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ABSTRACT: The design of efficient vascular endothelial growth factor (VEGF) inhibitors is a 

high-priority research area aimed at the treatment of pathological angiogenesis. Among other 

compounds, v114* has been identified as a potent VEGF-binding peptide. In order to improve the 

affinity to VEGF, we built a conformational constrain in its structure. To this aim, Cα-

tetrasubstituted amino acid Aib was introduced into the N-terminal tail, peptide loop, or C-terminal 

helix. NMR studies confirmed the stabilization of the helical conformation in proximity to the Aib 

residue. 

We found that the induction of the N-terminal helical structure or stabilization of the C-terminal 

helix can noticeably increase the peptide affinity to the VEGF. These peptides efficiently inhibited 

VEGF-stimulated cell proliferation as well. The insertion of the non-proteinogenic Aib residue 

significantly enhanced the stability of the peptides in the vitreous environment. Thus, these Aib-

containing peptides are promising candidates for the design of VEGF inhibitors with improved 

properties. 

 

 

INTRODUCTION 

The vascular endothelial growth factor (VEGF) is one of the main regulators of the angiogenesis.1 

Unregulated expression of this protein causes proliferation and migration of the endothelial cells 

and uncontrolled growth of microvessels in various tissues (pathological angiogenesis). This 

phenomenon contributes to the pathogenesis of a number of diseases, such as tumor growth, 

psoriasis, arthritis, and age-related macular degeneration (AMD).2 The main reason of the wet form 

of AMD is the VEGF-dependent increase in vascular permeability and retinal pigment epithelial 
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detachment, which accounts for over 90% of the cases with severe visual loss with many 

complications, such as subretinal and vitreous hemorrhage, fibrosis, and scarring.3 The number of 

patients with AMD is expected to reach 288 millions worldwide in 2040.4 Though noticeable 

advances in AMD treatment have been achieved over the last years, the development of novel and 

improved therapeutic strategies remains highly requested. 

There are various possibilities to control the activity of VEGF-dependent signaling pathways: 

inhibition of the endogenous secretion of the VEGF; neutralization of the VEGF with 

oligonucleotides, antibodies, and VEGF-binding extracellular receptor domains; and the use of 

low-molecular- weight inhibitors of the VEGF receptor interaction.5,6 Among the compounds 

developed so far, antibodies and soluble receptors (decoy receptors) are the most widespread in 

AMD therapy. Bevacizumab (Avastin), ranibizumab (Lucentis), and pegaptanib (Macugen) 

injections have been used extensively in ophthalmology for AMD, diabetic retinopathy, retinal vein 

occlusions, retinopathy of prematurity, and other chorioretinal vascular disorders.7 The full-length 

soluble receptor is currently used in medicine with the name aflibercept (Eylea). Many 

attempts were made to design VEGF inhibitors based only on the binding domains of the receptor 

for the vascular endothelial growth factor (VEGFR), such as VEGF- trap (Regeneron 

Pharmaceuticals, Inc), a chimeric fusion molecule consisting of the second Ig domain of VEGFR-

1 and the third domain VEGFR-2 fused to the Fc portion of IgG1.8 Despite all the achievements in 

the treatment of AMD, the design of novel VEGF inhibitors remains a high-priority research 

area since many drawbacks are associated with the current pharmaceuticals. The anti-VEGF 

injections are given as a long-term treatment and constitute a significant burden for both patients 

and medical personnel. The fast elimination from the vitreous, suboptimal dosing frequency, and 

the risk of complications, such as endophthalmitis, uveitis, and vitreous hemorrhage, limit the 

use and the patient compliance of the existing antiangiogenic therapy.9 Effective long-acting and/or 

minimally invasive drug delivery would noticeably improve ophthalmologic therapy. 

Furthermore, as a significant fraction of the patient population responds poorly, new pharmaceutical 

options are needed. 

