for
triazole unit) on top of being proteolysis-resistant [34,35]. The XX residues in K(Har)XXR
have been replaced with one or two 1,2,3-triazole units mimicking a glycine residue (coded
as Gly[Trl]) [18]. A large number of compounds was thus obtained. All those compounds
had improved proteolytic stability while still retaining their inhibitory activity. None of
them, however, exhibited greater neuropilin inhibition than the A7R peptide. Among the
most potent derivatives were those with two triazole substitutions, for example Lys(Har)-
Gly[Trl]Gly[Trl]Arg, named in the present work 1L. Molecular dynamics simulations of
those compounds revealed their large flexibility [18], which was known from previous
works to negatively correlate with inhibitory activity [14]. It was therefore postulated
that further modifications introducing elements decreasing the conformational latitude
of triazole moieties, e.g., branched amino acid derivatives instead of glycine derivatives
(Gly[Trl]), may improve the affinity of the inhibitors to Neuropilin-1 [18].

In the present work, we have decided to test this hypothesis by synthesizing and
examining a number of triazole derivatives of the K(Har)XXR structure, in which greater
rigidity is introduced by additional methyl groups on Cα analogues of XX residues. Ad-
ditionally, we have introduced variability in the chirality of the lysine moiety to explore
different conformations in presumably more “restricted” structures.

2. Results

We have designed several different triazole derivatives of the K(Har)XXR sequence.
The compounds differ in the introduction or lack of methyl groups on the carbons neigh-
boring the triazole rings. The scheme of the modifications is presented in Figure 1. The
addition of methyl groups is expected to limit the rotational possibilities of the compounds
once bound to the neuropilin protein. Variation in the chirality of the lysine residue allows
for an exploration of greater conformational space by the more rigid structures and allows
to obtain a highly stable molecule against proteolysis in human serum [18]. Both changes
(chirality and rigidity) are expected to influence the inhibitory activity.

2.1. Synthesis

The designed compounds were synthesized using a standard 9-fluorenylmethoxycarbonyl
(Fmoc) solid-phase peptide synthesis methodology, using standard polystyrene Wang
resin preloaded with Fmoc-Arg(Pbf). The incorporation of an azide moiety as well as
a subsequent Click Reaction were performed on solid support. Homoarginine residue
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was obtained through a guanylation reaction of the ε-amino group of lysine after Fmoc
deprotection, also completely on solid support. Final cleavage from resin as well as
subsequent purification were performed according to standard methods. Further details on
the synthesis and purification can be found in the Materials and Methods section as well as
in the previous literature [14,18]. Details of the guanidinylation reaction can be obtained
in [17,36].
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Figure 1. The general scheme of structures of compounds 1L, 1D, 2L, 2D, 3L, 3D, 4L and 4D.

The purity of all synthesized compounds, as estimated using HPLC, were above 95%. The
molecular weight of the compounds, confirming their molecular identity, was established with
high-resolution mass spectrometry (HRMS). The full list of compounds with their sequences
as well as calculated and measured masses together with their HPLC retention times is given
in Table 1. All other synthesis data—structures of the compounds, HPLC chromatograms and
HRMS spectra—are available in the Supplementary Material (Figures S1–S4).

Table 1. Characterization of synthesized compounds.

No. Sequence RT
[min]

Cal MS
[m/z]

Meas. MS
[m/z]

Difference
[ppm]

1L H-Lys(Har)-Gly[Trl]Gly[Trl]Arg-OH 12.65 [M+H]+
635.3961

[M+H]+
635.3935 4.09

1D H-D-Lys(Har)-Gly[Trl]Gly[Trl]Arg-OH 12.73 [M+H]+
635.3961

[M+H]+
635.3944 2.68

2L H-Lys(Har)-Gly[Trl]Mba[Trl]Arg-OH 15.36 [M+H]+
663.4274

[M+H]+
663.4260 2.11

2D H-D-Lys(Har)-Gly[Trl]Mba[Trl]Arg-OH 15.37 [M+H]+
663.4274

[M+H]+
663.4268 0.90

3L H-Lys(Har)-Mba[Trl]Mba[Trl]Arg-OH 17.58 [M+H]+
691.4587

[M+H]+
691.4577 1.45

3D H-D-Lys(Har)-Mba[Trl]Mba[Trl]Arg-OH 17.72 [M+H]+
691.4587

[M+H]+
691.4573 2.02

4L H-Lys(Har)-Mba[Trl]Gly[Trl]Arg-OH 15.20 [M+H]+
663.4274

[M+H]+
663.4261 1.96

4D H-D-Lys(Har)-Mba[Trl]Gly[Trl]Arg-OH 15.15 [M+H]+
663.4274

[M+H]+
663.4273 0.15
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2.2. Molecular Modeling

