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ABSTRACT: In this study, 36 crystal structures available with type I-V 

inhibitors of VEGFR-2 kinase in the RCSB PDB were classified into 

DFG-in/-out conformation using visual analysis and KLIFS database. The 

focus was on Type II inhibitors as most kinase inhibitors belong to this 

category. Therefore, the crystal structures with DFG-out confirmation 

with a type II inhibitor were selected depending on the resolution and r-

free value. 11 selected crystal structures were subjected to self-docking 

studies and interaction analysis, leading to the elimination of one crystal 

structure viz. PDB id 3U6J. 10 crystal structures were subjected to cross-

docking analysis. No crystal structures were eliminated at this stage as 

50% ligands were docked accurately at RMSD cut off ≤ 2Å. These 

structures were further evaluated for screening performance by 

calculation of five performance indicating terms. A rank order was 

established by performance terms. The next stage of selection was the 

calculation of enrichment factor and assessment of the number of 

chemical classes retrieved after docking of the DUD set along with 

actives. Considering the EF values and the rank order of performance 

terms; 5 crystal structures were eliminated. Lastly, advanced enrichment 

parameters such as ROC, AUC, RIE, the average number of outranked 

decoys, and BEDROC were calculated for the remaining 5 structures. 

After considering all the stages of evaluation, 4ASE was identified as the 

most suitable crystal structure. 

INTRODUCTION: Docking - based virtual 

screening (DBVS) is a method of choice for 

identification of chemically diverse hits when the 3 

dimensions (3D) structures of the target are 

available 
1
. The success of the docking-based 

virtual screening is sensitive to the choice of the 3D 

structure of the target 
2
.  
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When a limited number of crystal structures were 

available for a particular target, selection of a high-

resolution crystal structure was a method of choice 

for the selection of crystal structure 
3
.  

However, recent years have seen an explosion in 

the availability of the crystal structures of many 

“druggable” targets 
4
. It is a well-known fact that 

the crystal structure of any target in a complex with 

a bound ligand represents a confirmation of the 

target, optimally adapted to accommodate that 

particular ligand. The flexibility of the target 

protein allows the target to adopt a different 

conformation in the presence of a chemically 

diverse ligand 
5, 6

.  
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DBVS in such cases is more likely to identify more 

hits belonging to the chemical class of co-

crystallized ligand. Docking is a computationally 

intensive procedure; multiple runs of docking-

based virtual screening using multiple crystal 

structures are difficult. Selection of appropriate 

crystal structure for virtual screening assumes 

importance in such a situation.   

The vascular endothelial growth factor receptor 

type 2 (VEGFR-2), a tyrosine kinase linked 

receptor; represents one such case. It plays an 

important role in normal physiological processes 

such as cell proliferation, differentiation, migration, 

and angiogenesis, which makes VEGFR-2 an 

attractive target for cancer 
7
. VEGFR-2 exists in 

two conformations, active and inactive depending 

on the orientation of the DFG - motif of the 

activation segment. In the „DFG-in‟ or active 

conformation, the aspartate (Asp1046) residue 

orients toward the ATP binding cleft, and the 

phenylalanine (Phe1047) is buried in a hydrophobic 

pocket adjacent to the ATP site. In the „DFG-out‟ 

or inactive conformation, the flipping of the DFG 

motif causes the phenylalanine side chain to 

occupy the ATP binding cleft, thus uncovering the 

hydrophobic pocket 
7-10

. 

Different types of inhibitors occupy different sites 

and bind to a different conformation of VEGFR-2. 

Type I inhibitors bind to the DFG-in/active as well 

as DFG-out/inactive conformation of the receptor, 

whereas type II inhibitors bind to the inactive 

conformation only, thereby occupying the 

hydrophobic pocket in addition to ATP-binding 

site. Presently, most of the inhibitors of kinases 

belong to the type II category, and they impart 

selectivity as well 
11

. There are other types of 

inhibitors, such as type I1/2, which bind to an 

inactive conformation without occupying the 

hydrophobic pocket that is characteristic of Type II 

inhibitors 
12

. Type III as well as IV inhibitors, do 

not compete with ATP and bind solely to allosteric 

pockets 
13, 14

. Type V inhibitors bind to ATP-

binding site and neighboring region like the type II 

inhibitor, however, they lock the kinase in the 

DFG-in form as reported 
14

.  

There are several reports in the literature on the use 

of docking or docking-based virtual screening for 

the discovery of VEGFR-2 inhibitors 
15-18

.  

None of the studies, take the confirmation of the 

DFG motif of the activation segment into 

consideration. This conformational analysis is 

important as the binding modes for different types 

of inhibitors differ and could lead to inaccurate 

results. The present study focuses on a systematic 

approach for selection of crystal structure/s for 

docking-based virtual screening of VEGFR-2 

kinase inhibitors using Glide software with a 

special emphasis on the conformational 

complexities that are involved. 

MATERIALS AND METHODS: 

Classification and Selection of Crystal 

Structures: 36 crystal structures (resolution 1.5 - 

2.95Å) of VEGFR-2 kinase domain bound to 

inhibitors have been deposited in the RCSB Protein 

Data Bank (PDB) and listed in the KLIFS database 
19

. A series of sequential filters were applied for 

selecting the relevant crystal structures for the 

study. The first filter was selection of crystal 

structures with resolution < 2.5 Å and R-free value 

<0.25 
20, 21

. The second filter was the selection of 

only those crystal structures present in DFG-out 

conformation. These were identified on the basis of 

visual analysis and literature report. They were in 

complex with a Type II inhibitor as per literature. 

The sequential filtering procedure gave 11 crystal 

structures which were used for further study. 

Detailed Analysis of Ligand Binding Mode using 

KLIFS Database: In addition to the structural 

information, the KLIFS database also reports the 

ligand binding mode. Ligand binding mode 

includes the details on the pockets and sub-pockets 

occupied. Therefore, pocket and sub-pocket 

occupancy were studied for the 11 selected crystal 

structures using the KLIFS database 
19

. 

Receptor Preparation: 11 crystal structures (PDB 

id 1YWN, 2OH4, 3BE2, 3EWH, 3U6J, 3VHE, 

3VNT, 3VO3, 3WZE, 4ASD, and 4ASE) were 

prepared using the protein preparation workflow in 

Maestro 10.2 
24

. Hydrogen atoms were added to the 

protein structures consistent with a pH of 7.4. 