From this point of view, the design of small peptide VEGF inhibitors can be a promising approach 

for the development of novel pharmaceuticals with enhanced binding activity and stability for the 

treatment of VEGF-dependent diseases, including AMD.10,11 Several short peptides, which could 

interact with the VEGFR-binding surface of the VEGF with high affinity and selectivity, have been 

described.12,13 In particular, two promising cyclic helical anti-VEGF peptides v107 

(GGNEc[CDIARMWEWEC]FERL)  and  v114 (VEPNc[CDIHVMWEWEC]FERL) with KD 

values of 0.53 and 0.11 μM, respectively, were identified by the phage display technique. V114*, in 

which the methionine residue was replaced by norleucine, was able to inhibit the VEGF with a Ki as 

low as 60 nM (competitive fluorescence polarization assay). Alanine scans of v107 and v114 and “β-

scan” of v114* revealed the sites in their sequences involved in the interaction with the VEGF.14 



Despite extensive studies on peptidomi- metics based on v114*, molecules with increased affinity 

and improved VEGF inhibition properties have not been identified so far. However, it was concluded 

that the reduction of its conformational freedom and the introduction of fluorination patterns to Phe16 

may improve VEGF binding.15 

In this study, we introduced an α-aminoisobutyric acid (Aib) residue into the amino acid sequence of 

v114* in order to reduce the flexibility of the peptide. Aib, as well as many other Cα-tetrasubstituted 

α-amino acids, is known to promote highly rigid and well-developed folded structures even in the 

short peptides.16−21 The creation of such a conformational constraint can be particularly useful in the 

case of the helical peptide v114*. Moreover, the insertion of the non- proteinogenic Aib residue may 

increase the resistance to enzymatic degradation. Indeed, Aib has already been successfully exploited 

for the creation of several peptide drugs, such as semaglutide and abaloparatide.22,23 

 

RESULTS AND DISCUSSION 

We introduced the Aib residue in those sites of the v114* sequence which are not involved in the 

direct interaction with the VEGF and are not crucial for its binding. Previously, it was shown that 

v107 is strikingly amphipathic, and in the complex with the VEGF, it adopts a mixed conformation 

with the disordered N-tail (residues 1−4), type-I β-turn (residues 6−9), extended region (residues 

9−12), and C-terminal α-helix (residues 13−19) Hydrophobic Ile7, Ala8, Met10, Trp11, Trp13, 

Phe16, and Leu19 are situated at the interface with the VEGF molecule (Figure 1).24 

 

 

 

 

 

 

 

 

 

Figure 1. Structure of v107 in the VEGF-bound state and the sites in the peptide sequence suitable for Aib insertion (PDB: 1KAT). 

 

 

The similarity of the amino acid sequences of v107 and v114* allows for supposing a resemblance 

of their con- formation in the bound state. Therefore, for the modification, we selected positions 8 

and 12, where turn or helix rigidity, respectively, can increase the affinity to the VEGF (entries 3 and 

4, Table 1). 

 

Table 1. Amino Acid Sequences of v114* Analogues 



 

entry abbreviation structure 

1 v114* VEPNc[CDIHVnLWEWEC]FERL 

2 Aib2 VAibPNc[CDIHVnLWEWEC]FERL 

3 Aib8 VEPNc[CDIAibVnLWEWEC]FERL 

4 Aib12 VEPNc[CDIHVnLWAibWEC]FERL 

5 kv114* KAibKKc[CDIHVnLWEWEC]FERL 

6 sv114* c[CDIHVnLWEWEC]FERL 

7 VN VNc[CDIHVnLWEWEC]FERL 

 

We also studied the effects of N-terminal shortening (entry 6, Table 1) and Aib insertion into the N-

terminal tail (entry 2, Table 1) on peptide rigidity and VEGF binding. We have recently shown that 

the modification of the peptides with a short oligolysine sequence is a useful method for their non- 

covalent attachment and retention on the negatively charged surfaces of nanoparticles covered by a 

heparin layer.25 Oligolysines can also enhance the binding of the peptides to the negatively charged 

cell surface and increase the elimination of the complex peptide/complementary ligand from the 

extracellular space by endocytosis. Here, we extended this approach to the synthesis of anti-VEGF 

peptides. To this aim, along with the introduction of Aib, we substituted three N- terminal amino 

acids of v114* with lysines, which could also slow down the elimination of the peptide from the 

vitreous humor due to the interaction with negatively charged hyaluronic acid of the vitreous (Table 

1, entry 5). 