In silico models of new triazolopeptide analogues were based on our previous models
of triazolopeptide-NRP-1 complexes described in [18]. Molecular dynamics simulations
were performed within the Yasara package. After the alterations were introduced to the
ligands, each model’s energy was minimalized (steepest descent) and molecular dynamics
simulations were performed for 100 ns followed by another energy minimalization. This
procedure was repeated three times for each ligand, and the model with the lowest energy
was chosen for binding energy calculation. The binding energy for ligands was calculated
with exclusion of solvent molecules. In the end, all the ligands were superposed and the
root-mean-square deviation of atomic positions (RMSD) in relation to 1L was calculated.
Calculated RMSDs ranged from 0.3 Å to 2.6 Å and were higher for ligands with a dimethyl
modification introduced between the lysine and triazole ring, suggesting that this change
impacts the ligand–receptor binding the most. Additional residues of these compounds
raise the binding energy due to non-ionic interaction with the protein. Since, however, these
interactions are weak, the impact on binding seems to be small; there is no greater than
10% difference in the binding strength between the strongest and the weakest compound
(Table 2). There is no clear binding correlation between L and D isomers.

Table 2. Simulated energies of NRP-1 binding and measured half-maximal inhibitory concentrations
of VEGF 165A displacement from NRP-1 by the studied compounds.

No. Relative Binding Energy IC50

1L 100.0% 68.5 ± 3.3 µM

1D 96.1% 63.6 ± 2.3 µM

2L 100.3% 87.5 ± 3.3 µM

2D 101.4% 69.4 ± 4.0 µM

3L 105.3% 23.4 ± 1.3 µM

3D 106.7% 90.5 ± 6.2 µM

4L 101.3% >100.0 ± 14.6 µM

4D 102.3% 35.6 ± 4.5 µM

A7R - 31.2 ± 4.2 µM

Full detailed values of the calculated energies are given in the Supplementary Materials
in Table S1. Simulated structures of each compound docked to Neuropilin-1 can be found
in Figure S8. The complex of compound 3L with NRP-1 is presented in Figure 2.

It has been previously suggested [14,18,37] that a number of atomic interactions are
particularly important for the insight into structure–activity relationship of neuropilin
inhibitors: ionic interaction of C-terminal Arg guanidine with Asp320 (CγAsp320-CζArg),
hydrogen bonds of C-terminal Arg carboxylate with Ser346 (OγSer346-CαArg) and ionic
interaction of Har guanidine with Glu319 (CδGlu319-CζHar). With this in mind, changes
in the distances between those atoms have been monitored and plotted for the full duration
of the simulation. In most cases, the interactions of the C-terminal arginine tended to show
stable arrangement within the NRP-1 pocket, whereas the Har residue tended to more
dynamically change its position vis à vis the surface of the protein. Figure 3 shows the
distances for compound 1L. A comparison of the obtained distances for all compounds is
presented in the Supplementary Material (Figure S9).

2.3. Inhibitory Activity

In this work, a dedicated chemoluminescence affinity detection method was used. This
method is reported to be more accurate than the previously standard competitive enzyme-
linked immunosorbent assay (ELISA). The ELISA protocol was previously employed
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in [13–18]. See Materials and Methods and [19] for details on the chemoluminescence
affinity detection method used here.
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Briefly, the surfaces of flat-bottom polystyrene wells of 96-well plates were coated
with human recombinant Neuropilin-1. The wells were then incubated with human
biotinylated VEGF165A {h(bt)VEGF} and subsequently with different concentrations of
studied compounds, which then competitively bound to the NRP-1 detaching VEGF. The
wells were then treated with streptavidin–horseradish peroxidase conjugate and with
chemoluminescent substrate. Thus, the obtained color signal was directly proportional to
the amount of bound biotinylated VEGF and therefore to the strength of the interaction
of studied compounds with NRP-1 competing with VEGF. The strength of inhibition
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for different concentrations of different compounds is presented in Figure S7. IC50 was
calculated as the concentration at which half of the bound VEGF was detached from NRP-1.

