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Abstract: 
Targeting vascular endothelial growth factor receptor (VEFGR) and its co–receptor 

neuropilin–1 (NRP–1) is an interesting vascular strategy. tLyp–1 is a tumor–homing and 
penetrating peptide of 7 amino acids (CGNKRTR). It is a truncated form of Lyp–1 
(CGNKRTRGC), which is known to target NRP–1 receptor, with high affinity and specificity. 
It is mediated by endocytosis via C–end rule (CendR) internalization pathway. The aim of this 
study is to evaluate the importance of each amino acid in the tLyp–1 sequence through alanine–
scanning (Ala-scan) technique, during which each of the amino acid in the sequence was 
systematically replaced by alanine to produce 7 different analogues. In silico approach through 
molecular docking and molecular dynamics are employed to understand the interaction between 
the peptide and its analogues with the NRP-1 receptor, followed by in vitro ligand binding assay 
study. The C-terminal Arg is crucial in the interaction of tLyp-1 with NRP-1 receptor. 
Substituting this residue dramatically reduces the affinity of this peptide which is clearly seen 
in this study. Lys-4 is also important in the interaction, which is confirmed via the in vitro study 
and the MM-PBSA analysis. The finding in this study supports the CendR, in which the 
presence of R/K-XX-R/K motif is essential in the binding of a ligand with NRP-1 receptor. This 
presented work will serve as a guide in the future work pertaining the development of active 
targeting agent towards NRP-1 receptor.  
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1. Introduction 
Thanks to the development of new therapies or drugs, a decline of incidence and death rates 

can be observed for all cancers.1 Nevertheless, there are still a lot of room for improvement and 
progress that still need to be done. Improvement of drug selectivity could offer better treatment 
efficacy with potentially lower doses. One strategy consists of targeting neo–blood vessels to 
induce an asphyxia of the tumor by preventing the supply of oxygen and nutrient from reaching 
the tumor cells.  

The application of peptides in targeted drug delivery are being widely explored and 
numerous peptides were reported to have the potential as active targeting agents. Peptides refer 
to molecules with a specific sequence of less than 50 amino acids. They are useful to improve 
the delivery of payloads, such as bonded drugs to targeted cells, while reducing unwanted side 
effects of drugs to healthy tissues.2 Several commonly described peptides include the tumor 
homing peptides such as the RGD sequence and its cyclic derivatives (cRGD) that target the 
integrin αvβ3 which are overly expressed in endothelial cells. 

Since many years, our team has focus on the development of targeted photosensitizers (PSs) 
for photodynamic therapy (PDT) applications. In particular, we have designed PSs coupled to 
peptides targeting neuropilin–1 (NRP–1) receptor, which is a co–receptor of vascular 
endothelial growth factor receptor (VEFGR) that is overexpressed on tumors and neo–vessels. 
Beginning with ATWLPPR3,4 as the targeting peptide that was subsequently proved to be not 
so stable in vivo, we continue to develop several other peptides such as KDKPPR.5-9 In this new 
study, we explored tLyp–1, a tumor–homing and penetrating peptide that consists of 7 amino 
acids (CGNKRTR). It is a truncated form of Lyp–1 (CGNKRTRGC), a cyclic 9–amino acid 
peptide, which is known to target tumor lymphatics as well as tumor cells and associated 
macrophages especially.10,11 It is mediated by endocytosis via the C-end rule (CendR) 
internalization pathway. 

A receptor known as gC1qR/p32 is the primary site of binding for Lyp–1. The gC1qR/p32 
mediates many biological events such as infection, inflammation and immune response. This 
receptor is abundantly expressed by endothelial cells localized in tumoral environment. It is 
proposed that the binding of Lyp–1 binds first to gC1qR/p32 is followed by cleavage into tLyp–
1 that will subsequently bind on NRP–1 and/or NRP–2 and internalized into the targeted cells.12 

In 2015, tLyp–1 was shown to be effective in delivering antitumor drugs towards gliomas. 
It was coupled with 5–carboxyfluorescein (FAM) or 18F–fluoride and the authors showed in 
U87MG glioblastoma cells xenografted in nude mice that the distribution of the targeted 
compounds in the tumor tissues of xenografted U87MG glioblastoma cells in nude mice was 
related to the expression of NRP–1.13 Very recently, a molecular modelling study of cyclic 
Lyp–1 in complex with its receptor gC1qR/p32 was performed by using a crystal structure of 
gC1qR/p32 from Protein Data Bank (PDB code: 1P32). It was shown that Asn3, Lys4, Arg5 
and Arg7 were important amino acids for the specific binding of gC1qR/p32. The authors also 
supported their finding with molecular dynamic study, to further determine the interaction 
pattern between Lyp–1 and p32.14 

As the truncated sequence of Lyp-1 produces tLyp-1 with a sequence of CGNKRTR that 
follows the CendR, we are of the opinion that it could be a useful candidate in the targeting of 
NRP-1 receptor. As far as we know, until now there is no docking simulation study being 
reported on the binding of tLyp–1 on NRP–1. 

Previously in 2016, we published a molecular docking study of several peptides on NRP–1 
receptor in combination with in vitro binding study, to determine the affinity of the tested 
peptides on this receptor and to explain the binding through in-depth simulation analysis.15 In 
this current study, similar approach of combined in silico and in vitro analysis was conducted 



to evaluate the binding of tLyp-1 on NRP-1 and the importance of each amino acid in the 
sequence, through a technique called alanine-scanning (Ala-scan). A docking simulation study, 
a ligand binding assay and a 70 ns molecular dynamic (MD) simulation study were conducted 
on tLyp-1 and its Ala-scan analogues. The information presented in this paper will give an 
insight on the ability of this peptide to interact with NRP-1 receptor, and to confirm the amino 
acid(s) residue(s) that is/are important for the interaction. This will allow careful and guided 
manipulation of the peptide in the future for drug targeting towards NRP-1 receptor. 

2. Materials and methods 
2.1. Molecular docking simulation and ADMET predictions 

The crystal structure of human NRP-1 (PDB ID: 6TKK) was retrieved from the Protein 
Data Bank database.16,17 Using Biovia Discovery Studio Visualizer, all water and heteroatoms 
were removed.18 Additional treatment on the crystal structure, such as reconstructing missing 
atoms, assigning atomic charges, and radii using the SWANSON force field (AMBER ff99 
charges with optimised radii) was performed on the PDB2PQR web service 
(https://pdb2pqr.poissonboltzmann.org/pdb2pqr, accessed on June 14th, 2021).19 Protonation 
at pH 7.4 was carried out using (PROPKA3).20,21 The MolProbity web service 
(http://molprobity.biochem.duke.edu/, accessed on June 14th, 2021) was used for correction of 
bad contacts, the addition of missing hydrogen atoms and flipping of HIS, GLU, and ASN 
residues.21,22 

The new peptides (ligands) were sketched using the BIOVIA Discovery Studio Visualizer, 
and the ionizable side chains were protonated and corrected with the PROPKA3 tool pH 7.4 
and MolProbity web service, as described above. Then, their geometries were optimized by 
UCSF Chimera 1.13 using steepest descents and conjugate gradient algorithms, with the 
termination conditions set to 1000 and 100 cycles, respectively, and the charge for minimization 
was assigned for the residues using AMBER ff14SB (UCSF Chimera 1.13 tool), and finally 
saved in PDB format.23,24 

Both the peptides and NRP-1 receptor were prepared for docking using MGLTools 1.5.6.25 
Kollman charges were added to all PDB files (peptides and protein) and saved in PDBQT 
format. Peptide flexibility (active rotatable bonds) was preserved. AutoDock-Crank Pep 
(ADCP)26 was utilized to simulate the docking process, where the centre of grid box coordinates 
was set at  x = -5.780,  y = -12.974, z = 19.468 with the box size set to 25, 25, 25 (x, y, and z) 
by Auto site 1.1, padding= 4.0 Å, spacing 0.375 Å, smoothing = 0.5, number of replicas =100, 
and number of steps were set to 600000. The peptides' molecular interactions with the NRP-1 
binding site were visualized and analyzed using BIOVIA Discovery Studio Visualizer, PyMol 
v.1.8.4.0,27 and UCSF Chimera v. 1.13.23 

The ADMET properties were predicted using the ADMETlab 2.0 web service tool 
(https://admetmesh.scbdd.com/service/evaluation/cal (accessed on August 28, 2022)), which 
anticipates mutagenicity (Ames test), carcinogenicity, BBB permeability, and many other 
characteristics such as human intestinal absorption and plasma protein binding.28 The two-
dimensional chemical structures of all peptides were converted to SMILES format and 
submitted to the web tool for property prediction. 