Missing residues and loops were added. Since none 

of the crystal structures had water-mediated 

protein-ligand interactions, all the water molecules 

were deleted. Hydrogen atoms were also added to 

the co-crystallized ligand molecules followed by 

the generation of energetically accessible ionization 
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and tautomeric states using Epik 3.2 
25

. The protein 

assignment program in Maestro was used to set 

terminal rotamer states for Asn, Gln automatically, 

and His as well as tautomeric and protonation states 

of His to optimize the hydrogen-bonding network 

in the complex. Besides, hydroxyl and thiol 

torsions in Cys, Ser, and Tyr were optimized. The 

optimized protein-ligand complexes were subjected 

to a restrained minimization using the Imperf tool 

available in Protein Preparation Wizard of Maestro. 

An RMSD cutoff value of 0.3 Å was used. 

Ligand Preparation: Two sets of VEGFR-2 

ligands were used in this study: (1) Co-crystallized 

ligands from the VEGFR-2 PDB complexes listed 

above were used to access the ability of each 

receptor to dock the ligands accurately in cross-

docking studies and (2) a collection of 42 VEGFR-

2 kinase inhibitors selected from the literature 
26-36

 

with IC50 values ranging from 0.035 nM to 930 nM 

belonging to diverse chemical classes were used for 

the performance indices calculation and database 

enrichment studies. The 42 VEGFR-2 kinase 

inhibitors were chosen in a manner such that most 

of the chemical classes of the type II inhibitors 

could be included. The DUD decoy set of 2906 

molecules with „„drug-like‟‟ characteristics and a 

molecular weight less than or equal to 500 was 

used for the database enrichment studies 
37

. All 

ligands were prepared using LigPrep 3.4 
38

 by 

generating low energy ionization and tautomeric 

states with a pH of 7.4. In the case of the co-

crystallized ligands and any analogs in set 2, 

chiralities were retained from the input structure. 

All molecules subjected to LigPrep 3.4 were energy 

minimized using the OPLS 2005 force field. 

Generation of Receptor Grid and Molecular 

Docking: Energy grids for docking studies were 

computed for each of the prepared protein-ligand 

complexes using default settings in the Receptor 

Grid Generation Tab in Glide 6.7 
39, 40

. The 

centroid of the co-crystallized ligand was used to 

define the center of each grid box. Default values 

were accepted for van der Waals scaling a partial 

input charges were used. Extra precision docking 

was used for docking accuracy, and standard 

precision docking runs for performance indices and 

enrichment studies, with default settings for all 

other parameters and no constraints or similarity 

scoring were applied 
39, 41

. 

Docking Accuracy and Interaction-Based 

Analysis: To assess docking accuracy, all possible 

self and cross-docking studies were carried out 

with the extra precision (XP) scoring function. The 

final docked conformation of the inhibitor was 

aligned to the original conformation, and root 

means square deviation (RMSD) was calculated. 

After performing the self-docking studies, the 

interaction-based analysis was carried out wherein 

the hydrogen bonding and the other (π-π and π-

cation as well as hydrophobic) interactions 

produced by the co-crystallized ligand after the 

self-docking studies were compared with the 

interactions reported in RCSB for that particular 

ligand. The crystal structures which did not 

reproduce hydrogen-bonding interactions were 

eliminated during self-docking studies, and 

remaining were subjected to cross-docking 
42

. 

Calculation of Screening Performance Index 

and Enrichment Studies: Docking of the set 2 

ligands (42 Type II VEGFR-2 kinase inhibitors 

mentioned earlier in the Ligand Preparation 

section) for the calculation of performance indices 

was performed on each of the 9 prepared PDB 

structures using the standard precision (SP) mode 

of Glide with default parameters into the shortlisted 

crystal structures 
39

. Following this, the docking 

performance was evaluated by calculating five 

parameters referred to as term 1-5 using the 

mathematical equations as reported in the literature 
43

. These five terms include most favorable docking 

energies, comparison of average docking energies 

of all actives with the docking energy of the best 

binder, number of actives giving favorable docking 

energies, number of actives successfully docked 

and the screening performance index (SPI).  

Docking using the standard precision (SP) mode of 

Glide 6.7 was performed on each of the shortlisted 

PDB structures. Enrichment studies involved the 

calculation of classical and advanced enrichment 

parameters after the screening of the enriched 

decoy set. Standard procedures reported in the 

literature 
44, 45

 were used for the calculation of 

enrichment factor (at 1, 2, 5, 10, and 20% of the 

ranked dataset), receiver-operating characteristic 

(ROC) curve, area under the curve, average number 

of out-ranking decoys, robust initial enhancement 

(RIE), and Boltzmann-enhanced receiver operating 

curve (BEDROC) 
44, 45

. 
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RESULTS AND DISCUSSION: 

Classification and Selection of Crystal 

Structures: The details of 36 crystal structures 

have been given in Table 1 and 2. Three filters 

were used for the selection of the crystal structures. 