The preparation of the Aib-containing peptides is known to be rather complicated because of the 

steric hindrance of Aib. Therefore, the activation of its carboxylic group requires more efficient 

reagents than those commonly used. Thus, we introduced several modifications to the previously 

described procedure for the synthesis of Aib-containing analogues of v114*.14,15 In particular, Aib 

and the following amino acid were coupled by means of HATU instead of HBTU, which allowed 

completion of the reaction with good yields. Interestingly, in the case of Aib2, a deletion peptide, 

where Aib and Pro are lacking (peptide VN, Table 1), was separated as a main product. The inherent 

propensity of the -Aib-Pro- motif to form a β-turn and the easiness by which Pro adopts a cis amide 

bond promoted the well-known intramolecular cyclization to diketopiperazine upon Fmoc-cleavage 

from Aib with piperidine (Figure S1).26−28 In order to suppress this side reaction, Fmoc-removal was 

carried out in the presence of OxymaPure, which is able to protonate the forming amino group and, 

therefore, to decrease its nucleophilicity.29 Thus, after cleavage of the peptide from the solid support 

and cyclization by air oxidation in a basic aqueous solution, the target peptide was obtained with a 

good yield and purity (Table S1 and Figure S2). However, the deletion peptide VN was also included 

in the further experiments in order to study the effect of the partial shortening of the N-terminal tail 

on the VEGF binding. 
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The 3D structures of the peptides were investigated by circular dichroism (CD) spectroscopy.30 In the 

phosphate buffer (PBS) solution, the peptides adopted a mixed conformation, where the helix and 

random coil coexist, regardless of whether they contained Aib or not (Figure 2A). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. CD spectra of the peptides in PBS (A) and in methanol (B). 

In methanol, the helical structure prevailed for all peptides (Figure 2B). Indeed, in this organic 

solvent, the negative π → π* transition moves to longer wavelengths, close to the canonical 208 

nm of the α-helix, and its negative maximum at 222 nm has a stronger intensity. Kv114*, if 

compared to Aib2, had a lower tendency to assume the helical conformation, even if it had Aib in 

the same position. This is probably related to the repulsion of the three protonated N-terminal 

lysines. 

Contrary to CD spectroscopy, 2D-NMR allows us to assign the conformation of each individual 

peptide segment. Thus, more detailed information on the structure of the peptides was obtained 

from a 2D-NMR analysis. The fingerprint region of the nuclear Overhauser effect spectroscopy 

(NOESY) spectrum of v114* in the unbound state showed CαHi → NHi+2, CαHi → NHi+3 and CαHi 

→ NHi+4 cross-peaks from Cys5 to Phe16. The interactions Asp6/His8 and Cys5/Val9, as well as 

the signal arising from the proximity of Cys5 and Trp11, can be attributed to the formation of the 

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00219?fig=fig2&ref=pdf


loop at this peptide segment, followed by the C-terminal helix, the presence of which is evidenced 

by the interactions Trp13/ Phe16 and Glu14/Glu12. No proton correlations were observed in the 

N-terminal part of the peptide (Figure 3A). 

Furthermore, the amide proton region exhibited the cross- peaks characteristic of a helical 

conformation, which extended toward the C-terminal end of the peptide (Figure S6). This is in 

agreement with the literature data24 and confirms the similarity of the spatial conformations of v107 

and v114*. 

The introduction of Aib into the amino acid sequence of the parent peptide v114* drastically 

changed its secondary structure. The fingerprint region of the NOESY spectrum of Aib2 

highlighted medium-range correlations typical of the α- helix not only in the C-terminal part but 

also in the N-terminal tail, starting from Val at position 1 (Figure 3B). A similar pattern was also 

evident in the aliphatic/NH region, where a CβHi → NHi+4 correlation between Aib2 and Asp6 was 

observed along with the Aib2/Cys5 CβHi → NHi+3 cross-peak (Figure S10). At the same time, the 

fingerprint region of the peptide loop in the NOESY spectrum noticeably changed with the 

appearance of the signals due to the CαHi → NHi+3 interactions Cys5/Ile7, Asp6/Val9, Asp6/Nle10, 

and Nle10/ Glu12 and the disappearance of the long-range cross-peak Cys5/Trp11, probably 

because of the involvement of the Cys5 residue in the helix. Thus, the helix-promoting influence 

of the Aib2 residue extends up to the N-terminal part of the loop and, apparently, changes the 

conformation of its C-terminal portion to maintain the cyclic peptide structure. 