 
2.2. Molecular dynamic simulation 

The best-docked conformation pose of tLyp-1 and its mutated analogue complexes with the 
NRP-1 binding site were used as the starting structure for a 70 ns molecular dynamic (MD) 
simulation. AMBER 18 was used for MD simulations.29 The AMBER ff14SB force field was 
applied to the protein and peptides. The systems were solvated by dipping it in an octahedral 
box of TIP3P water, where the distances between the protein edge and the box were 8 Å, and 



the system was neutralized by adding counter ions (chlorine Cl−), and the recorded are presented 
in Table 1. 
 
Table 1. MD system setup details. 

 
NRP-1 complexes 

with 
Total Number 

of Atoms 
Number of 

Peptide atoms 
Water 
Atoms 

Neutralizing 
Atoms 

CGNKRTR 24268 118 21644 4 Cl− 
CGNKRTA 22141 104 19532 3 Cl− 
CGNKRAR 22314 114 19694 4 Cl− 
CGNKATR 21883 104 19274 3 Cl− 
CGNARTR 21702 106 19091 4 Cl− 
CGAKRTR 22797 114 20177 4 Cl− 
CANKRTR 23107 121 20480 4 Cl− 
AGNKRTR 21885 117 19262 4 Cl− 

 
The simulation protocol consisted of three minimization steps, whereby the first step 

includes 5000 cycles of conjugate gradient, 2000 for the second, and 1000 for the third step, 
with periodic boundary conditions at constant volume to eliminate the collision contacts 
between the macromolecule and the solvent, and to relax the system.21,30 The system was then 
gradually heated in three steps from 0-310 K for 1 ns, on all backbone atoms in each step using 
the Langevin dynamics thermostat with a coupling time of 0.2 ps. During the heating process, 
the NVT ensemble was used. Next, the equilibration of the protein atoms and the surrounding 
solvent was performed in three steps for 2 ns each, and the SHAKE algorithm31 was also utilized 
to constrain all bonds involving hydrogen.21  

MD simulation was carried out until 70 ns. Trajectory analysis was done using CPPTRAJ 
to inspect the Root Mean Square Deviation and Fluctuation (RMSD and RMSF) values, radius 
of gyration (Rg) and hydrogen bond (H-bond) that were involved in the interaction between 
each ligand and the protein. QtGrace 0.2.6 was used to illustrate their graphs. Free binding 
energy and its energetic components for each system were collected for every 1 ps (total 1000 
snapshots) from the last 1 ns of the trajectory using the MM-PBSA.py module in AMBER 18, 
and the data was calculated based on the "PBSA" model32 with a salt concentration of 0.150 M, 
to give a closer approximation to the true molecular volume, albeit in an average sense. In 
addition, the binding energy of the important amino acids was also calculated for the same 
region (69-70 ns; 1000 frames) using the MM-PBSA per residue decomposition scheme 2 (Per-
residue decomp with 1-4 EEL added to EEL and 1-4 VDW added to VDW potential terms),33 
which will help in understanding the energetic effects and contributions of the residues in each 
system, all the equations are described in details.21,30 
 
2.3. Chemicals and materials 

Ultrapure water (Milli–Q, ρ >18 MΩ⋅cm) was used in all the experiments. Acetonitrile 
(ACN), dichloromethane (DCM), dimethylformamide (DMF) and ethanol (EtOH) were 
obtained from Sigma–Aldrich and were used without further purification.  
The synthesis of all peptides required N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-
yl)uronium hexafluorophosphate (HBTU) (Iris Biotech GmbH, Germany), acetic anhydride and 
piperidine (Sigma–Aldrich, Germany) and N–methylmorpholine (NMM), N–
methylpyrrolidinone (NMP) (Alfa Aesar, Haverhill, MA, USA) as reagents. Fmoc–L–Cys 
(Trt)–OH, Fmoc–L–Lys(Boc)–OH, Fmoc–L–Gly–OH, Fmoc–L–Thr(tBu)–OH and Fmoc–L–
Arg(Pbf)–OH were obtained from Iris Biotech GmbH (Germany). Fmoc–L–Ala–Wang resin 
(100–200 mesh), Fmoc–L–Arg(Pbf)–Wang resin (100–200 mesh) and Fmoc–L–Asn(Trt)–OH 
were obtained from Novabiochem (Germany). Trifluoroacetic acid (TFA) was purchased from 
Sigma Aldrich (Germany) and triisopropylsilane (TIPS) from Alfa Aesar (Haverhill, MA, 
USA).   
 



2.4. Instruments 
The peptides were synthesized using an automated ResPepXL peptide synthesizer (Intavis 

AG, Bioanalytical Instruments) and operated with a Multiple–Parallel Peptide Synthesis 
Program and were purified by HPLC using Shimadzu LC–20AT, column TSK gel amide–80 
(3 µm, 300 x 7.8 mm) equipped by an UV photodiode array detector (SPD–M20A). The UV 
detection was performed at 214 nm. The analysis by HPLC were performed using the same 
equipment with a column TSK gel amide–80 (3 µm, 150 × 4.6 mm). 
1H NMR spectra were recorded on a Brucker Advance III 400 MHz spectrophotometer. The 
spectra were recorded in DMSO–d6 at room temperature (T = 298 K) and residual peak of 
DMSO (δ = 2.5 ppm) was used as internal reference. The chemical shifts (δ) are given in parts 
per million (ppm). High resolution mass spectrometry (HRMS) experiments were performed 
on a microTOF Bruker (electrospray ionization ESI+, 50–1000 in low and 50–2500 in width). 
 