TABLE 1: A LIST OF CRYSTAL STRUCTURES OF VEGFR-2 KINASE USED IN THIS STUDY WITH THEIR 

CORRESPONDING RESOLUTION, R-FREE VALUE, CHAIN, DFG-CONFORMATION AND THE TYPE OF 

INHIBITOR (I, I1/2, III, AND V) HAS BEEN PROVIDED 

S. no. PDB ID Resolution (Å) Chain R-value 

Free 

Type of 

Inhibitor 

DFG-conformation 

as per KLIFS as per a visual 

analysis 

1 1Y6A 2.10 A 0.217 I Out-like Out 

2 1Y6B 2.10 A 0.236 I Out-like Out 

3 2P2H 1.95 A 0.229 I In In 

4 2XIR 1.50 A 0.238 I1/2 Out Out 

5 3B8R 2.70 A/B 0.259 I1/2 In In 

6 3C7Q 2.10 A 0.279 I Out Out 

7 3CJF 2.15 A 0.258 I Out Out 

8 3CJG 2.25 A 0.253 I In In 
9 3VHK 2.49 A 0.262 III Out Out 

10 3VID 2.30 A 0.281 I Out Out 

11 3WZD 1.57 A 0.212 V In In 

12 4AG8 1.95 A 0.241 I1/2 Out Out 

13 4AGC 2.00 A 0.251 I1/2 Out-Like Out 

14 4AGD 2.81 A 0.307 I Out-Like Out 

TABLE 2: A LIST OF CRYSTAL STRUCTURES OF VEGFR-2 KINASE USED IN THIS STUDY IS GIVEN WITH 

THEIR CORRESPONDING RESOLUTION, R-FREE VALUE, CHAIN, DFG-CONFORMATION WITH TYPE II 

INHIBITORS HAS BEEN PROVIDED 

S. no. PDB ID Resolution (Å) Chain R-value 

Free 

Type of 

Inhibitor 

DFG-conformation 

as per KLIFS as per the visual 

analysis 

1 1YWN 1.71 A 0.230 II Not Mentioned Out 

2 2OH4 2.05 A 0.231 II Out Out 

3 2P2I 2.40 A/B 0.266 II Out Out 

4 2QU5 2.95 A 0.251 II Out Out 

5 2QU6 2.10 A/B 0.272 II Out Out 

6 2RL5 2.65 A 0.233 II Out Out 

7 3B8Q 2.75 A/B 0.276 II Out Out 

8 3BE2 1.75 A 0.226 II Out Out 

9 3CP9 2.50 A/B 0.263 II Out Out 

10 3CPB 2.70 A/B 0.286 II Out Out 

11 3CPC 2.40 A/B 0.272 II Out Out 
12 3DTW 2.90 A/B 0.279 II Out Out 

13 3EFL 2.20 A/B 0.264 II Out Out 

14 3EWH 1.60 A 0.234 II Out Out 

15 3U6J 2.15 A 0.230 II Out Out 

16 3VHE 1.55 A 0.209 II Out Out 

17 3VNT 1.64 A 0.192 II Out Out 

18 3VO3 1.52 A 0.182 II Out Out 

19 3WZE 1.90 A 0.224 II Out Out 

20 4ASD 2.03 A 0.230 II Out Out 

21 4ASE 1.83 A 0.231 II Out Out 

22 5EW3 2.50 A/B 0.254 II Out Out 
 

The first filter used was the resolution of the crystal 

structure for selecting good quality structures only. 

The limit of filter value was set to < 2.5 Å which 

resulted in the elimination of eight crystal 

structures (2QU5, 2RL5, 3B8Q, 3B8R, 3CP9, 

3CPB, 3DTW, and 4AGD). The next criterion used 

was R-free value <0.25, which led to the 

elimination of 13 crystal structures. The third 

criterion used for selecting crystal structures was 

the activation loop representing a DFG-out 

https://www.rcsb.org/structure/3C7Q
https://www.rcsb.org/structure/3CJF
https://www.rcsb.org/structure/3CJG
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confirmation with a Type II inhibitor. This 

procedure resulted in the elimination of 4 crystal 

structures (PDB ID: 1Y6A, 1Y6B, 2XIR, and 

3WZD), as these crystal structures either do not 

represent DFG-out confirmation or do not possess a 

Type II inhibitor. 11 crystal structures with PDB 

IDs 1YWN, 2OH4, 3BE2, 3EWH, 3U6J, 3VHE, 

3VNT, 3VO3, 3WZE, 4ASD, and 4ASE were 

selected for further study. 

Ligand-Binding Mode Analysis: The ligand 

binding modes of the 11 shortlisted crystal 

structures were assessed using the KLIFS database, 

as shown in Table 3.  

TABLE 3: GIVES THE DETAILS OF THE POCKET AND SUB-POCKET OCCUPANCY FOR 11 CRYSTAL 

STRUCTURES AS PER THE KLIFS DATABASE 

S. no.  PDB ID Pocket Sub-pocket 

1 1YWN front, gate, back AP, BP-IB, BP-II-out 

2 2OH4 front, gate, back AP, BP-I-B, BP-II-out, BP-III 

3 3BE2 front, gate, back AP, BP-I-A, BP-I-B, BP-II-out, BP-III, BP-V 

4 3EWH front, gate, back AP, BP-I-A, BP-I-B, BP-II-out, BP-III 

5 3U6J front, gate, back AP, BP-I-A, BP-I-B, BP-II-out, BP-III 

6 3VHE front, gate, back AP, BP-I-B, BP-II-out, BP-III 

7 3VNT front, gate, back AP, BP-I-B, BP-II-out, BP-III 

8 3VO3 front, gate, back AP, BP-I-B, BP-II-out 

9 3WZE front, gate, back AP, BP-I-B, BP-II-out, BP-III 

10 4ASD front, gate, back AP, BP-I-B, BP-II-out, BP-III 
11 4ASE front, gate, back AP, BP-I-B, BP-II-out 

 

As per the KLIFS classification of the binding site 

for kinases, a kinase inhibitor can occupy front 

cleft, gate area, and back cleft. These regions are 

further divided into the sub-pockets. The front cleft 

consists of adenine pocket (AP) and front pocket-I 

(FP-I). The front pocket-II (FP-II) occupies both 

the front cleft and part of the gate region.  The gate 

area connects the front cleft with the back cleft. 

Back pocket I-B (BP-I-B) is located in the center of 

the gate area, whereas Back pocket I-A (BP-I-A) is 

located at the top of the gate area.  

The back pockets IA and IB (BP-IA and BP-IB) are 

accessible to ligands binding to both in both DFG-

in and -out conformations of the receptor. Type II 

ligands, binding to the DFG-out conformation of 

the receptor, can access some of the additional sub-

pockets in the gate region and back cleft. This is 

due to flipping of the phenylalanine residue of 

DFG-motif. These include a large pocket back 

pocket –II out (BP-II out), back pocket III (BP-III) 

located in the basement of BP-II-out and two more 

back pockets viz. BP-IV and BP-V. This 

representation from the KLIFS database on the sub-

pocket occupancy has been provided in the 

literature 
19

. These observations highlight the 

importance of considering the conformation of 

DFG-motif as well as pocket occupancy in 

available crystal structures when selecting them for 

virtual screening experiments for a particular type 

of the inhibitor. An insight into the ligand binding 

mode for PDB ID 2OH4 shows that the ligand 

occupies AP in the front cleft along with 

interactions with the hinge region. BP-IB, BP-II 

out, and BP-II, I were occupied by the ligand in the 

gate area and the back cleft. The interactions for 

2OH4 ligand were found to be with Cys919 (hinge 

region) as well as Glu885 and Asp1046 (BP-II out). 