The NOESY spectrum of Aib8 showed that the Cα- tetrasubstituted Aib residue involved in the 

helical conforma- tion was in the central part of the peptide loop but maintained the vicinity of 

Cys5 to Trp11 similar to the parent peptide v114* (Figure 3C). In the aliphatic/NH region of the 

NOESY spectrum, we observed medium-range correlations from Aib8 to Glu12: two Cβ/γHi → 

NHi+3 (Aib8/Trp11 and Val9/Glu12) correlations and a CβHi → NHi+4 (Aib8/Glu12) cross-peak 

(Figure S14). Moreover, the helix-promoting effect of Aib was also seen in the N-terminal part of 

the peptide with the appearance of the signal due to the vicinity of Asn4 to Aib8. Thus, Aib seems 

to induce a helical formation rather than a simple turn in the peptide loop. 

In the fingerprint region of the NOESY spectrum of Aib12, a set of strong medium-range 

correlations from Ile7 to Cys15 could be identified. In particular, two CαHi → NHi+3 (His8/ Trp11 

and Nle10/Trp13) and two CαHi → NHi+4 (Ile7/ Trp11 and Trp11/Cys15) cross-peaks could be seen 

(Figure 3D). A medium-range interaction between Ile7 and Trp11 was also observed in the 

aliphatic/NH region (Figure S18). The amide proton region contained most of the sequential 

N−Hi→ N−Hi+1 correlations in the region comprising the segment 9−19 of Aib12, suggesting the 

presence of a stable helical conformation in this region. Similar to Aib2, no signal due to the vicinity 

of Cys5 to Trp11 was found in this case because of the involvement of Trp11 in the helical structure 

and the influence of Aib that extended up to the C-terminal part of the peptide loop. However, an 

increase in the flexibility was observed for the N-terminal segment. 

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c00219/suppl_file/jm1c00219_si_001.pdf
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Thus, NMR data confirmed the conformational constraint induced by the presence of Aib in its 

adjacent regions. In particular, stabilization of helical structures was observed in the N-terminal 

and C-terminal segments of Aib2 and Aib12, respectively, with corresponding conformational 

changes of the peptide loop to maintain the overall cyclic peptide structure. Interestingly, in the 

case of Aib8, the insertion of Aib did not lead to an increase in the turn rigidity but promoted helix 

formation in the central part of the peptide. 

To study the resistance of the peptides to the enzymatic degradation, stability in the vitreal 

environment was carried out by incubating the peptides in the porcine vitreous at 37 °C. The 

introduction of the non-proteinogenic amino acid into the structure of most peptides significantly 

increased their stability in comparison to that of the peptides containing only coded amino acids 

(Figure 4). 

The lifetime of Aib-containing peptides in the porcine vitreous increased by 7−10 times, compared 

to that of the parent peptide v114*, with the only exception of Aib12, which disappeared after 10 

days and showed to be less stable in solution than v114*.



Cytotoxicity of the peptides was evaluated by a 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay. Most of the peptides were not toxic to the ARPE-19 cells at concentrations up to 

20 μM (Figure S19). These results confirm the potential of the Aib-containing analogues of v114* as 

promising anti-VEGF compounds. 

 

Figure 3. Fingerprint region of the NOESY spectra of v114* (A), Aib2 (B), Aib8 (C), and Aib12 (D). Medium-range 

interactions are highlighted in red (CαHi → NHi+2), green (CαHi → NHi+3), and blue (CαHi → NHi+4). The cross-peak 

due to the interaction Cys5/Trp11 is evidenced in magenta. 

 

The affinity of the peptides to the VEGF was studied by means of microscale thermophoresis (MST) 

both immediately after peptide and protein mixing and after 30 min incubation of the peptide/VEGF 

mixture in order to reach the equilibrium state of the complex. MST data without incubation showed 

that complete removal of the N-terminal tail significantly reduced the ability of v114* to bind the VEGF 

(Table 2). 