2.5. Synthesis 

All the peptides were synthesized using the automated ResPepXL peptide synthesizer, 
according to a classical Fmoc/tBu solid phase methodology at 50 µmol scale. The side chains 
of arginine (Arg, R), asparagine (Asp, N), cysteine (Cys, C), lysine (Lys, K) and threonine (Thr, 
T) were protected by Pbf, Trt, tBu or Boc groups (see 2.3. section). A Fmoc–L–Arg(Pbf)–Wang 
resin or Fmoc–L–Ala–Wang resin was used as the starting material and swelled in DCM. The 
Fmoc groups were removed by piperidine (20% in DMF). This step was performed three times, 
first, during 4 min and the next two for 7 min. The next amino acid was then grafted with the 
coupling step by adding an excess of Fmoc–aminoacid–OH (6 eq), HBTU (5 eq), NMP (3 eq) 
and NMM (10 eq) in DMF. This step was repeated two times for 18 min and three times for the 
last amino acid. A last step of capping, using a solution of acetic anhydride (5% in DMF), was 
performed for 5 min, to trap all functions that did not react. The process of deprotection, 
coupling and capping were repeated until the desired sequences of amino acids were grafted on 
the resin. At the end of each step, all soluble reagents on the resin and the protecting group at 
the N–terminus of the peptide were removed by filtration and washing process with DCM, 
EtOH and DMF. The final Fmoc protection was removed using piperidine performed 4 times 
for 15 min. The resin was dried under vacuum and then cleaved (with full deprotection of lateral 
chains) using TFA/TIPS/water (92.5/2.5/5; v/v/v) for 2 h. The acidic resin was filtered and 
washed with TFA and DCM. The filtrate was dried under vacuum and the compound was 
precipitated in diethylether by centrifugation. The crude product was further purified by semi–
preparative HPLC using ACN/H2O (0.1% TFA; 95/5) to 55% ACN gradient in 25 min, 
followed by isocratic ACN for 10 min at a flow of 1.7 mL/min. tLyp-1 and its 7 Ala-scan 
analogues were obtained with an HPLC purity up to 95% and characterized by 1D and 2D NMR 
(1H, COSY and TOCSY) and HRMS experiments (see Supporting Information, Tables S1-S8).  
 
2.6. Biological test–binding study of the peptides on recombinant NRP–1 receptor 

The affinity of peptides for NRP–1 was assessed as previously described.5-9 Briefly, the 
surface of the high protein–binding capacity polystyrene 96 well ELISA plate (NUNC 
MaxiSorp™, Sigma–Aldrich, France) was coated with NRP–1 at a concentration of 2 μg/mL 
in phosphate buffer saline (PBS) and kept overnight at room temperature. The plate was then 
blocked with a solution of PBS containing 0.5% bovine serum albumin (BSA) during 1 h at 
37°C, to inhibit non–specific interactions. Binding of the tested peptides to NRP–1 was 
evaluated using 5 ng/mL of biotinylated VEGF–A165 in blocking buffer containing 2 μg/mL of 
heparin. Biotinylated VEGF–A165 was added to the coated wells, in competition, or not, with 
different concentration of peptide. The plates were further incubated for 2 h at room 
temperature. After that, the plates were washed 3 times with a solution of PBS containing 0.05% 
Tween 20 and the amount of bound biotinylated VEGF–A165 was assayed as it was stained with 



streptavidin horseradish peroxidase conjugate and its substrate (tetramethylbenzidine and 
H2O2). After 20 min of incubation at room temperature, the reaction was stopped by the addition 
of 2N sulfuric acid (i.e., final sulfuric acid concentration of 0.65N). The corresponding optical 
densities were then measured at a wavelength of 450 nm. The obtained results were expressed 
as relative absorbance to wells containing only blocking buffer. For this assay, three wells were 
used per condition.1,17 

3. Results and Discussion 
3.1. Molecular docking and ADMET predictions 

At the time of initiating this study, there were 24 NRP-1 crystal structures (see Supporting 
Information, Table S9) deposited in the RCSB Protein Data Bank (PDB).17,34-46 Of these 
structures, 20 were of homo sapiens (human origin), 2 were of rattus norvegicus (rat), and 2 
mus musculus (mouse). The crystal structure of the NRP-1-b1 domain (PDB code: 6TKK) 
bound to the C-terminal peptide (Ace-Arg-Pro-Gln-Pro-Arg) was chosen for this study (Figure 
1). Despite not being the structure with the lowest resolution, it is however the most recent 
NRP-1 structure in the PDB bound with a peptide. Furthermore, the bound pentapeptide might 
give some insights on the binding of a peptide in NRP-1-b1 binding site. In the crystal structure, 
Ace-RPQPR, which possesses a C-terminal CendR sequence, was found to interact with NRP-
1-b1 key binding site residues such as Tyr297, Asp320, and Ile415 via ionic interactions and/or 
hydrogen bonds between the guanidine moiety of the C-terminal Arg and the carboxylic acid 
moiety of these residues. Also, Trp301 and Tyr353 created hydrophobic interactions with the 
alkyl chain of the C-terminal Arg. Proline (Pro) residues participated in the interactions through 
creating H-bonds and hydrophobic interactions with Tyr297.  

Figure 1 shows the superimposition of the crystal structure and the re-docked conformation 
of Ace-RPQPR on NRP-1 (PDB ID: 6TKK). Re-docking was done using molecular docking 
software AutoDock Crank Pep (ADCP).26 ADCP is a de novo method for protein-peptide 
docking that folds the peptide in the potential energy landscape created by a given receptor. It 
combines CRANKITE’s conformation sampling ability with the grid-based AutoDock 
representation of a rigid receptor.26 AutoDock, and its current version 4.2 is a popular molecular 
docking program but is known to have limitations in docking peptides longer than 5 sequences 
with more than 32 rotatable bonds.47-49 ADCP on the other hand is purposely developed for 
protein-peptide docking and it can treat flexible peptides with up to 20 amino acids into rigid 
receptors,26 thus overcoming the current limitation of peptide docking using AutoDock. From 
Figure 1, Ace-RPQPR is seen to docked at the VEGF165 binding site in almost the same 
conformation as its crystal structure with an RMSD of 2.7 Å. As the NRP-1 b1 binding pocket 
is shallow, it was reported that only the terminal Arg of a ligand will be able to directly enter 
and interact with the pocket.50-52 As can be seen in the figure, both the crystal and re-docked 
structures entered the pocket from the terminal Arg and maintain the interactions with key 
residues Tyr297, Trp301, Asp320 and Tyr353. However, the re-docked Ace-RPQPR lost its H-
bond interaction with Ile415. 



 

Figure 1. Superimposition of the crystal structure of Ace-RPQPR (C pink, O red, and N blue) and the docked 
model (C green, O red, and N blue) on neuropilin-1 (NRP-1) crystal structure (PDB ID: 6TKK) with RMSD = 2.7 
Å and their 2D interactions into the binding site. These models were generated using the Discovery Studio 
visualizer. 

 
CendR or C-end rule sequence is important for the binding of a peptide ligand to NRP-1.45 

A previous study by Teesalu et al. (2009) on the screening of phage libraries identified a R/K-
XX-R/K motif to be important in the interaction of a ligand with NRP-1.52 Many peptides 
targeting NRP-1 have the CendR fragment in the sequence, and this includes the C-terminus of 
VEGF165 (GDKPRR). Based on the literature data, the key amino acids in NRP-1 that are 
important in its binding interaction and inhibition include Tyr297, Thr316, Asp320, Ser346, 
Thr349, and Tyr353.24,35,43,53 

The docking scores (ΔGbind) of tLyp-1 (CGNKRTR, 1) and the 7 Ala-scan analogues (2-
8) are given in Table 2. The results revealed that all of the heptapeptides interacted with the 
NRP-1 binding site significantly with similar binding affinity considering that the docking 
errors are approximately ± 2 kcal/mol. All peptides that have C-terminal Arg residues with the 
exception of CGNARTR (5) showed relatively higher binding affinity compared to CGNKRTA 
(2) although the scores are not significantly different. Analysis of the binding interactions of 
the peptides with NRP-1 also showed that the peptides more or less bind at the same binding 
site with residues Gly318, Asp320, Glu348 and Lys351 (Figure 2). Since the binding affinities 
predicted by docking are not significantly different, we decided to conduct 1) the synthesis and 
in vitro IC50 determination of all peptides 1-8 for NRP-1 (see 3.2. and 3.3. sections), and also 
2) MD simulations to have more in-depth understanding of the interaction (see 3.4 section). 
The docked conformations were taken as the starting structures for MD simulations.  
 