Similar ligand binding mode was observed in the 

case of 3VHE, 3VNT, 3WZE, and 4ASD. In crystal 

structures with PDB id 3EWH and 3U6J, the 

ligands were found to occupy the hinge region, AP, 

BP-I-A, BP-I-B, BP-II-out, and BP-III. 3BE2 

ligand occupies the hinge region, AP, BP-I-A, BP-

I-B, BP-II-out, BP-III, and BP-V. 1YWN, 4ASE, 

and 3VO3 ligands were found to occupy BP-IB and 

BP-II out.  All interactions, as observed for each 

co-crystallized ligand have been mentioned in 

Table 4. This difference in the binding mode for 

the type II inhibitors was an important factor in the 

study since the shortlisted crystal structures 

covered an entire range of possibilities for the type 

II ligand binding. 

Self-Docking, Interaction-Based, and Cross-

Docking Analysis: RMSD between a generated 

docking pose and the co-crystallized ligand 

conformation represents the most established 

benchmark for the ability of docking to predict the 

protein-bound ligand conformation 
47

. Table 5 
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summarizes the results of self-docking of all the 

cognate ligands into their native protein structures. 

10 of 11 cognate ligands had an RMSD ≤ 1Å while 

3BE2 had RMSD of 1.52. It is not only important 

that the native ligands are docked accurately, but 

also they must have a similar binding-pattern 

reproduced as they possess in their native crystal 

structure. For this purpose, an interaction-based 

analysis was conducted wherein the hydrogen 

bonds, hydrophobic interactions, π-π, and π-cation 

interactions formed by the ligand with the receptor 

in the crystal structure, were studied. This 

assessment was based on the fact 
42

 that correctly 

docked ligands will reproduce correct hydrogen-

bonding and the other interactions with the protein. 

If the hydrogen-bonding interactions were 

represented accurately, but the other interactions 

differed moderately, the docking pose was 

considered „nearly correct‟ and accepted. However, 

if the hydrogen bonding interactions were not 

reproduced, then that pose is incorrect. 11 crystal 

structures were subjected to interaction-based 

analysis. The result for interaction-based analysis 

has been given in Table 5. 1YWN, 2OH4, 3BE2, 

3VHE, 3VO3, and 4ASE; reproduced a correct 

pose. 3EWH, 3WZE, 3VNT, and 4ASD could 

reproduce a nearly correct pose. 3U6J did not 

reproduce a correct or a nearly correct pose. It was 

observed that the hydrogen bonding interactions 

with Cys919 and Asp 1046 were not reproduced for 

3U6J ligand post the self-docking study although it 

had an acceptable RMSD value of 0.26. Taking this 

into consideration, 3U6J was eliminated from the 

study at this stage.  

TABLE 4: INTERACTIONS AS OBSERVED IN THE 11 SELECTED CRYSTAL STRUCTURES DEPOSITED IN 

THE PROTEIN DATA BANK 

S. 

no. 

PDB ID Hydrogen Bonding Other interactions 

Glu 

917 

Cys 

919 

Glu 

885 

Asp 

1046 

Hydrophobic Pi-Pi and Pi-cation 

1 1YWN * * * * Val 916, Phe 918, Ile 890, Ile 1017, Leu 840  

2 2OH4  * * * Leu1035, Phe1047, Val916, Ala866, Asp1046  
3 3BE2  * * * Thr916, Phe918, Leu840, Val848, Ala866, 

Lys868, Leu889, Asp1046, Phe1047 

pi-pi (Phe1047) 

4 3EWH  * *  Thr916, Leu840, Val848, Ala866, 

Lys868, Leu889, Asp1046, Phe1047 

pi-cation (Lys868) 

pi-pi (Phe1047) 
5 3U6J  *  * Ile892, Leu1019, Phe918, Leu840, Ala866, 

Leu889, Asp1046, Phe1047 

pi-pi (Phe1047) 

6 3VHE  * * * Phe918,Val848,Cys919, Leu840, 

Ala866, Leu889, Asp1046, Phe1047, Cys1045 

 

7 3VNT  * * * Val916, Ala866 Leu889, Lys868 Cys1045, 

Leu1035 Asp1046 

pi-cation (Lys868) 

8 3VO3  * * * Ala866, Val916, Lys868, Leu1035  

9 3WZE  * * * Val848, Val916, Leu1035, Ala866, Cys1045, 
Phe1047 

 

10 4ASD  * * * Val848, Phe918, Leu1035, Ala866, Cys1045, 
Lys868 Leu840, Phe1047 

 

11 4ASE  * * * Val848, Phe918, Leu1035, Ala866, 
Cys1045, Lys868 Leu840, Phe1047 

 

* Indicates hydrogen bonding interaction was observed for a co-crystallized ligand with that particular amino acid residue.

TABLE 5: INDICATES THE RMSD VALUES FOR COGNATE LIGAND OF EACH CRYSTAL STRUCTURE 

OBTAINED AFTER SELF-DOCKING STUDIES AND DETAILS OF THE INTERACTION-BASED ANALYSIS FOR 

11 SELECTED CRYSTAL STRUCTURES 

S. no. PDB ID Self-docking RMSD H-bonding Other interactions 

1 1YWN 0.24 Reproduced Reproduced 

2 2OH4 0.21 Reproduced Reproduced 
3 3BE2 1.52 Reproduced Reproduced 

4 3EWH 0.22 Reproduced Not Reproduced 
5 3U6J 0.26 Not Reproduced Reproduced 

6 3VHE 0.23 Reproduced Reproduced 
7 3VNT 0.29 Reproduced Not Reproduced 

8 3VO3 0.18 Reproduced Reproduced 
9 3WZE 0.09 Reproduced Not Reproduced 

10 4ASD 0.29 Reproduced Not Reproduced 
11 4ASE 0.11 Reproduced Reproduced 

https://www.rcsb.org/structure/2OH4
https://www.rcsb.org/structure/3BE2
https://www.rcsb.org/structure/3EWH
https://www.rcsb.org/structure/3U6J
https://www.rcsb.org/structure/3VHE
https://www.rcsb.org/structure/3VNT
https://www.rcsb.org/structure/3VO3
https://www.rcsb.org/structure/3WZE
https://www.rcsb.org/structure/4ASD
https://www.rcsb.org/structure/4ASE
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The structures that have the best ability to dock 

non-native ligands with a lower RMSD are 

possibly are more successful in virtual screening 
47

. 