However, the elimination of only glutamic acid and proline (peptide VN) led to a 2-fold increase of the 

affinity. This observation evidences the influence of the N-terminal tail despite the absence of the direct 

interaction with the VEGF, which was shown by β3-substitutions.14 The introduction of Aib into the 

peptide sequence favored VEGF binding with a corresponding KD decrease. This is in accordance with 

the hypothesis of Reille-Seroussi15 about the importance of the conformational constraint for tight VEGF 

binding. However, in the case of histidine/Aib substitution at position 8, where the parent peptide adopts 

a turn conformation, the affinity to the VEGF decreased dramatically (entry 3, Table 2). Apparently, the 

formation of the rigid helical structure instead of the turn in the peptide loop prevented its interaction 

with the VEGF. 

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c00219/suppl_file/jm1c00219_si_001.pdf
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Figure 4. Peptide stability in the porcine vitreous. The peptides were incubated with the porcine vitreous, and the stability was 

determined by measuring their concentration at different time intervals using UPLC−MS/MS. 

 

Table 2. Affinity of the Peptides to the VEGF 

 

 

entry 

 

compound 
KD, nM (no incubation)     KD, nM (with incubation) 

1 v114* 3870 ± 40 300 ± 75 

2 Aib2 2970 ± 30 4 ± 1 

3 Aib8 11800 ± 140 not determined 

4 Aib12 940 ± 20 150 ± 4 

5 kv114* 540 ± 20 3000 ± 263 

6 sv114* 9970 ± 180 not determined 

7 VN 1940 ± 40 not determined 

8 bevacizumab not determined 4 ± 1 

 

The affinity of the Aib-containing peptides that showed the strongest VEGF binding was evaluated after 

the incubation of the mixture before carrying out the MST measurement. In most of the cases, a strong 

KD decrease was observed. This can be due to the time necessary to the peptides to reach the binding 

site of the VEGF. However, in the case of kv114*, an opposite behavior was seen. Probably, the time-

dependent decrease of the affinity is caused by a conformational rearrangement of the bound peptide 

and the repulsion of the positively charged N-terminal amino groups. On the contrary, Aib2 with a 

similar structure but without N-terminal lysines showed an affinity similar to those of bevacizumab with 

the KD in the nanomolar range. 

Though the MST technique was shown to be a powerful tool for the analysis of the binding affinities, it 

cannot be applied in the live systems, where multiple interactions with cells and cell components can 

take place, thus changing the physico-chemical and biological properties of the biomolecules under 

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00219?fig=fig4&ref=pdf


study. Therefore, the results of the MST assay can differ from those obtained in the cell culture. In order 

to evaluate the VEGF signaling inhibition, the proliferation of VEGF-depend- ent human umbilical vein 

endothelial cells (HUVECs) in the presence of the peptides was studied. As a positive control, 

bevacizumab was taken also in this case (Figure 5, Table 3). 

 

 

Figure 5. Inhibition of VEGF-induced proliferation of HUVEC cells in the presence of anti-VEGF peptides. 

IC50 values for bevacizumab and v114* were 1 nM and 20 μM, respectively, which was in line with the 

results obtained by Haase et al.14 The more potent VEGF inhibition by the monoclonal antibody can be 

explained by its larger VEGF binding surface than that of the peptides. As is in the case of the MST 

assay, Aib-containing analogues displayed higher VEGF-binding activity than the parent peptide v114*, 

with an exception of Aib8, where the constrained loop is, probably, responsible for the lower VEGF 

inhibition. VN with a shortened N-tail showed stronger VEGF binding than v114*. It confirmed the 

importance of N-terminal residues for the stabilization of the conformation necessary for the interaction 

with the VEGF molecule. However, the low enzymatic stability of this peptide and that of Aib12 reduce 

their potential as VEGF inhibitors. Interestingly, kv114* displayed stronger VEGF inhibition than Aib2 

with a similar structure, probably due the interaction of the peptide or the peptide/VEGF complex with 

negatively charged cell surfaces or other cell culture components, as in the case of the oligolysine-

containing chemokine inhibitors described in our previous work.25 However, this phenomenon needs a 

more detailed inves- tigation by using, for example, fluorescently labeled peptides to study their 

distribution. Thus, among the peptides studied, conformationally constrained peptides Aib2 and kv114* 

showed both high stability in the porcine vitreous and strong VEGF binding, which proves their high 

potential for further development of efficient VEGF inhibitors. 