Table 2. The docking scores for tLyp–1 (CGNKRTR, 1) and its 7 Ala–scan analogues (2-8) against NRP-1 
(6TKK.PDB) using ADCP. 
 

Peptide No. Peptide sequence ΔGbind (Kcal/mol) a Experimental IC50 c 



1 CGNKRTR -12.30 4 ± 2 µM 
2 CGNKRTA -11.90 ND 
3 CGNKRAR -12.40 4 ± 1 µM 
4 CGNKATR -12.60 18 ± 1 µM 
5 CGNARTR -10.90 50 ± 2 µM 
6 CGAKRTR -12.20 7 ± 1 µM 
7 CANKRTR -12.10 3 ± 1 µM 
8 AGNKRTR -12.50 4 ± 1 µM 
- Ace-RPQPR b -5.70 - 

a Binding affinity predicted by AutoDock Crank Pep. 
b Ace-RPQPR is the co-crystallized ligand in 6TKK.PDB. 
b Experimental IC50 obtained using ligand binding assay (see 3.3. section). 
 

 
Figure 2. Poses of docked peptides interacting with NRP-1 binding site residues: (a) CGNKRTR (tLyp-1, 1), (b) 
CGNKRTA (2), (c) CGNKRAR (3), (d) CGNKATR (4), (e) CGNARTR (5), (f) CGAKRTR (6), (g) CANKRTR 
(7), and (h) AGNKRTR (8). The peptides are rendered stick (C in green, O in red, and N in sky blue). Ionic bonds, 
hydrogen bonds, and hydrophobic interactions between the peptides and the residues are shown as orange, green, 
and pink dashed lines, respectively. The alanine residue was highlighted in a black circle and with its one letter 
code. 
 

Early predictions of physicochemical properties like absorption, distribution, 
metabolism, excretion, and toxicity (ADMET) have become a prime/ fundamental 
consideration to reduce the chances of drug failure at the clinical level.54-56 With this aim, the 



CGNKRTR and all of its 7 Ala-scan analogues were assessed for their pharmacokinetic 
(ADME) parameters and drug toxicity predictions utilizing the ADMETlab 2.0 web service 
interface,28 as shown below in Table 3. 

In the early stages of drug design, Caco-2 permeability is an important parameter for figuring 
out oral absorption and permeability, and the optimal value is higher than -5.15 cm/s.57 All the 
peptides 1–8 showed low permeability, with values ranging from -7.16 cm/s to -6.78 cm/s, with 
the lead analogue (CGNARTR) showed slightly higher permeability, compared to the rest of 
the peptides. Furthermore, all of the peptides satisfied HIA% with a value ≥30%, a key 
parameter for human intestinal absorption related to the permeation of compounds through 
biological membranes under the influence of physicochemical characteristics.58,59 Plasma 
protein binding (PPB%) is a well-known phenomenon that plays a significant role in the 
dynamics of compounds inside the body.60 As compared to the reference value of 90%, 
predicted data suggested highly binding potential of all peptides 1–8 ranged from 86.75% to 
88.48%. Another well-known parameter is the Blood–Brain Barrier (BBB), which facilitates 
the selective transfer of drug molecules between the blood and the parenchyma.59,60 The 
predicted results show that the tLyp-1 and its 7 Ala-scan analogues cannot cross the BBB, which 
adds to their safety profiles. The fate of administered drugs is mainly affected by their 
metabolism, which involves enzymatic modification or degradation of the drug molecules 
corresponding to their therapeutic response.61 Table 3 shows that metabolism of the CGNKRTR 
and its 7 Ala-scan analogues could occur with low affinity. Moreover, all of the peptides 
showed low half-time periods (T 1/2) ranging from 0.41 hr to 0.85 hr, as well as a low clearance 
rate ranging from 0.88 mL/min/kg to 1.32 mL/min/kg. Drug-induced toxicity is a major cause 
of drug withdrawal from the market and will remain a key concern for the development of novel 
molecules.59,62 All of the peptides indicated negative tests for H-HT and AMES. In addition, 
tLyp-1 (CGNKRTR, 1) and its 7 Ala-scan analogues (2-8) were non-toxic to hERG. In general, 
the cumulative observations reveal that the CGNKRTR and its 7 Ala-scan analogues could be 
safe or non-toxic peptides. However, experimental clinical assays are needed to confirm the 
predicted values. 
 
Table 3. Predicted ADMET properties of tLyp-1 (CGNKRTR, 1) and its 7 Ala-scan analogues (2-8) using 
ADMETlab 2.0. 
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A
b

so
rp

ti
on

 Papp (Caco-2 Permeability) 
cm/s -6.89 -7.05 -7.16 -6.82 -6.78 -6.92 -6.89 -6.89 

HIA (Human Intestinal 
Absorption) + + + + + + + + 

D
is

tr
ib

ut
io

n
 PPB (Plasma Protein 

Binding) % 87.41 87.36 86.75 87.4 88.48 87.07 87.2 87.22 

BBB (Blood Brain Barrier) - - - - - - - - 

M
et

ab
o

lis
m

 CYP1A2 substrate No No No No No No No No 
CYP2C19 substrate No No No No No No No No 
CYP2C9 substrate No No No No No No No No 



CYP2D6 substrate No No No No No No No No 
CYP1A2 inhibitor No No No No No No No No 
CYP2C19 inhibitor No No No No No No No No 
CYP2C9 inhibitor No No No No No No No No 
CYP3A4 inhibitor No No No No No No No No 

E
xc

re
ti

on
 CL (Clearance Rate) 

mL/min/kg 1.02 1.17 0.88 1.32 1.04 1.24 0.97 0.89 

T ½ (Half Lifetime) hr 0.81 0.80 0.41 0.80 0.80 0.85 0.78 0.81 

T
ox

ic
it

y  hERG (hERG Blockers) - - - - - - - - 
H-HT (Human 
Hepatotoxicity) - - - - - - - - 

AMES (Ames Mutagenicity) - - - - - - - - 
Papp Caco-2Permeability (Optimal: higher than -5.15 Log unit or -4.70 or -4.80); HIA (>30%: HIA is +ve; < 30%: 
HIA is -ve)  +ve: greater affinity,  –ve values: low affinity, PPB (90% Significant with drugs that are highly 
protein-bound and have a low therapeutic index); BBB (BBB ratio >=0.1: BBB+; BB ratio <0.1: BBB-); T ½ (> 8 
h: high; 3 h – 8 h: moderate; < 3 h:low); CL(> 15 mL/min/kg: high; 5 mL/min/kg <Cl< 15 mL/min/kg: moderate; 
< 5 mL/min/kg: low). –ve values mean low affinity while +ve values indicate greater affinity. 
 
3.2. Synthesis and characterization of the peptides 

The peptides CGNKRTR (tLyp-1, 1) and its 7 Ala–scan analogues (CGNKRTA (2), 
CGNKRAR (3), CGNKATR (4), CGNARTR (5), CGAKRTR (6), CANKRTR (7), 
AGNKRTR (8)) were synthesized on solid phase and purified by HPLC leading to a final purity 
superior to 95%. The successful synthesis of the peptides was confirmed by 1D and 2D NMR 
(1H, COSY and TOCSY) and HRMS experiments (see Supporting Information, Tables S1-S8). 
The 1H NMR spectra revealed, for all the peptides of Ala–scan containing the Gly, a doubling 
of the signal of NHα of this last amino acid indicating the existence of two conformations for 
this amino acid. Surprisingly, this doubling of the signal was not observed for the original 
peptide, indicating a change in the conformation of the peptide. Moreover, at this same position, 
when the Gly was replaced by an Ala, only one signal was observed for NHα. The signal 
corresponding to the NHα of the Cys was not observed probably due to the position N–terminal 
of this amino acid and thus a protonation of this amine function for all the peptides. 
 