A summary of the strengths of NRP-1 binding as expressed by IC50 is presented
in Table 2.

3. Discussion

A comparison of the inhibitors of the formation of the VEGF165/NRP-1 complex turns
out to be surprisingly tricky. The A7R peptide has been the most studied molecule and
the values of IC50 reported for it vary significantly; depending on the technique, assay,
suppliers of reagents, laboratory and investigator, it has been reported to be 80 µM [30],
24 µM [1], 60 µM [2], 5.86 µM [13], 84 µM [19] and in the current work 31 µM (Figure S7).
However, most of the works broadly agree by being within the same order of magnitude.
Such a situation calls for attention and caution when reviewing and comparing the IC50
values published in different works [38]. On the other hand, it also creates an opportunity
for an external standard. Studies of A7R should be encouraged to be performed alongside
any new potential inhibitors. If one finds that the new inhibitor is two times weaker than
A7R, it will give us rough estimation of its potency independently of the IC50 obtained
for A7R.

The agreement between molecular modeling and the chemoluminescence inhibitory
assay was rather poor. This might suggest that a more refined modeling is needed or that
interaction resulting in competitive displacement of VEGF by incoming small molecules
is more complex than simple affinity to the binding site. Also, changes in the distances
between selected atoms of the inhibitors and the protein did not point to any clear-cut
correlation. We can, however, observe some broad agreement between both methods.
Additional methyl groups in the compound backbone give better affinity, either through
limiting rotational freedom and thus limiting the time spent in non-optimal conformation
as speculated before [18], or through better hydrophobic interactions with the protein. Also,
neither methods detected any clear pattern regarding the impact of the chirality of the
lysine moiety.

The major rationale for this study was the postulation that the greater rigidity of
triazole-based peptidomimetics of the general structure K(Har)XXR will result in improved
neuropilin inhibition. For this, we have designed several compounds in which the triazole
analogue of glycine residue (Gly[Trl]) was replaced by one or two triazole 2-methyl-3-
butyn-2-amine residues (Mba[Trl]). The introduction of two additional methyl groups
for each replaced Gly[Trl] residue proved to be indeed beneficial. Previously, none of
the triazolopeptides had activity greater than the reference peptide A7R. Compound 3L,
synthesized in the present work, in which two Gly[Trl] residues had been replaced with
Mba[Trl] residues (Figure S3(La)), giving it greater rigidity among other properties, has
been measured to possess an IC50 activity of 23 µM (Table 2, Figure S7(3,4)). This activity
is markedly greater than that exhibited by the A7R peptide of 31 µM (Table 2, Figure S7).
Also, compound 4D displays similar activity to A7R at 36 µM (Table 2, Figure S7(3,4)).
Combining that with its highly modified peptidomimetic structure (Figure S4(Da)) makes
it another good pharmaceutical lead compound.

The insight gained in the previous works, especially [14,18], seems partially correct
in its its emphasis on conformational latitude of XX residues in KXXR and K(Har)XXR
inhibitors. However, the results obtained in the current work point towards more complex
interactions, as evidenced by the pair 3L and 3D, whose IC50 is quite divergent, at 23 and
91 µM, respectively, despite the same levels of rigidity. Despite those reservations, the
rationale behind the current work has led to the creation of molecules like 3L and 4D,
possessing both high efficiency and proteolysis-resistant backbones, thus being perfect
candidates for lead compounds for the development of therapeutically useful drugs for the
suppression of angiogenesis in tumors and other conditions.
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4. Materials and Methods
4.1. General Synthesis

Solvents were purchased from Iris Biotech, Marktredwitz, Germany (DMF, DCM)
or Sigma-Aldrich, Burlington, MA, USA (MeOH, Et2O, THF). THF was distilled before
use. Other solvents were used without further purification. Fmoc-protected aminoacids
((Boc-Lys(Fmoc)-OH, Boc-D-Lys(Fmoc)-OH and Fmoc-Har(Pbf)-OH), TFA and TIS (triiso-
propylsilane) were purchased from Iris Biotech. Coupling reagents as well as preloaded resin
Fmoc-Arg(Pbf) with 0.55 mmol/g loading were obtained from Activotec, Cambridge, UK.
Propargylamine, 2-Methyl-3-butyn-2-amine and N-(9H-fluoren-9-ylmethoxycarbonyloxy) suc-
cinimide (Fmoc-OSu) were purchased from Sigma-Aldrich. Imidazole-1-sulfonyl azide
hydrochloride was provided by Trimen Chemicals, Łódź, Poland.