 

 

 

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00219?fig=fig5&ref=pdf


Table 3. VEGF-Induced Proliferation of HUVECs in the Presence of the Peptides and 
Bevacizumab 
 

entry compound IC50, μM ± SD 

1 v114* 20.0 ± 3.5 
2 Aib2 10.0 ± 1.1 
3 Aib8 50.0 ± 14.1 
4 Aib12 3.5 ± 0.7 
5 kv114* 6.0 ± 0.4 
6 sv114* 12.0 ± 5.1 
7 VN 4.0 ± 0.5 
8 bevacizumab 1 × 10−3 ± 0.086 × 10−3 

In summary, herein, we reported a series of cyclic peptides that contain Cα-tetrasubstituted amino acid 

Aib at different positions. The insertion of Aib into the structure of the parent peptide v114* generated 

a conformational constraint at the corresponding sites of the peptide sequence. We found that the 

induction of an N-terminal helical conformation or stabiliza- tion of the C-terminal helix could 

noticeably increase the affinity of these Aib-containing v114* analogues to the VEGF. In addition, the 

insertion of Aib significantly reduced the sensitivity of the peptides to the enzymatic degradation and 

enhanced their stability in the vitreous environment. Thus, these Aib-containing peptides are promising 

candidates for the design and development of the inhibitors with enhanced VEGF binding. 

EXPERIMENTAL SECTION 

Materials. Materials were purchased from the following: Iris Biotech: N,N-dimethylformamide (DMF), 

dichloromethane, N,N- diisopropylethylamine (DIPEA), trifluoroacetic acid (TFA), piper- idine, and 

Rink amide resin; Sigma Aldrich: acetonitrile for mass spectrometry (MS) (>99,9%), TFA for MS 

(>99,9%), diethyl ether, triisopropylsilane (TIS), Fmoc-Aib-OH, and ethanedithiol (EDT); Carbosynth: 

ethyl (hydroxyimino)cyanoacetate (OxymaPure), HBTU, and HATU; GL Biochem: Fmoc-Val-OH, 

Fmoc-Glu- (OtBu)-OH, Fmoc-Pro-OH, Fmoc-Asn(Trt)-OH, Fmoc-Cys(Trt)- OH, Fmoc-Asp(OtBu)-

OH, Fmoc-Ile-OH, Fmoc-His(Trt)-OH, Fmoc-Nle-OH, Fmoc-Trp(NinBoc)-OH, Fmoc-Phe-OH, Fmoc-

Arg- (Pbf)-OHand Fmoc-Leu-OH. 

Peptide Synthesis. The synthesis was carried out on an automatic peptide synthesizer Biotage 

SyroWave. Fmoc-protected Rink amide resin (250 mg; 0.65 mmol/g) was swelled in 2 mL of DMF for 

30 min, the solvent was filtered off, and the Fmoc protective group was removed with 20% piperidine 

in DMF (two cycles for 5 and 20 min). Then, the resin was washed four times with 2 mL of DMF, and 

acylation was performed. At each acylation step (1 h), 5- fold excess of protected amino acid and HBTU 

and 7-fold excess of DIPEA were used. In the case of Aib and the following amino acid, the acylation 

was performed two times with 5 equivalents of HATU and 7 equivalents of DIPEA. After each acylation, 

the resin was washed three times with 2 mL of DMF. The cycles of acylation and Fmoc deprotection 

were repeated until the desired peptide sequences were obtained. In the case of Aib2, the Fmoc removal 

from Aib was carried out with a 20% piperidine solution containing 1M Oxy- maPure. At the end of the 

synthesis, the peptides were cleaved from the resin with 3 mL of the mixture of TFA/water/TIS/EDT 