3.3. In vitro affinity for NRP–1 
The in vitro affinity of the peptides 1-8 was determined using ligand binding assay (LBA). 

VEGF165 has a high affinity for NRP–163 and was chosen as a competitor of the synthesized 
peptides (Figure 3). Our developed NRP–1–targeted peptide (KDKPPR)5-9 was used as 
reference. We observed a similar value of IC50 for KDKPPR (1 µM) and tLyp–1  (1, 4 µM), 
indicating the efficient potential of tLyp-1 for NRP–1 targeting. The results highlighted that the 
C–terminal Arg is essential for the affinity of NRP–1 (CGNKRTA (2), IC50 not determined) 
according to the CendR motif. Moreover, the importance of the other Arg and the Lys was also 
observed (CGNKATR (4, 18 µM) and CGNARTR (5, 50 µM), respectively). However, it 
appeared that the Cys and the Gly are not involved in the good affinity of the tLyp–1  for NRP-
1 (AGNKRTR (8, 4 µM) and CANKRTR (7, 3 µM), respectively). 

 



 
Figure 3. NRP–1 binding of peptides obtained using a competitive binding assay. 
 

3.4. MD Simulation 

3.4.1 Stability of the simulated systems 
VEGF165/NRP-1 has been known to be involved in cancer pathology and it is an example 

of protein-protein interaction (PPI) which can be exploited in new anti-cancer drug discovery.64-

66 Drug discovery targeting PPI is known to be challenging. One of the challenges is the large 
and shallow PPI interfaces which render difficulty for ligand binding. Although NRP-1 has 
many PPIs sites, the binding site for VEGF in b1 domain is also quite shallow.50 Figure 1 shows 
the binding site of Ace-RPQPR which was used to dock tLyp-1 and its Ala-scan analogues (see 
3.1. section). Following docking (see 3.1. section), we carried out 70 ns MD simulations of 
NRP-1 in complex with tLyp-1 (1) and its Ala-scan analogues (2-8) to understand further the 
significance of each residue of tLyp-1 towards the binding interaction. Figure 4 showed the root 
mean square deviation (RMSD) plots of the backbone of NRP-1 and the peptide ligands’ 
complex systems. In general, for the NRP-1 backbone, all systems showed average RMSDs 
between 1.90 – 2.43 Å, while the peptides ligand showed average RMSDs between 2.08 to 4.45 
Å. The results indicate high flexibility of the peptides compared to the protein. Substitution 
with Ala at the N-terminal (AGNKRTR, 8) resulted in highest flexibility amongst the peptides. 
Interestingly, CGNKRAR (3) showed least flexibility with RMSD = 2.08 Å and with the NRP-
1 also showed low RMSD = 2.0 Å. As a comparison, the apo-NRP-1 system showed an average 
RMSD = ~ 2.22 Å indicating a stability of the system throughout the 70 ns. 

 

 



Figure 4. The root mean square deviation (RMSD) plots of the protein and peptide backbones for all systems over 
all 70 ns of MD simulation time. 
 

Figure 5 (a and b) showed an estimated measure of flexibility using Root Mean Square 
Fluctuation (RMSF) for residues in all the 9 systems. There are generally some similarities in 
all the systems with some regions showing minimal residues fluctuation (within 1.0 Å). Regions 
315-325, 345-352, 373-379 show slightly more pronounced residue fluctuations (1.5 – 2.0 Å), 
as shown in Figure 5a. It is interesting to note that residue Asp20 in the apo-system showed the 
highest fluctuation but in the holo systems this residue only showed minimal fluctuation. NRP-
1-CGNKRTA (2) system in general demonstrated slightly higher fluctuations in all regions 
compared to other analogues, however, the differences are not very significant (Figure 5a). 
Interestingly, Figure 5b shows that the backbone residues of three of the mutated peptides 
(CGAKRTR (6), CGNARTR (5), and CGNKATR (4)) are significantly more stable and less 
mobile (less than 2 Å) compared to the tLyp-1 (1) and its resting mutated analogues, indicating 
that it maintained its conformations throughout the MD simulation time. In addition, 
substituting the N-terminal Cys by Ala (AGNKRTR, 8) has a drastic effect on the stability of 
the AGNKRTR backbone, particularly on the Lys and Arg residues, where it was shown to 
fluctuate more than the tLyp-1 in an average of 3 Å. 

 

 
Figure 5. The root mean square fluctuation (RMSF) plots of the NRP-1 backbone atoms (a) for all systems, and 
(b) for the peptides, throughout the 70 ns MD simulation time. 
 

The time evolution of the radius of gyration (Rg) of NRP-1 in all the systems (Figure 6) 
showed that the values of Rg fluctuates between 15.0–15.5 Å, indicating that the protein in all 
systems remains compact and no significant expansion in the structures can be observed. 

 



 
Figure 6. Radius of gyration (Rg) graphs of the NRP-1 backbone atoms of all systems over the MD interval time 
(0– 70ns). 
 
3.4.2. Hydrogen bond (H-bond) analysis 
 H‐bonds contribute to the stability of the protein secondary structures and protein 
interaction with the ligands.21,30 In this work, the H‐bond occupancy and frequency (lifetime 
max) were analyzed for tLyp-1 (CGNKRTR, 1) and its 7 Ala-scan analogues (2-8) into the 
binding site of NRP-1 throughout the MD simulation (0-70 ns). Tyr297, Thr316, Asp320, 
Ser346, Thr349, and Tyr353 have been reported as the key amino acids in the active site and 
binding with them could enhance the inhibition of the receptor.24,35,43,53 The H‐bonds were 
divided by their percentage of occupancy into strong (more than 60%), moderate (between 30–
60%), and weak hydrogen bonds (that occupied 10–30%) during the MD simulation.21,30 

The results revealed a variation in the tendency of H‐bond formation between t-Lyp1 and 
its Ala-scan analogues with NRP-1 binding site, especially with the key amino acid Asp320 
(Table 4). From the MD simulation conducted, it can be seen that the Arg residue at the C-
terminus of the peptide in the CGNKRTR-NRP-1 system exhibited two strong hydrogen bonds: 
one with Asp320 at high-frequency (613 time) and one with Pro317 at low frequency (61 time) 
with occupancies of 97.37% and 80.95%, respectively. The Arg residue (C-terminus) of 
CGNKRTR (t-Lyp1, 1) also formed four moderately strong H-bonds with Asp30, Pro317, and 
two bonds with Tyr353 with an average occupancy of 48.25%, 47.83%, 41.70%, and 41.52%, 
respectively (Table 4). Two of the H-bonds exhibited a relatively high frequency of occurrence, 
(i.e., those formed by Tyr353 (488 and 505 times)). Other H-bond interactions between 
CGNKRTR (t-Lyp1, 1) and NRP-1 binding site residues were also created but comparatively 
weaker.  

As expected, substituting the C-terminus Arg residue of t-Lyp1 with Ala (CGNKRTA, 2) 
has led to a reduced H-bond occupancy with Asp320 (OD1) to approximately half of the 
occupancy recorded by Arg (56.33%). The absence of Arg at the C-terminal has also diminished 
several weak H-bonds between the peptide and NRP-1, such as those with Lys351 and Tyr353. 
However, there is still H-bond interaction between the peptide and Tyr353, which was formed 
between Lys-4 and Arg-5 instead.  

It is worth noting that the Arg residue at the C-terminus of CGNKRAR (3) formed a strong 
H-bond with OD2 atoms of Asp320 at a high frequency (261 time) with an occupancy of ~71%, 
whilst a weaker interaction was recorded with OD1 of Asp320 (23% occupancy, 284 time). 
Moreover, it was also found that CGNKRAR (3) formed five moderate H-bonds, four of them 
with the Arg residue at the C-terminus, although with low frequency (<100 time).  



