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Popular Scientific Summary 

The medicines that are commercially available in the market must go through tons of processes 

before they are ready for people to consume. Initially, molecules (later known as medicines) that 

are obtained synthetically or from different plants and animals are made to bind to different parts 

of a protein or an enzyme and the activity of that molecule is measured to be taken forward 

because medicines that give the needed activities in the body are due to binding to proteins and 

or enzymes inside the body. These binding experiments can be done virtually in computers, in 

laboratories, and in animal bodies. This project investigated the different aspects of a virtual 

method known as fragment-based virtual screening by using a technique called docking. 

 

The early investigations of the binding of a molecule to different proteins/enzymes (targets) can 

comprise of a traditional method known as high throughput screening (HTS) where several large 

molecules that are obtained from different natural or synthetic sources bind to a part of a target 

and the reading is measured in order to know how well they bind. The ones that bind well are 

taken forward to further optimize them into a medicine. There is another method of looking into 

the binding of molecules, but it starts by binding smaller-sized fragments of the total molecules 

to different parts or pockets of a protein structure rather than binding the larger obtained molecule 

as done in HTS. These fragments due to having smaller sizes, have less complexity and therefore 

can bind better in certain sub pockets than the larger compound. For example, in Lego building 

blocks, the larger the block, the harder it is to fit in a certain part, but, when it is small, it easily 

fits in a that part/pocket. So, these smaller molecules (fragments) are a good starting point for a 

chemist. But, to have the desired effect of a medicine, it needs to be of a larger size and therefore 

after obtaining certain bindable fragments, they are usually linked together and are optimized.  

 

This project generated 21 fragments of definite sizes from 4 different types of drugs that are 

commercially available. Using docking, these fragments were predicted of how strongly the 

fragments bind to their target. To evaluate how difficult would it be to find the fragments that are 

part of an optimized ligand, the docking results of the fragments were compared with results of 

the decoy compounds and are then ranked. Lastly, 3 out of 21 fragments had good docking results 

compared to the decoys and thus were identified as good starting points for the optimized ligand 

that the fragments originate from.  
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Abstract 

Fragment-based virtual screening is an in-silico method that potentially identifies new starting 

points for drug molecules and provides an inexpensive and fast exploration of the relevant 

chemical space compared to its experimental counterpart. It focuses on docking small potential 

binding fragments to a binding pocket and is used to design improved binders by growing the 

fragments or joining fragments using suitable linkers. In this project, a fragment-based virtual 

screening was evaluated by docking 21 fragments that are obtained from 4 different drugs. Here, 

the fragments were evaluated using SP score in place and SP and XP flexible docking methods 

and were compared to the results of the two decoy fragment datasets. Three of the investigated 

fragments are positioned at the top and docked with the correct poses and pockets when compared 

to the corresponding substructure in the crystal structure and thus could be considered a successful 

fragment starting points. Out of the two flexible docking methods used, the SP method provided 

additional correct poses and pockets than XP in this limited dataset. 
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Introduction 

Fragment-based screening (FBS) has been known to be quite helpful in discovering drug leads 

besides high throughput screening (HTS) and is more and more incorporated into the drug 

discovery and development process. Numerous drug candidates have been recognized by the 

fragment-based lead discovery (FBLD) and are presently being clinically tested [1]. This has 

emerged as a powerful tool recently and in some cases, it can be better than HTS for the following 

reasons. Primarily, as it screens from a few hundred to a few thousand compounds because the 

compounds (small size and fewer complexity fragments) in FBS tend to have a higher chance of 

fitting to a target-protein binding site. Then, most of the atoms in a fragment hits are part of a 

preferred protein-binding interaction turning the fragments into efficient binders [2]. Moreover, 

fragment-based drug design ventures need a lesser amount of financing in the research and 

development (R&D) sector than HTS for being relatively quick to develop drugs [3]. The example 

in the making of the first drug that is, Vemurafenib (ZelborafTM) was able to move somewhat 

faster (6 years) between the levels of R&D, is notable [4].  

When it comes to understanding fragment-based Lead discovery (FBLD), it is mainly based on 

the theory of the complexity of a molecule and also on the nature of the chemical space [5]. This 

method usually works by firstly identifying very small molecules of low complexity known as 

fragments of low molecular weight as starting points to lessen the danger of unfavorable steric 

clashes [6]. The fragments are investigated for their ability to bind to the sub pockets of a drug 

target and are then joined together or are grown to a larger and a high-affinity binding molecule 

by escalating the molecular weight and adding more complexity to it [7,8]. Furthermore, 

fragments including corresponding functional groups are also allowed to react collectively in the 

existence of the protein target for which highly potent and larger molecule is identified [1]. Some 

of the other reasons for FBS being efficient is the way of filtering out the chemical space. In FBS, 

the number of fragments that must shelter all the reasonable number of chemotypes is of a much 

lesser scale than for the drug-like compounds having a combination of numerous chemotypes. 