(v/v/v/v 94/2.5/1/2.5) and precipitated in 5 mL of diethyl ether. The precipitate was centrifuged and 



dried. The resulting linear peptide was dissolved in a 0.15M ammonium bicarbonate solution to a 

concentration of 1 mg/mL. The solution was stirred for several days until the disulfide bond formation 

reaction was complete [high- performance liquid chromatography−MS (HPLC−MS) monitoring]. Then, 

the pH of the resulting solution was adjusted to 2 with 1M hydrochloric acid, and the product was 

purified by preparative HPLC on an ÄKTA Pure purification system with UV detection at 224 nm using 

a C18 Jupiter column Phenomenex (21.2 × 250 mm) and eluent A: 10% acetonitrile in water with 0.1% 

TFA and eluent B: 90% acetonitrile in water with 0.1% TFA. Elution was carried out using the following 

gradient: 0 min5% eluent B, 20 min31% eluent B; 65 min38% eluent B, and 70 min95% eluent 

B. Fractions with a purity >97% were collected and lyophilized. The resulting peptides were analyzed 

by HPLC−MS (see the Supporting Information). 

HPLC−MS Analyses. HPLC−MS analyses were performed on an Agilent Technologies 1200 

instrument in tandem with an Agilent 6530 mass accuracy Q-ToF using a C18 Pore-shell column (4.6 × 

100 mm). Analytical method: eluent A: TFA/H2O 0.1% v/v; eluent B: TFA/MeCN 0.1% v/v; detection 

at 224 nm; and gradient elution: 0 min10% eluent B, 3 min10% eluent B, 33 min95% eluent B, 

and 38 min95% eluent B. 

NMR Analysis. All NMR experiments were carried out at 298 K in a 9:1 (v/v) H2O/D2O mixture 

(peptide concentration 1.2 mM) using a Bruker AVANCE Neo spectrometer operating at 600 MHz and 

the TOPSPIN software package. Water suppression was obtained through excitation sculpting.31 The 

homonuclear spectra were acquired by collecting 512 experiments consisting of 64−80 scans and 2000 

data points. The spin systems of coded amino acid residues were identified using standard DQF-COSY 

and CLEAN-TOCSY spectra.32−34 In the latter case, the spin-lock pulse sequence was 70 ms long. 

NOESY experiments were utilized for sequence-specific assignment.35 At the beginning of the 

experiments, the build-up curve of the volumes of NOE cross-peaks as a function of the mixing time 

(50−500 ms) was obtained in order to avoid the problem of spin diffusion. The mixing time of the 

NOESY experiment used for interproton distance determination was 150 ms (i.e., in the linear part of 

the NOE build- up curve). 

Circular Dichroism. CD measurements were carried out at 25 °C on a Jasco J-1500 CD spectrometer 

(JASCO, Mary’s Court Easton, MD, USA) using a Hellma quartz cuvette with an optical pathlength of 

0.1 cm in methanol and PBS at pH 7.0. The spectra were obtained in the wavelength range from 180 to 

260 nm and normalized to molar ellipticity per amino acid residue ([θ]×10−3, deg × cm2 × dmol−1 × res−1) 

using the exact peptide concentration obtained from their UV absorption at 280 nm. 

Stability of Peptides in the Vitreous Fluid. For stability studies, 10 μM peptides were mixed with the 

porcine vitreous containing 1% antibiotics (penicillin/streptomycin; Gibco) in Eppendorf tubes. Each 

time point had a designated separate tube. The tubes were incubated at 37 °C, and the stability of the 

peptides in the vitreous environment was measured by monitoring their concentrations at different times, 

using ultra-performance liquid chromatography−tandem MS (UPLC−MS/MS). 



Cytotoxicity Study. Cytotoxicity of the anti-VEGF peptides was evaluated using the MTT assay as 

previously described.36 Briefly, the cells were seeded in 96-well plates at a density of 20,000 cells per 

well in 150 μL of the cell growth medium. After overnight incubation, the cells were washed with PBS. 