Like CGNKRTA (2), mutating the Arg residue at position 5 (CGNKATR, 4) has an obvious 
effect on the H-bonds interaction, especially on the lifetime frequency. CGNKATR (4) formed 
three strong H-bonds with Tyr353 (~78%), Asp320 (73.31%), and Thr349 (65.74%), but all 
with low-frequencies (<100 time).  CGNARTR (5) on the other hand maintained three strong 
H-bonds, however the frequency and lifetime were significantly reduced as compared to the 
native peptide tLyp-1. This analysis supports the importance of the Lys and Arg residues in the 
tLyp-1 sequence, as substituting Lys-4, Arg-5 and Arg-7 shows reduction in the H-bonds 
occupancy and/or frequency, in comparison to the native peptide tLyp-1.50,52,67  
 
Table 4. The average H-bond occupancy  and frequncy (lifetime max) for the derived region of MD simulation 
(0-70 ns) for the CGNKRTR and its Ala-scan analogues. The interacted peptide residues are rendered in a red 
colour. 
 

H-Bond Acceptor 
(atom@res) 

Bond Donor 
(atom@res-H) 

H-Bond 
occupancy (%) 

Average Distance  
(Å) 

Average 
Angle (°) 

LifeTime 
(Max) 

 

 

ASP320≅OD1 CGNKRTR≅NH2-HH21 97.37 2.76 160.65 613 
PRO317≅O CGNKRTR≅NH2-HH22 80.95 2.83 154.48 61 

ASP320≅OD2 CGNKRTR≅NE-HE 48.25 2.87 155.83 24 
PRO317≅O CGNKRTR≅NH1-HH12 47.83 2.86 150.15 40 

CGNKRTR≅OXT TYR353≅OH-HH 41.70 2.66 164.79 488 
CGNKRTR≅O1 TYR353≅OH-HH 41.52 2.67 164.94 505 
CGNKRTR≅O2 TYR297≅OH-HH 23.82 2.74 162.90 137 

TYR353≅OH CGNKRTR≅ND2-HD21 17.60 2.89 159.99 24 
ASP320≅OD1 CGNKRTR≅NE-HE 16.70 2.89 144.89 11 

CGNKRTR≅OXT LYS351≅NZ-HZ1 14.73 2.81 154.35 45 
CGNKRTR≅O TRP301≅NE1-HE1 14.23 2.85 161.18 53 

CGNKRTR≅O1 LYS351≅NZ-HZ1 13.89 2.82 154.19 24 
CGNKRTR≅OXT LYS351≅NZ-HZ2 13.57 2.81 154.53 66 
CGNKRTR≅O1 LYS351≅NZ-HZ3 12.87 2.81 154.23 39 
CGNKRTR≅O1 LYS351≅NZ-HZ2 12.84 2.81 153.97 29 

CGNKRTR≅OXT LYS351≅NZ-HZ3 12.64 2.81 154.30 43 
GLY318≅O CGNKRTR≅NZ-HZ1 10.54 2.81 155.98 42 

GLU319≅OE2 CGNKRTR≅NZ-HZ3 10.3 2.78 156.11 85 

 

 

ASP320≅OD1 CGNKRTA≅ND2-HD22 56.33 2.80 160.63 141 
ASP320≅OD2 CGNKRTA≅N-H 38.51 2.86 160.27 66 
ASP320≅OD2 CGNKRTA≅NH1-HH12 19.98 2.77 156.60 315 
CGNKRTA≅O TYR353≅OH-HH 17.03 2.76 162.66 154 

CGNKRTA≅O1 TYR353≅OH-HH 14.13 2.73 160.68 164 

CGNKRTR (tLyp-1, 1) 

CGNKRTA (2) 



CGNKRTA≅O2 THR349≅OG1-HG1 13.03 2.71 161.96 145 
CGNKRTA≅O2 SER346≅OG-HG 12.05 2.68 160.11 105 

PRO317≅O CGNKRTA≅NE-HE 11.62 2.85 150.85 37 
CGNKRTA≅OXT TRP301≅NE1-HE1 11.54 2.84 154.73 42 

ASP320≅OD2 CGNKRTA≅NH2-HH22 11.3 2.83 149.17 86 
GLY318≅O CGNKRTA≅N1-H1 10.35 2.89 156.20 14 

GLU319≅OE1 CGNKRTA≅N2-H2 10.05 2.84 155.99 52 

 

 

ASP320≅OD2 CGNKRAR≅NH2-HH22 71.02 2.78 160.25 261 
PRO317≅O CGNKRAR≅NH2-HH21 52.82 2.83 151.17 74 
PRO317≅O CGNKRAR≅NE-HE 50.3 2.86 148.69 29 

ASP320≅OD1 CGNKRAR≅NH1-HH12 47.73 2.83 158.76 40 
CGNKRAR≅O1 ASN300≅ND2-HD21 45.45 2.84 156.43 50 
ASP320≅OD2 CGNKRAR≅NH1-HH12 31.45 2.84 154.43 31 

CGNKRAR≅O1 TRP301≅NE1-HE1 25.72 2.86 154.11 43 
CGNKRAR≅O TYR297≅OH-HH 24.47 2.74 160.48 60 
ASP320≅OD1 CGNKRAR≅NH2-HH22 23.65 2.78 162.81 284 

CGNKRAR≅O1 SER298≅OG-HG 14.54 2.74 159.82 145 
CGNKRAR≅O2 TYR297≅OH-HH 12.78 2.76 160.82 66 

TYR353≅OH CGNKRAR≅ND2-HD21 11.5 2.90 155.23 15 
THR316≅OG1 CGNKRAR≅NH2-HH21 10.8 2.86 146.88 8 

 

 

CGNKATR≅O TYR353≅OH-HH 78.01 2.78 163.73 55 
ASP320≅OD2 CGNKATR≅N-H 73.31 2.83 156.71 88 

CGNKATR≅O1 THR349≅OG1-HG1 65.74 2.77 164.77 91 
ASP320≅OD1 CGNKATR≅ND2-HD21 45.24 2.85 149.85 35 

PRO317≅O CGNKATR≅ND2-HD22 43.2 2.83 148.75 25 
ASP320≅OD2 CGNKATR≅N-H2 28.34 2.80 155.71 69 
ASP320≅OD2 CGNKATR≅N-H1 27 2.80 155.57 67 
ASP320≅OD2 CGNKATR≅N-H3 24.75 2.80 155.51 48 

CGNKATR≅O2 SER346≅OG-HG 20.42 2.77 154.73 39 

CGNKATR≅OD1 ASP320≅N-H 10.61 2.90 149.99 9 

CGNKRAR (3) 

CGNKATR (4) 



 

 

ASP320≅OD1 CGNARTR≅N-H 66.20 2.84 152.89 78 
ASP320≅OD2 CGNARTR≅ND2-HD21 63.57 2.82 152.88 84 

CGNARTR≅O1 TYR353≅OH-HH 62.67 2.73 161.44 95 
PRO317≅O CGNARTR≅ND2-HD22 38.51 2.83 148.85 45 

ASP320≅OD2 CGNARTR≅ND2-HD22 19.03 2.76 163.96 305 
CGNARTR≅OD1 ASP320≅N-H 17.39 2.89 149.11 11 

TYR353≅OH CGNARTR≅NH3-HH32 12.69 2.87 153.54 16 
CGNARTR≅O LYS351≅NZ-HZ3 12.26 2.79 156.83 48 
CGNARTR≅O LYS351≅NZ-HZ2 12.13 2.79 156.89 58 
CGNARTR≅O LYS351≅NZ-HZ1 11.73 2.79 156.55 48 