All researched compounds 1L, 1D, 2L, 2D, 3L, 3D, 4L and 4D were obtained manually
using solid-phase peptide synthesis according to standard procedures employed for the
Fmoc strategy [37]. All presented general procedures are described for typical synthesis at
0.1 mmol scale.

4.1.1. Fmoc Deprotection

A typical two-step Fmoc deprotection reaction with the use of 20% piperidine in DMF
was applied. In the first step, peptidylresin was treated with the solution for 5 min and
further for 20 min with a fresh portion of the solution. Afterwards, peptidylresin was
flushed with DMF and 2-propanol alternately (3 times each), and then 3 times with DMF.

4.1.2. Monitoring of the Reaction Progress

For detection of the presence of the amine groups located on the peptidylresin, a
chloranil test was used. Briefly, 20 µL of solution A (2% chroranil in DMF) and 20 µL of
solution B (2% acetaldehyde in DMF) were placed in an Eppendorf tube and a small portion
of peptidylresin was placed in the solution for 5 min of incubation at room temperature.
Afterwards, the color of the beads was inspected on a white background. Firstly, beads
turned orange, and after several minutes a greenish color appeared—showing the presence
of amine groups on peptidyl resin—or it turned colorless—showing the absence of the
amine groups on peptidyl resin. The test also allows for the detection of additional primary
amino groups that lack an alpha-hydrogen atom.

4.1.3. Wong Diazotransfer

During a typical reaction procedure, a portion of 2 eq. (0.2 mmol, 42 mg) of Imidazole-
1-sulfonyl azide hydrochloride was diluted in 1.5 mL of methanol. Afterwards it was
further diluted with DCM (8 mL). Then, 0.75 mL of an aqueous solution containing 4 eq.
of K2CO3 (0.4 mmol, 55 mg) and 0.75 mL of an aqueous solution containing 0.02 eq.
(0.002 mmol, 0.5 mg) of copper(II) sulfate pentahydrate were added to the mixture. After
preshaking, the mixture was sucked into a luer-locked syringe with peptydylresin. Mixture
was shaken constantly during the reaction, which was left to proceed overnight. Afterwards,
peptidylresin was washed four times with DCM. Completion of the reaction was confirmed
with a negative chloranil test.

4.1.4. Fmoc-Propargylamine (5) and Fmoc-Mba (6) Preparation

Fmoc-Propargylamine and Fmoc-Mba (Fmoc-2-methyl-3-butyn-2-amine) were pre-
pared accordingly as described before [18]. The structures of both compounds, as well as
the spectra of their 1H and 13C NMR analysis, can be found in the Supplementary Mate-
rials (Figures S5 and S6). 1H and 13C NMR spectra were recorded on a Bruker 500 MHz
spectrometer (Bruker Corporation, Billerica, MA, USA).

Fmoc-Propargylamine (5): 1H NMR (DMSO-d6, 500 MHz) δ 7.89 (2H, d, J = 7.5 Hz,
Fmoc H4 and H5), 7.78 (1H, t, J = 5.5 Hz, NH), 7.69 (2H, d, J = 7.0 Hz, Fmoc H1 and H8),
7.41 (2H, td, J = 7.5, 0.5 Hz, Fmoc H3 and H6), 7.33 (2H, td, J = 7.5, 1.0 Hz, Fmoc H2 and
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H7), 4.32 (2H, d, J = 7.0 Hz, Fmoc CH2), 4.22 (1H, t, J = 6.7 Hz, Fmoc H9), 3.78 (2H, dd,
J = 6.0, 2.5 Hz, H3), 3.11 (1H, t, J = 2.5 Hz, H1);

13C NMR (DMSO-d6, 125 MHz) δ 155.92 (C), 143.81 (C), 143.81 (C), 140.73 (C), 140.73
(C), 127.64 (CH), 127.64 (CH), 127.08 (CH), 127.08 (CH), 125.15 (CH), 125.15 (CH), 120.13
(CH), 120.13 (CH), 81.38 (C), 73.05 (CH), 65.67 (CH2), 46.61 (CH), 29.78 (CH2).