This was investigated by cross-docking studies for 

type II inhibitors of the VEGFR-2 kinase. The 

remaining 10 crystal structures were subjected to 

cross-docking studies. Each of the non-native 

ligands was docked into each of the protein 

structure and RMSD calculated. The calculated 

RMSD values for cross-docking studies are as 

shown in Table 6. The average RMSD values were 

found to be 0.52, 0.92, and 0.94 for 3EWH, 

1YWN, and 4ASE; respectively. Other crystal 

structures had average RMSD values higher than 1. 

3VHE had the highest median RMSD value while 

3EWH had the lowest. For shortlisting the crystal 

structures at this stage, the cut-off value for RMSD 

was set to value of ≤ 2Å.  3EWH could cross-dock 

all the ligands accurately at cutoff ≤ 2Å. 

Furthermore, all the crystal structures could dock at 

least 5 out of 9 non-native ligands at cutoff ≤ 2Å.  

Additionally, the performance was evaluated at 

RMSD cutoff ≤ 3Å, 4Å, and 5Å in addition to 

above mentioned one and the results have been 

given in Table 6. 3VHE was the only crystal 

structure to cross-dock at RMSD ≤ 5Å while 

2OH4, 3VNT, 3VO3, and 3WZE cross-docked 1 

ligand each at RMSD ≤ 4Å.  Since RMSD ≤ 2Å is 

most widely used cut off and as all the crystal 

structures could cross-dock more than 50% (viz. 5 

out of 9) ligands accurately at this cut off; none of 

them was eliminated at this stage. Furthermore, 

similar to self-docking, the interactions after the 

cross-docking studies were analyzed.   

A close look at the RMSD values for all the ligands 

revealed that 3BE2 and 3EWH ligands had higher 

values in most cross-docking screens. As 

mentioned earlier, only 3BE2 and 3EWH ligands 

occupied IA BP- and BP-IA and BP-V, 

respectively, in addition to the hinge region, AP, 

FP, BP-IB, BP-II out and BP-III occupied in most 

other cases. It can be presumed that 3BE2 and 

3EWH ligands result in induced fit effects such that 

they occupy these additional pockets. Thus, the use 

of other crystal structures can lead to binding of 

these ligands in a pose that is different than their 

native poses. Therefore, this could result in high 

RMSD values for these two ligands in the cross-

docking screens. To further verify that the docked 

pose for 3BE2 and 3EWH differs from the native 

one, an inspection of the interactions made by these 

ligands in the non-native crystal structures was 

undertaken. It was observed that in most of the 

cases, all the parent hydrogen bond interactions 

characteristic for the type II binding were not 

reproduced when docked into non-native structures. 

Additionally, it was observed that except for 3BE2 

ligand, either partial or complete hydrogen bond 

interactions were reproduced in all crystal 

structures.  

TABLE 6: RMSD VALUES OF THE 9 CO-CRYSTALLIZED LIGANDS IN THE CROSS-DOCKING STUDIES 

PERFORMED FOR 10 CRYSTAL STRUCTURES OF VEGFR-2 KINASE 

PDB ID 

Ligand 1YWN 2OH4 3EWH 3BE2 3VHE 3VNT 3VO3 3WZE 4ASD 4ASE 

1YWN  2.19 0.47 0.57 2.30 1.74 ND 2.40 1.46 1.79 

2OH4 0.34  0.37 1.22 1.92 0.69 0.50 0.52 0.51 0.75 

3EWH 1.33 2.34  1.33 2.55 2.76 2.64 2.30 2.52 2.51 

3BE2 0.53 3.59 1.08  4.15 3.85 3.67 3.83 2.63 1.94 

3VHE 0.89 0.37 0.35 2.05  0.40 0.36 0.33 0.45 0.40 

3VNT 2.40 0.76 0.93 0.76 2.68  0.74 0.69 0.57 0.40 

3VO3 1.23 0.37 0.27 0.21 0.49 0.13  0.36 0.24 0.29 

3WZE 0.26 0.27 0.21 1.43 0.79 0.19 0.81  0.18 0.12 

4ASD 0.51 0.33 0.19 1.43 0.72 0.34 0.44 0.67  0.23 

4ASE 0.80 0.85 0.83 1.32 0.94 0.83 0.89 0.24 0.83  
Minimum RMSD 0.26 0.27 0.19 0.57 0.49 0.13 0.36 0.24 0.18 0.12 

Maximum RMSD 2.40 3.59 1.08 1.43 4.15 3.85 3.67 3.83 2.63 2.51 

Average 

Cross-docking RMSD 

0.92 1.23 0.52 1.15 1.84 1.21 1.26 1.26 1.04 0.94 

Cross-docked at < 2Å 8 6 9 8 5 7 6 6 7 8 

Cross-docked at <3Å 1 2 0 1 3 1 1 2 2 1 

Cross-docked at < 4Å 0 1 0 0 0 1 1 1 0 0 

Cross-docked at < 5Å 0 0 0 0 1 0 0 0 0 0 

ND: Not Docked 
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Calculation of Screening Performance Index: 

Screening performance index calculations are 

based on the docking results of actives only and 

were carried out for all the 10 crystal structures, 

and results have been mentioned in Table 7. 

Calculation of term-1 was done intending to 

identifying the structure that binds ligands with the 

most favorable docking energies 
43

. These 

structures are proposed to be more likely to select 

other true actives and to reject false positives.  

In simple terms, term 1 measured how favorable 

the best docking energy within a receptor structure 

was in comparison to the best docking energies to 

all structures. The results indicated that 3WZE 

docked an active with the most favorable docking 

energy (-15.397 kcal/mol) and a term 1 value of 1 

in comparison to the 9 other crystal structures. It 

can also be seen that 1YWN had the least value for 

term 1 and it could dock an active with most 

favorable docking energy of -11.351 kcal/mol. 