CGNARTR≅OXT LYS351≅NZ-HZ1 11.71 2.79 156.66 72 
CGNARTR≅OXT LYS351≅NZ-HZ3 11.65 2.79 156.67 54 
CGNARTR≅OXT LYS351≅NZ-HZ2 11.46 2.79 156.52 43 

GLU319≅OE1 CGNARTR≅NH1-HH12 10.01 2.80 157.62 61 

 

 

GLY318≅O CGAKRTR≅N-H 36.03 2.87 162.44 45 
CGAKRTR≅O TYR297≅OH-HH 27.71 2.73 163.48 114 

PRO317≅O CGAKRTR≅NZ-HZ1 23.34 2.81 157.66 67 
PRO317≅O CGAKRTR≅NZ-HZ3 23.19 2.82 157.38 93 
PRO317≅O CGAKRTR≅NZ-HZ2 19.23 2.82 157.56 49 

ASP320≅OD1 CGAKRTR≅NZ-HZ2 16.98 2.77 159.33 116 
ASP320≅OD2 CGAKRTR≅NZ-HZ3 15.48 2.76 158.45 241 
ASP320≅OD1 CGAKRTR≅NZ-HZ3 15.35 2.77 158.66 156 
ASP320≅OD2 CGAKRTR≅NZ-HZ2 13.14 2.76 157.50 166 
THR316≅OG1 CGAKRTR≅NZ-HZ2 11.49 2.83 151.91 69 
ASP320≅OD1 CGAKRTR≅NZ-HZ1 11.37 2.77 158.29 145 
ASP320≅OD2 CGAKRTR≅NZ-HZ1 10.7 2.77 157.80 144 

 

 

ASP320≅OD1 CANKRTR≅NE-HE 63.21 2.82 155.35 62 
CANKRTR3≅O TYR353≅OH-HH 51.8 2.74 162.87 88 

CGNARTR (5) 

CGAKRTR (6) 

CANKRTR (7) 



THR_144≅O CANKRTR≅NH1-HH11 47.85 2.83 156.68 60 
ASP320≅OD1 CANKRTR≅NH2-HH21 25.02 2.82 149.76 52 
ASP320≅OD1 CANKRTR≅N-H2 16.58 2.80 151.76 30 
ASP320≅OD1 CANKRTR≅N-H1 16.51 2.80 152.35 29 

CANKRTR≅O1 LYS351≅NZ-HZ3 15.23 2.79 156.23 48 
CANKRTR≅OD1 TYR297≅OH-HH 14.96 2.74 162.82 56 

CANKRTR≅O LYS351≅NZ-HZ1 14.52 2.79 156.00 57 
ASP320≅OD1 CANKRTR≅N-H3 13.75 2.80 151.92 23 

CANKRTR≅O1 LYS351≅NZ-HZ2 12.32 2.79 155.49 47 
CANKRTR≅OXT LYS351≅NZ-HZ3 11.96 2.79 155.61 43 
CANKRTR≅OXT LYS351≅NZ-HZ1 11.43 2.80 155.28 67 
CANKRTR≅OXT LYS351≅NZ-HZ2 10.86 2.80 155.35 31 
CANKRTR≅OXT THR349≅OG1-HG1 10.67 2.71 165.43 119 

ASP320≅OD2 CANKRTR≅NE-HE 10.64 2.82 156.18 63 

 

 

GLU319≅OE1 AGNKRTR≅NH2-HH22 23.45 2.78 161.11 157 
GLU319≅OE2 AGNKRTR≅NH1-HH12 20.88 2.82 159.17 87 
GLU319≅OE2 AGNKRTR≅NH2-HH22 17.49 2.79 160.57 107 
GLU319≅OE1 AGNKRTR≅NH1-HH12 16.88 2.83 157.88 170 
AGNKRTR≅O TRP301≅NE1-HE1 16.07 2.84 157.22 46 

PRO317≅O AGNKRTR≅NZ-HZ2 14.22 2.81 155.49 57 
PRO317≅O AGNKRTR≅NZ-HZ1 13.77 2.81 154.35 47 

ASP320≅OD1 AGNKRTR≅NZ-HZ1 12.72 2.76 156.89 122 
ASP320≅OD1 AGNKRTR≅NZ-HZ3 12.47 2.77 156.77 114 
ASP320≅OD2 AGNKRTR≅NZ-HZ3 12.33 2.78 157.18 98 
ASP320≅OD2 AGNKRTR≅NZ-HZ1 11.92 2.77 157.47 169 

PRO317≅O AGNKRTR≅NZ-HZ3 11.16 2.81 153.25 45 
ASP320≅OD1 AGNKRTR≅NZ-HZ2 10.53 2.77 156.41 65 
ASP320≅OD2 AGNKRTR≅NZ-HZ2 10.06 2.78 156.61 134 

 
It is clear from Table 4 that Asp320 is the dominant amino acid for the interactions with the 

peptides. Figure 7 shows the profile of H-bonds created by Asp320 with the peptide ligands. 
This residue forms 3 consistent H-bonds with the CGNKRTR (tLyp-1, 1). Consistent with the 
results presented in Table 4, only one of them is strong and present at high frequency while the 
two are relatively weak. All the mutated peptides 2-8 also interact with the Asp320 with at least 
one H-bond, but the H-bonds are relatively weaker compared to CGNKRTR (tLyp-1, 1). The 
existence of mixed strong-moderate-weak H-bond pairings with the higher ratio of weak H-
bonds might possibly be the reason for Asp320’s reduced binding affinity to peptides due to 
interference with bulk water (see Table 5).68,69 
 

AGNKRTR (8) 



 
Figure 7. H-bond profile of the most dominant residue in the NRP-1 binding site (Asp320) with the tLyp-1 
(CGNKRTR, 1) and its mutated analogues (2-8) over the MD simulation time (0-70). 
 
3.4.3. Binding Free Energy (MM-PBSA) 

The binding free energy and its decompositional energies of the interactions between tLyp-
1 (CGNKRTR, 1) and its Ala-scan analogues (2-8) towards NRP-1 (Table 5) were calculated 
for the last 1 ns of the MD simulation time using the module of the Molecular Mechanics-
Poisson Boltzmann surface area (MM-PBSA) programme in AMBER software with a 
neglected entropic contribution.32,33 The major contributions to this binding energy are the 
electrostatic, van der Waals as well as non-polar solvation terms.  

Table 5 shows that tLyp-1 (CGNKRTR, 1) and CGAKRTR (6) have the most favourable 
binding energies amongst all the peptides, with the ∆𝐺 ∗= -14.63 ± 0.20 kcal/mol and -14.26 
± 0.21 kcal/mol, respectively, followed by CANKRTR (7) (-12.96 ± 0.25 kcal/mol), 
CGNKRAR (3) (-9.84 ± 0.16 kcal/mol), AGNKRTR (8) (-8.33 ± 0.22 kcal/mol) and 



CGNKATR (4) (-8.42 ± 0.18 kcal/mol). In general, binding of peptides is opposed by an 
unfavourable desolvation of polar groups, yielding a contribution in the range of 177.12 – 
400.60 kcal/mol. Thus, although CANKRTR (7) has the most favourable intermolecular 
electrostatic interactions and second most favourable van der Waal interactions with NRP-1, its 
binding is over-compensated by the positive values of the desolvation term for the polar groups. 
This phenomenon is in fact, observed in the binding of all the peptides studied here and the 
reasons for this might be due to the interference with bulk water which could lead to increase 
in the electrostatic interactions with the water molecules thus increasing the polar solvation 
energy.68,69  
 
Table 5. Binding free energies (MM-PBSA) for CGNKRTR (tLyp-1, 1) and its Ala–scan analogues (2-8) from 
MD simulation trajectories (69–70 ns). 
 