Fmoc-Mba (6): 1H NMR (DMSO-d6, 500 MHz) δ 7.89 (2H, d, J = 7.5 Hz, Fmoc H4 and
H5), 7.73 (2H, d, J = 7.5 Hz, Fmoc H1 and H8), 7.58 (1H, s, NH), 7.41 (2H, td, J = 7.5, 0.5 Hz,
Fmoc H3 and H6), 7.33 (2H, td, J = 7.5, 1.0 Hz, Fmoc H2 and H7), 4.27 (2H, d, J = 5.5 Hz,
Fmoc CH2), 4.20 (1H, t, J = 6.5 Hz, Fmoc H9), 3.07 (1H, s, H1), 1.47 (6H, s, Me groups);

13C NMR (DMSO-d6, 125 MHz) δ 154.37 (C), 143.90 (C), 143.90 (C), 140.72 (C), 140.72
(C), 127.62 (CH), 127.62 (CH), 127.06 (CH), 127.06 (CH), 125.28 (CH), 125.28 (CH), 120.10
(CH), 120.10 (CH), 88.10 (C), 88.10 (C), 70.77 (CH), 65.19 (CH2), 46.68 (CH3), 46.13 (CH3),
29.14 (C).

4.1.5. Click Reaction on Solid Support

This step proceeded in accordance with previous descriptions [18,33]. Briefly, a portion
of Fmoc-protected alkylamine (3 eq., 0.3 mmol) was dissolved in 6 mL of THF. Afterwards,
1 mL of aqueous solution containing 0.02 eq. (0.002 mmol, 0.5 mg) copper (II) sulfate was
added to the mixture, which was sucked into a reaction syringe. Next, a portion of sodium
ascorbate (20 mg, 0.1 mmol) was dissolved in 1 mL w MiliQ water and separately sucked
into a reaction syringe with peptydylresin. The reaction was left to complete overnight.
Afterwards, peptidylresin was washed four times with THF and then Fmoc-deprotected.
Further, a positive result for the chloranil test was observed.

4.1.6. Common Procedures for Peptide Chain Elongation on Solid Support

For the amino acid coupling reaction, a standard protocol was used. Briefly, 3 eq. of
OxymaPure and 3 eq. of Fmoc-protected amino acid were dissolved in 6 mL of DMF. After-
wards, a portion of 3 eq. of DIC was added to the mixture and mixed with peptidylresin
for 1 h. Completion of the reaction was inspected with a chloranil test.

4.1.7. Peptidotriazole Cleavage from Solid Support

Resin with the final product was washed three times with DMC, three times with
MeOH, three times with Et2O and dried in a desiccator under reduced pressure. For final
deprotection and cleavage from solid support, the resin was treated with a mixture of
TFA/TIS/H2O (0.95:2.5:2.5 in volume ratio) for 3 h. After filtration and three washings
of the resin with additional TFA, the combined supernatant was concentrated on a rotary
evaporator. The residue was diluted with cold Et2O (−20 ◦C) and the precipitated product
was collected through centrifuging and decanting.

4.1.8. HPLC Analysis, Purification and HRMS Characterization

Crude peptidotriazoles were analyzed using RP-HPLC analytical column Jupiter
Proteo I.D. 4.6 mm × 250 mm and purified on preparative column Jupiter Proteo I.D.
21.2 mm × 250 mm. Phase A: miliQ water + 0.1% TFA (v/v); phase B: HPLC-grade acetoni-
trile + 0.1% TFA (v/v). Elution program for all compounds: linear increase in phase B from
1% to 21% in 20 min. Detection was carried out at 220 nm. Analytical flow = 1 mL/min;
preparative flow = 20 mL/min. Both were performed on the Shimadzu Prominence sys-
tem. Fractions containing pure peptidotriazoles were freeze-dried. Pure compounds were
analyzed using high-resolution mass spectrometry to confirm their general formula. High-
resolution mass spectra were acquired on the Shimadzu LCMS-IT-TOF mass spectrometer
on Phenomenex Jupiter 4u Proteo 90 Å C12 (25 cm × 2 mm × 4 µm) column (Shimadzu
LCMS-2010EV (Kyoto, Japan) mass spectrometer with electrospray ionization).
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4.2. Molecular Dynamics