TABLE 7: TERM 1, 2, 3, AND 5 VALUES OBTAINED AFTER CALCULATION FOR 10 CRYSTAL STRUCTURES 

PBD ID Lowest Docked 

Energy (kcal/mol) 

Average Docking 

Energy (kcal/mol) 

Term  

1 

Term  

2 

Term  

3 

Term 

4 

Term  

5 

Average 

Rank 

1YWN -11.350 -9.759 0.737 (10) 0.859 (2) 0.542 (1) NC 0.261 (10) 5.75 

2OH4 -14.096 -10.721 0.915 (4) 0.760 (7) 0.254 (7) NC 0.619 (3) 5.25 
3BE2 -12.339 -9.713 0.801 (9) 0.787 (5) 0.523 (2) NC 0.380 (7) 5.75 

3EWH -12.447 -10.215 0.808 (8) 0.820 (3) 0.386 (3) NC 0.357 (9) 5.75 
3VHE -12.557 -11.189 0.815 (7) 0.891 (1) 0.362 (4) NC 0.714 (1) 3.25 

3VNT -13.565 -10.773 0.881 (5) 0.794 (4) 0.295 (5) NC 0.547 (4) 4.5 
3VO3 -13.401 -9.995 0.870 (6) 0.745 (8) 0.245 (8) NC 0.380 (7) 7.25 

3WZE -15.397 -10.639 1 (1) 0.691 (10) 0.185 (10) NC 0.404 (5) 6.5 
4ASD -14.334 -10.322 0.930 (3) 0.720 (9) 0.217 (9) NC 0.404 (5) 6.5 

4ASE -14.360 -11.275 0.932 (2) 0.785 (6) 0.276 (6) NC 0.642 (2) 4 

Numbers in brackets indicate the rank obtained for that term value. NC: Not Calculated 

Term-2 and Term-3 used the average docking 

energies and the average deviation of the docking 

energies from the most favorable one to evaluate 

whether compounds other than the one with the 

most favorable docking energy also possessed 

favorable docking energies - the more compounds 

with docking energies close to the most favorable 

one the better 
43

. Comparison of average docking 

energies of all actives with the docking energy of 

the best binder (Term-2) indicated that if the 

average docking energy of all the actives to a 

crystal structure is closer to the docking energy of 

the best binder, more actives are bound with 

favorable energies to this structure, thereby 

suggesting that this structure could pick out actives 

more readily 
43

. It was observed that the term 2 

value was the maximum for 3VHE for which the 

lowest docking energy/most favorable energy and 

the average docking energies of 42 actives were -

12.557 kcal/mol and -11.189 kcal/mol, 

respectively. Likewise, the term 2 values for other 

crystal structures were found to be as follows: 

1YWN (0.859), 3EWH (0.82), 3VNT (0.794), 

3BE2 (0.787), 4ASE (0.785), 2OH4 (0.76), 3VO3 

(0.745), 4ASD (0.72), and 3WZE (0.691). 

A value nearer to 1 indicates the lesser difference 

between the lowest docking energy and the average 

energy for the 42 active compounds. Term-3 is 

qualitatively similar to Term-2 but quantitatively 

different. It is based on the rationale that if more 

actives give favorable docking energies as the best 

binder, this structure is more likely to pick out 

actives 
43

. 3BE2 had the highest value for term 3, 

while 3WZE had the least (0.185). These values 

indicate that 3BE2 is likely to pick out more actives 

and is followed by 3EWH, 3VHE, 3VNT, 4ASE, 

2OH4, 3VO3, and 4ASD. Term-4 penalized 

structures to which fewer compounds could be 

docked successfully 
43

. Term 4 was not calculated 

as all 42 actives were successfully docked into 10 

selected crystal structures, and therefore, none of 

the crystal structures could be penalized.  

The calculation of the number of actives giving 

favorable docking energies (term-5) was based on 

the assumption that if many actives can dock to a 

structure with docking energies more favorable 

than the overall average docking energies to all 

structures, this structure might be more likely to 

pick out many actives in virtual screening 
43

. The 

overall average docking energy considering 10 

structures were found to be -10.460 kcal/mol. 

During the calculations, we observed that 3VHE 

could dock 30 out of 42 actives with favorable 

energies greater than the overall average docking 
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energy (-10.460 kcal/mol). Likewise, the number of 

actives (out of 42) that could be docked with better 

energies by other crystal structures in comparison 

to overall average docking energy were as follows: 

4ASE (27), 2OH4 (26), 3VNT (23), 4ASD (17), 

3WZE  (18), 3VO3 (16), 3BE2 (16), 3EWH (15), 

and 1YWN (11). Thus, the screening performance 

index viz. term 5 was the maximum for 3VHE 

(0.71), and the other crystal structures followed in 

the same order.  

Furthermore, the crystal structures were ranked for 

their values obtained for each term so that it could 

be understood which crystal structure had better 

performance when considering all the performance 

indices. The ranking order observed based on the 

average ranks was 3VHE, 4ASE, 3VNT, 2OH4, 

1YWN, 3BE2, 3EWH, 3WZE, 4ASD, and 3VO3, 

as shown in Table 7. 

The performance indices calculations indicated the 

ability of the crystal structures to identify the 

actives. However, in the virtual screening process, 

the ability of a crystal structure to reject the false 

positives is equally important. Given this, we 

decided to subject each of these crystal structures to 

docking-based virtual screening using a decoy set 

enriched with the same 42 actives. In the next step, 

10 crystal structures were evaluated for their 

comparative ability to discriminate between active 

and inactive during docking protocol. This was 

done by use of a decoy set, which is a set of 

compounds that are presumed to be inactive. The 

largest publicly accessible database of decoys is the 

Directory of Useful Decoys, which was used in the 

present study along with 42 actives. 

Enrichment Studies: 

Calculation of Standard and Advanced 

Enrichment Parameters: Enrichment studies 

provide useful insights into the screening efficiency 

of a crystal structure. They quantify the number of 

active compounds found in the hit list, concerning 

the fraction of inactive. The success of virtual 

screening is correlated with its ability to rank the 

active compounds at high positions of the hit list 

since only the first fraction of a hit list will be 

screened experimentally. 