Peptides at various concentrations (0.01−100 μM) in the complete cell growth medium (100 μL) were 

added to each well for incubation (5 h at 37 °C, 7% CO2). Poly-L- lysine-treated and untreated cells 

served as negative and positive controls, respectively. After incubation, the medium was aspirated, the 

cells were washed with PBS, and 150 μL of the growth medium was added to the cells. Then, the cells 

were washed with PBS after incubation for 24 h. A mixture of 90 μL of the complete growth medium 

and 10 μL of the 5 mg/ml MTT solution was added to the wells, and the plates were incubated for 4 h 

at 37 °C. After incubation, 100 μL of 10% sodium dodecyl sulfate (Merck) in 0.01 M HCl (Sigma-

Aldrich) was added to the wells to solubilize formazan crystals, followed by overnight incubation at 37 

°C. Formazan was quantified by measuring the absorbance at 570 nm using a spectral scanning 

multimode plate reader (Varioskan Flash, Thermo Scientific). Viability of the treated cells was 

compared to that of the untreated control cells. 

VEGF-Binding Activity of the Peptides. The binding affinity of peptides with the VEGF was measured 

using MST.37 The NanoTemper Monolith NT.115 Pico device (NanoTemper Tech- nologies GmbH, 

München, Germany), fluorescently labeled VEGF- RED protein with an initial concentration of 12 mM 

and Monolith NT.115 Premium capillaries, was used for the study. Binding of the label (NHS-RED) to 

the protein molecule (VEGF) was performed according to the standard protocol.38 Interaction 

measurements were performed at a constant concentration of VEGF-RED (1 nM), varying the 

concentration of the anti-VEGF peptide in the range from 50 μM to 0.5 nM. The intensity of the infrared 

(IR) laser was adjusted automatically. The peptide−VEGF interaction was detected by studying the 

change in the fluorescence of the peptide−protein complex under the influence of an IR laser, which is 

proportional to the thermophoretic mobility of the labeled protein molecules. To calculate the resulting 

curve and the standard deviation, software MO Affinity Analysis from NanoTemper was used. 

Inhibition of Cell Proliferation. HUVEC cells (VEGF-depend- ent cell line) were seeded in 96-well 

plates at a density of 25,000 cells per well in 200 μL of the cell growth medium containing recombinant 

human VEGF165 (0.5 ng/mL). After incubating the cells for 48 h, the growth medium was removed, 

and the cells were washed with PBS. The cells were incubated for another 24 h in the starvation medium 

(basal medium without VEGF and FBS). Anti-VEGF peptides in the concentration ranges 4, 20, 100, 

and 500 μM were pre-mixed with VEGF165 at a concentration of 50 ng/mL and incubated for 2 h at 

37°C. After that, the cells were treated with the peptide and VEGF mixture solution for 48 h. Cells were 

washed with PBS, and the inhibition of proliferation was measured by an MTT assay. Data were 

expressed as percent proliferation (optical density of the sample/ optical density of the control without 

the peptide) and were fitted by PRISM to yield IC50 values for the peptides. Data are represented as 

mean±standard deviation (n = 3). 

 



 

ACKNOWLEDGMENTS  

This work was financially  supported  by  Megagrant #14.W03.31.0025 of the Government of Russian 

Federation. 

ABBREVIATIONS 

Aib, α-aminoisobutyric acid; AMD, age-related macular degeneration; ARPE-19 cells, adult retinal 

pigment epithelial cell line-19; DCM, dichloromethane; DIPEA, N,N-diisopropy- lethylamine; DMF, 

N,N-dimethylformamide; EDT, ethanedi- thiol; FBS, fetal bovine serum; HATU, N-[(dimethylamino)- 

1H-1,2,3-triazolo-[4,5-b]pyridin-1-ylmethylene]-N-methylme- thanaminium hexafluorophosphate N-

oxide; HBTU, O-(ben- zotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophos- phate; HPLC, 

high-performance liquid chromatography; HUVEC, human umbilical vein endothelial cell; MST, 

microscale thermophoresis; MeCN, acetonitrile; MTT, 3- (4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide; NOESY, nuclear Overhauser effect spectroscopy; OxymaPure, ethyl 

(hydroxyimino)cyanoacetate; PBS, phosphate-buffered saline; TIS, triisopropylsilane; TFA, 

trifluoroacetic acid; UPLC−MS/MS, ultra-performance liquid chromatography− tandem mass 

spectrometry; VEGF, vascular endothelial growth factor; VEGFR, receptor for the vascular endothelial 

growth factor. 
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