We have based new in silico structure models of triazolopeptide-NRP-1 complexes
on our previous model [18]. New analogs were generated in Yasara Strucure 20.8.23.
The structure of the NRP-1 protein was taken from the Protein Data Bank, accession
number 2ORZ [39]. Molecular dynamics simulations were performed within the Yasara
package. After each molecule was generated, the energy of the complex was minimized
using the steepest descent algorithm. Subsequently, molecular dynamics simulations were
performed using the Amber ipq15 force field [40] with periodic boundary conditions,
default simulation cell size and water molecules as solvent (density 0.997 g/mL) with an
ionic strength equal to saline, and temperature 303.15 K. The protonation states (in ligands
and the protein) were set as pH = 7.

Each triazolopeptide analogue was subjected to molecular dynamics in 3 independent
runs lasting 100 ns with a simulation snapshot every 0.1 ns. At the end of each simulation,
the energy was once again minimized and the binding energy was calculated between
the ligands and NRP-1 protein. Structures with the highest binding energy were chosen
for the comparison. In the end, all ligands were superimposed and the root-mean-square
deviation of atomic positions (RMSD) in relation to compound 1L was calculated. The
relative binding energy of compound 1L was set to 100% (Tables 2 and S1).

Additionally, changes in the distances between the Cγ atom of Asp320 and Cζ of the
Arg residue of the studied compounds (1L,D to 4L,D), the Oγ atom of Ser346 and Cα of
the Arg residue and the Cδ atom of Glu319 and Cζ of the Har residue were plotted.

4.3. ELISA Assays of Inhibitory Activity

The flat-bottom wells of polystyrene microplates (Nunc Immuno™ MicroWell™ 96 well
solid plates) were coated overnight at 4 ◦C with recombinant human NRP-1 (hNRP-1)
(BioLegend, San Diego, CA, USA) at 2 µg/mL. Then, the wells were washed twice with
0.5% Tween20 phosphate-buffered saline (PBS) and subsequently incubated for 2 h at RT
with 200 µL of 10.5% BSA in PBS in order to block unspecific binding. The plates were
then rinsed with distilled water and were subsequently incubated for 2 h at RT with 50 µL
(400 ng/mL) of h(bt)VEGF 165 A (Abcam, Cambridge, UK) in PBS with 4 µg/mL heparine
as well as with 50 µL of the studied compounds in PBS in different concentrations (12.5 µM,
25 µM, 50 µM and 100 µM). The plates were rinsed again with distilled water and incubated
for 45 min at RT in 100 µL of streptavidin–horseradish peroxidase conjugate in PBS. After
one more water rinse, 100 µL chemiluminescent substrate was added. The luminescence
was quantified immediately after addition of the substrate. The percentages of inhibition
were calculated with the formula 100% − {(S − SN)/(P − NS)} × 100%. S is the intensity
of the measured signal, NS is the intensity of the measured signal in the negative control
and P is the intensity of the measured signal in the positive control. The positive control
was incubated solely with VEGF 165A with no studied compound. Negative control was
obtained from wells which were not coated with hNRP-1. All experiments were performed
in triplicate. Determination of IC50 was carried out using the nonlinear regression function
with Prism (Version 10.1.2, GraphPad software). The standard (fitting) error of the mean
was calculated using Prism’s Sy.x function.

Further details about this assay can be found in [19].

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ph17020190/s1: Figures S1–S4: Structure, HPLC chromatogram
and HMRS spectra of compounds 1L,D to 4L,D; Figures S5 and S6: Structure and 1H and 13C NMR
spectra of compounds 5 and 6; Figure S7: Inhibition of VEGF165 binding to human NRP-1 by A7R
peptide and compounds 1L,D to 4L,D; Table S1: Details of molecular modeling; Figure S8: Illustration
of complexes of compounds 1L,D to 4L,D with Neuropilin-1; Figure S9: Calculated distances between
selected atoms of the studied compounds (1L,D to 4L,D) and selected atoms of NRP-1.

https://www.mdpi.com/article/10.3390/ph17020190/s1
https://www.mdpi.com/article/10.3390/ph17020190/s1
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