Enrichment Factor: The first enrichment 

parameter calculated during the enrichment studies 

was the enrichment factor at 1, 2, 5, 10, and 20% of 

the ranked data set 
44, 45

. The theoretical maximum 

enrichment factors at 1, 2, 5, 10, and 20% that 

could be obtained were 70.19, 49.97, 20.05, 9.99, 

and 5.00, respectively. The values of enrichment 

factors for 10 PDB structures are as shown in 

Table 8.  

The results of the calculation indicated that six 

PDB structures viz. 1YWN, 2OH4, 3BE2, 3EWH, 

3VHE, 3VNT, and 4ASE could produce EF1% 

greater than 50. The remaining three crystal 

structures produced EF1% values of 38.72 and 

41.15. The values of enrichment factors at 2, 5, 10, 

and 20% of the ranked dataset also showed similar 

trends with 3VO3, 3WZE, and 4ASD remaining at 

the bottom. 

TABLE 8: ENRICHMENT FACTOR VALUES CALCULATED AT VARIOUS PERCENTAGES OF THE RANKED 

DATASET FOR 10 SELECTED CRYSTAL STRUCTURES 

PDB EF1% EF2% EF5% EF10% EF20% Number of Chemical Classes in 

1% of the dataset 

1YWN 65.35 32.12 14.32 7.37 3.92 8 
2OH4 65.35 35.69 16.23 8.33 4.28 8 
3BE2 55.67 27.36 13.85 7.61 4.40 7 

3EWH 55.67 35.69 16.23 8.56 4.40 7 
3VHE 62.93 35.69 14.80 7.61 4.04 8 
3VNT 55.67 27.36 12.89 7.12 3.69 9 

3VO3 38.72 19.03 7.64 5.23 2.74 6 
3WZE 41.15 22.60 10.50 5.47 3.57 6 
4ASD 41.15 21.41 10.50 5.47 3.09 8 

4ASE 60.51 34.50 15.28 8.80 4.64 9 

Since, chemical diversity is an important aspect in 

identifying hits in virtual screening, the number of 

chemical classes to which the actives belonged was 

identified for 1% of the ranked data set.  It was 

seen that 3VNT and 4ASE identified actives 

belonging to 9 chemical classes. 1YWN, 2OH4, 

3VHE, and 4ASD could identify actives belonging 

to 8 chemical classes while 3EWH and 3BE2 

identified 7 chemical classes. The active 

compounds belonging to 6 chemical classes were 
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retrieved by 3VO3 and 3WZE. Therefore, by 

results of lower ranking in both screening 

performance and values of enrichment factors; 

3BE2, 3EWH, 3VO3, 3WZE, and 4ASD were 

eliminated from the study.  

ROC Curves: ROC curves allow a visual 

comparison of the ability of the crystal structures to 

discriminate the actives and decoys reflected in the 

form of sensitivity and specificity pairs. Fig. 1 

represents the ROC curve for 1YWN, 2OH4, 

3VHE, 3VNT, and 4ASE. Usually, the ROC curve 

representing ideal distributions will be the one 

where there is no overlap between the scores of 

active molecules and decoys. The ideal ROC curve 

continues as a horizontal straight line to the upper-

right corner where all actives and all decoys are 

retrieved, which corresponds to sensitivity = 1 and 

specificity = 0.  

In contrast to that, the ROC curve for a set of 

actives and decoys with randomly distributed 

scores tends towards the Se = 1-Sp line 

asymptotically with an increasing number of 

actives and decoys. This represents a random 

performance and is reflected as a diagonal. The 

ROC curves for all 5 crystal structures in this study 

indicated that they performed better than random 

screening. ROC curve for 4ASE depicts that the 

curve starts from the origin and closely follows the 

y-axis till the point where Se = 0.8 and after which 

it begins to drift upwards and right with subsequent 

retrieval of actives and decoys.  

 

  

  
FIG. 1: REPRESENTS ROC CURVES OBTAINED FOR 5 SELECTED CRYSTAL STRUCTURES WHERE (A) 

1YWN, (B) 2OH4, (C) 3VHE, (D) 3VNT, AND (E) 4ASE 

A 

B C 

D E 
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Following this, when the Se > 0.9 at a particular 

point, only decoys were retrieved, and hence the 

curve moved only rightwards. The remaining 

actives were retrieved after this. When the last 

activity was identified, the Se = 1 and 1-Sp was 

slightly lesser than 0.8. Likewise, the ROC curves 

were analyzed for the other 4 crystal structures.  

However, it was difficult to differentiate between 

the crystal structures using ROC curves only. 

The area under the ROC Curve: In the ROC 

context, the area under the ROC curve (AUC) 

measures the performance numerically and can 

provide insights for quantitative comparison. A 

general guide for classifying the accuracy of 

screening is as follows: 0.9≤ AUC ≤1 is excellent; 

0.80 ≤ AUC < 0.9 is good; 0.70 ≤ AUC < 0.8 is 

fair; 0.50 ≤ AUC < 0.7 is poor; and AUC < 0.5 is a 

failure 
44, 45

. AUC values have been mentioned in 

Table 9. 

TABLE 9: GIVES THE ADVANCED ENRICHMENT PARAMETER VALUES FOR 5 SELECTED CRYSTAL STRUCTURES 

Enrichment Parameters 1YWN 2OH4 3VHE 3VNT 4ASE 

AUC 0.87  

(good) 

0.94 

(excellent) 

0.87 

(good) 

0.85 

(good) 

0.95 

(excellent) 

Ave. Number of outranking decoys 375 179 366 444 158 

RIE 12.79 13.49 13.05 10.95 14.77 

BEDROC(alpha=20.0, alpha*Ra=0.2849) 0.735 0.775 0.750 0.629 0.849 

 

An Average Number of Outranking Decoys: The 

rank of each action is adjusted by the number of 

outranking actives. The number of outranking 

decoys is then defined as the adjusted rank of that 

active minus one. The number of outranking 

decoys is calculated for each docked active and 

averaged. The average number of outranking 

decoys was calculated in the same manner for the 5 

crystal structures. It was seen that this value was 

the least for 4ASE. 4ASE was followed by 2OH4, 

3VHE, 1YWN, and 3VNT, as shown in Table 9.  