Peptide 
No. 

Peptide 
sequence 

 
kcal/mol 

VDW 
kcal/mol 

EEL 
kcal/mol 

Gpolar 

kcal/mol 
Gnon-polar 

kcal/mol 
1 CGNKRTR -14.63 ± 0.20 -24.14 ± 0.11 -307.13 ± 0.81 341.42 ± 0.72 -24.78 ± 0.04 
2 CGNKRTA -3.60 ± 0.33 -33.06 ± 0.12 -120.11 ± 1.27 177.12 ± 1.33 -27.55 ± 0.07 
3 CGNKRAR -9.84 ± 0.16 -26.68 ± 0.11 -191.29 ± 0.59 232.46 ± 0.58 -24.32 ± 0.03 
4 CGNKATR -8.42 ± 0.18 -41.72 ± 0.11 -245.41 ± 0.72 310.86 ± 0.75 -32.14 ± 0.05 
5 CGNARTR 10.96 ± 0.26 -33.18 ± 0.11 -264.54 ± 0.85 336.68 ± 0.75 -27.98 ± 0.04 
6 CGAKRTR -14.26 ± 0.21 -29.44 ± 0.12 -208.71 ± 1.23 250.42 ± 1.13 -26.53 ± 0.04 
7 CANKRTR -12.96 ± 0.25 -29.64 ± 0.13 -351.07 ± 0.76 400.60 ± 0.67 -32.84 ± 0.04 
8 AGNKRTR -8.83 ± 0.22 -19.79 ± 0.10 -273.08 ± 0.72 305.73 ± 0.70 -21.69 ± 0.0.4 

: binding free energy, VDW: van der Waals, EEL: electrostatic, Gpolar: polar solvation energy, Gnon-polar: 
non-polar solvation energy. 
 

To reveal the critical amino acids of the NRP-1 binding site that participated in the binding 
with the peptide ligands, we calculated the MM-PBSA per residue decompositions of the most 
important residues in the NRP-1 binding site (i.e., Tyr297, Thr316, Asp320, Pro317, Thr349, 
and Tyr353) as shown in Figure 8. MM-PBSA per residue decompositions of the tLyp-1 
(CGNKRTR, 1) and its analogues (2-8) were also calculated  (Figure 9). 
 



 
Figure 8. Contribution of the peptides with the key amino acids into the NRP-1 binding site using MM-PBSA per 
residue decomposition over the MD simulation time (69-70 ns). 

 
In general, free binding energy values larger than 0 (positive energy) indicate that mutation 

is destabilizing the interaction, while negative energy indicates that mutation is stabilizing the 
interaction.70 Asp320 appeared to be the most important residue that interact with the peptide 
ligands. Figure 8 shows that in general, all the peptide ligands made strong interactions with 
Asp320. tLyp-1 (CGNKRTR, 1) interacted strongly with Asp320, Pro317 and Tyr353 (≈-54 
kcal/mol, ≈-24 kcal/mol and ≈-23 kcal/mol, respectively) compared to the other key residues. 
These interactions are contributed by the H-bond interactions between these three residues and 
the C-terminal Arg (Table 4 and Figure 9).  

Replacing the C-terminal Arg with Ala (CGNKRTA, 2) dramatically affects the affinity of 
the peptide. The free binding energy became less negative (-3.60 kcal/mol, Table 5). 
Furthermore, the MM-PBSA per residue for the peptide residue contribution (Figure 9) shows 
that the binding energy of the Ala residue is less negative (-50 kcal/mol) than the contribution 
of the Arg at the same position in the tLyp-1, indicating that the residue is affecting the 



stabilization of the interaction with the NRP-1 binding site that results in the H-bond occupancy 
to lose to half (Table 4). Similarly, replacing Lys at position 4 (CGNARTR, 5) also has a 
dominant influence on the affinity towards NRP-1 as predicted from ∆𝐺 ∗, from -14.63 ± 
0.20 kcal/mol by the native peptide to 10.96 ± 0.26 kcal/mol by the peptide analogue. In 
addition, the H-bond occupancy (Table 4) shows that the CGNARTR (5) formed H-bonds with 
very low frequency compared to tLyp-1 (CGNKRTR, 1). This, reflects the importance of Arg 
and Lys at these positions, as confirmed by the binding affinity results (IC50 for 2 was not 
determined (i.e., beyond the micromolar concentration) and for 5 is 50 M. These values are 
very high compared to the wild-type peptide, t-Lyp-1 (1, 4 M) showing marked decrease in 
activity in these analogues. All these results thus confirm the importance of CendR motif in 
peptides targeting NRP-1.  
 

 
Figure 9. Contribution of the critical peptide residues into the binding site using MM-PBSA per residue 
decomposition over the MD simulation time (69-70 ns). 

 
Mutation at positions 1 (AGNKRTR, 8), 2 (CANKRTR, 7), 3 (CGAKRTR, 6), 5 

(CGNKATR, 4), and 6 (CGNKRAR, 3) did not significantly affect the binding as the 
corresponding Ala-scan analogues can still bind to NRP-1 binding site, albeit with lower 
∆𝐺 ∗. Contrary to the experimental binding affinity results, changing Cys and Gly at the N-
terminal and position 2 do have some effects on the binding of the peptides in the b1 binding 
site of NRP-1. However, it is obvious that these peptides (CANKRTR (7) and AGNKRTR (8)) 
formed favourable interactions with the most important residue in the NRP-1 binding site 
(Asp320), as shown in Figure 8, and both analogues were found to interact with the other key 
amino acids into the binding site, albeit with low frequency (Table 4). It should be noted that 
the MM-PBSA per residue decomposition analysis was carried out with neglected entropy 
contributions to the binding free energies due to the high molecular weight of the wild-type and 
its mutated species. Therefore, the calculated energies might not significantly affect the 
outcome of the overall binding free energy.14,71,72 However, many aspects must be considered 



in future work, such as investigating the possibility of tLyp-1 and its Ala-scan analogues 
interacting with the all NRP-1 domains. 

4. Conclusion 
In this paper, we reported the molecular docking, the synthesis and in vitro binding 

affinity tests, and the MD simulation study on the interaction between tLyp-1 and its Ala–scan 
analogues on the NRP-1 receptor. The finding supports the CendR motif, in which the most 
important amino acids are the C-terminal Arg and Lys-4 in the CGNKRTR (tLyp-1) sequence. 
Replacing the C-terminal Arg was proven to be detrimental to the binding affinity of tLyp-1 on 
NRP-1. The importance of Lys at position 4 was confirmed by the MM-PBSA analysis and this 
was further reiterated with the in vitro LBA that showed an increment in the IC50 value from 4 
µM for the native peptide (CGNKRTR, tLyp-1) into 50 µM for the CGNARTR analogue, 
following substitution of Lys-4 with Ala in the sequence. Furthermore, the fact that Cys is 
inessential could be useful for future synthesis. As the fixation of this last amino acid to the 
peptide was found to be challenging, substituting this amino acid with another may be a good 
option to improve the efficiency of the peptide synthesis. The finding in this study will serve as 
a guide in the future development of tLyp-1 as a targeting agent towards NRP-1 receptor. The 
peptide may be modified and coupled with suitable molecules to be delivered to the NRP-1 
expressed cells, that will be useful in the detection and treatment of cancer via the angiogenesis 
pathway.  
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