From the results, it was evident that 4ASE docked 

fewer decoys higher than the actives when 

compared with other 4 crystal structures. However, 

the classical enrichment parameters such as 

enrichment factors, ROC and AUC suffer from the 

problem of “early recognition”.  

In other words, these parameters do not distinguish 

high ranked active molecules from actives ranked 

at the end of a rank-ordered list.  

In other words, two crystal structures that differ in 

the ability to rank the highest scored active 

molecules at the beginning of such an ordered list, 

but show the same enrichment for active molecules, 

would be assessed to perform equal and therefore, 

it was decided to compare them based on advanced 

enrichment parameters. Therefore, it was important 

to compare these 5 crystal structures from 

advanced enrichment descriptors such as Robust 

Initial Enhancement (RIE) and Boltzmann-

Enhanced Discrimination of ROC (BEDROC). 

Robust Initial Enhancement: RIE is an advanced 

enrichment metric which quantitatively indicates 

the ability of a ranking method to achieve a 

distribution of actives better than a method 

performing randomly. The RIE values for selected 

crystal structures which have been given in Table 

9. An RIE value of greater than 1 indicates 

performance better than random. In our study, all 

four crystal structures produced RIE greater than 

1.Since, the aim was to identify the best crystal 

structure to carry out virtual screening for type II 

VEGFR-2 inhibitors, and a crystal structure that 

performs exceptionally well will be of importance. 

4ASE had the highest RIE of 14.77, followed by 

2OH4, 3VHE, 1YWN, and 3VNT with 13.49, 

13.05, 12.79, and 10.95, respectively. 

The Boltzmann-Enhanced Discrimination of 

ROC (BEDROC): This metric is related to α-

values.  The α-value is a value that contributes to 

θ% of the total score at z% of the rank. The α-value 

of 20 indicates that 80% of the maximum 

contribution comes from the first 8% of the list, 

thereby ensuring the measurement of early 

recognition. If we keep the maximum contribution 

value to be constant at 80%, then the α-value of 20 

will indicate this contribution coming from 8% of 

the list, and for comparing any two structures an 

important criterion is αRa<< 1 
47

.  

Table 9 gives the BEDROC values for crystal 

structures under consideration. Taking into 

consideration, the criterion for αRa, BEDROC 

value was considered at α = 20 where αRa = 
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0.2849. At this stated criterion, it was found that 

BEDROC value was the maximum for 4ASE 

followed by 2OH4, 3VHE, 1YWN, and 3VNT for 

8% of the ranked data set. On the basis of results 

obtained for self- and cross-docking studies, 

interaction analysis, performance indices as well as 

classical and advanced enrichment metrics, it could 

be inferred that 4ASE performed consistently and 

was the most appropriate crystal structure for 

virtual screening of type II VEGFR-2 inhibitors.  

Comparative Analysis with Previous Studies: 

1Y6A, 2P2H, 2QU5, 2RL5, 3C7Q, 3CJG, and 

3CJF that were used in the study conducted by 

Planes as and co-workers 
17

 have not been included 

in our study after applying the selection criteria. 

PDB 1YWN was selected by them as the working 

structure after taking into account the 

crystallographic resolution and the analysis of the 

docking results obtained for each PDB, to use for 

VEGFR-2 docking-based virtual screening. 

Likewise, 1YWN was identified as one of the top 

three crystal structures by Zhang and co-workers 
18

. 

In the present study, 1YWN performed fairly but 

was not identified as the best one taking the 

conformational state and type II inhibitors into 

consideration. The conformational analysis, along 

with the type of inhibitor, is an important 

consideration in the case of kinases, as mentioned 

earlier. However, the lack of conformational 

analysis (DFG-in/out) is fairly evident in the results 

given by Zhang and co-workers 
18

. Amongst the 31 

crystal structures included in their study, 2P2H, 

3CJG, and 3B8R are present in DFG-in 

conformation. The count is given for ligands cross-

docked at RMSD ≤ 2Å for 2P2H, 3CJG, and 3B8R 

are 5, 4, and 8; respectively.  

Additionally, there are structures present in DFG-

out form but in complex with other types of 

inhibitors. The number of ligands cross-docked at 

RMSD≤ 2Å in each of these cases is as follows: 

1Y6A (4), 1Y6B (4), 3C7Q (2), 3CJF (4), 3VHK 

(6), 3VID (4), 4AGC (5) and 4AGD (1).  This 

indicates the incapability of these cavities to 

accommodate chemically diverse type II ligands. 

These results highlight the importance of 

considering the conformations in the beginning, not 

only to have the correct data being taken ahead but 

also to avoid intensive computational procedures. It 

is essential to mention that the conformational 

consideration, along with the type of inhibitors, 

will significantly change statistical RMSD results 

for all the structures in the study reported by Zhang 

and co-workers. In comparison to Zhang‟s study, 

3B8Q was eliminated at the primary stage due to its 

resolution while 3EWH was eliminated at a later 

stage owing to low performance in comparison to 

other structures as evident from enrichment factor 

and number of chemical classes retrieved. Lastly, 

in the present study, an evenhanded chance was 

given to all the structures by considering them at 

each stage and eventually eliminating the poor 

performers after the enrichment factor and 

chemical class considerations. 

CONCLUSION: A methodical study of arriving at 

the most appropriate crystal structure of VEGFR-2 

which can be used in docking-based virtual 

screening to identify Type II inhibitors was 

undertaken. The methods serially employed 

classification of crystal structures, ligand binding 

mode analysis, self-docking, interaction-based 

analysis, cross-docking, docking of known actives 

followed by calculation of screening performance 

index, docking of enriched decoy set and 

calculation of enrichment parameters; both 

classical and advanced. Taking the results of all the 

studies into consideration, it is proposed that 4ASE 

is the most promiscuous structure that can be used 

for the docking-based virtual screening studies of 

type II inhibitors. Lastly,  this work is a more 

accurate representation of a systematic approach 

that can be applied for selection of crystal structure 

for virtual screening from limitless data available in 

a protein data bank for the difficult targets (along 

with a particular type of inhibitor which is 

particularly, applicable to kinases). 
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