Thus, this method could discover new and small chemical structures that are later produced as 

high-affinity inhibitors with better selectivity and having high-quality interactions [9]. Fragments 

more or less tend to complement the different sub pockets in the binding part of the protein but 

as the fragments are smaller in molecular weight than their drug molecule, they usually bind 

weakly [1]. 

Figure 1 below exhibits a clear difference between traditional High Throughput Screening vs. 

Fragment-based screening. Here, in Figure 1A, when a library of compounds is identified, they 

are made to bind to the pockets of a definite target. Later, in the development process, the ligand 
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with the target is optimized. It also shows that it does not seem to have good efficacy or potency, 

since the drug-like compound did not seem to bind well into the pockets. On the other hand, in 

Figure 1B, the small fragments tend to fit well into the pockets of a certain target. As shown here, 

these fragments are then linked to make a bigger compound that can be improved independently 

having an enhanced potency which is not always possible for compounds during HTS methods 

[7,8].  

                                                                                                                                             

Figure 1. Traditional High Throughput Screening (A) Vs. Fragment-based Screening (B) 

 

In virtual settings for fragment-based computational methods, docking and MD simulations are 

mostly quite efficient in fragment library design [10]. Molecular docking methods attempt to 

predict the structure of an intermolecular complex made between two or more essential molecules. 

Initiated at some stage in the early 1980s, it persists to be a place of dynamic and strong research 

which is improving regularly, has become a beneficial tool in the drug discovery and development 

process [11]. They are well-organized in investigating fragments with appropriate binding mode 

and their subsequent path in reaching towards getting a lead [8]. On the other hand, the usage of 
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these virtual methods have also been sometimes questioned in the previous studies, as they often 

have docking scores that neither represent the correct binding mode nor rank the fragments 

according to affinity [12]. But, if the prediction of the fragment-protein is accurately done, 

molecular docking methods can proficiently be able to look for fragment databases where the 

orders of the magnitude are higher than those obtained by biophysical screening methods [13].  

Among the various experimental screening techniques such as mass spectrometry, X-ray 

crystallography, nuclear magnetic resonance (NMR) spectroscopy, and in-vitro bioassays. X-ray 

crystallography has become very popular in fragment-based library design. These primarily detect 

low-affinity ligands. Even though these experimental tests are quite efficient, they still have 

certain disadvantages like the high cost of experiments, low to medium throughput, the huge cost 

of instruments, and the high amount of protein and fragment concentration requirements [14]. 

These disadvantages can be reduced if instead of applying experimental methods, computational 

fragment-based screening is initially used. Nevertheless, when it comes to having a more efficient 

screening, both the experimental and computational methods are to be implemented. 

Computational methods in fragment-based design play a better role in fragment screening, library 

design, and optimization of initial hits when used together with experimental methods [14]. In the 

computational version of fragment-based screening, the fragments are docked to the binding 

pocket to the target protein, and the relative fit is evaluated using a scoring function. The predicted 

binding scored fragments can then be used to design new and high-affinity ligands by either 

growing the fragments or joining several fragments using a suitable scaffold or linker. As said 

earlier, that although the computational variant removes some of the disadvantages, it will need 

an experimental evaluation of fragment binding or compound binding but the number of 

experimental evaluations required can be much reduced due to using virtual screening methods 

as the very starting stages for drug-like compound identification.  

In this study, fragment-based virtual screening will be evaluated using docking [15] of several 

optimized fragments in Glide (Grid-Based Ligand Docking with Energetics), an application in 

the Schrodinger suite software.  

 

Aim 

The purpose of the project is to investigate the possibility and challenges of fragment-based 

virtual screening by applying docking procedures to fragments that have been acquired from 

highly optimized ligands (drugs) that are commercially available. The aim specifically is to 

investigate if the substructures (fragments) will dock in the same sub-pocket and pose as when 

incorporated in the optimized ligand.  
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Software and Databases 

Schrodinger suite (Maestro, Glide) [16–21], Protein Data Bank [22,23], R studio [24] 

 

Methods  

Protein Preparation: All the chosen proteins with an identified ligand went through a protein 

preparation [25]. The proteins were firstly preprocessed and certain actions, such as, assigning 

bond orders, adding missing hydrogen, creating zero-order bonds to metal, creating disulfide 

bonds, deleting water molecules were performed before preprocessing it. In order to review and 

modify the structures, the protein structure with the ligand was firstly properly analyzed to look 

for the unwanted water molecules, extra chains, and het groups which were all deleted [26]. For 

Celecoxib and Rofecoxib, the binding interaction taking place at a single subunit, the rest of the 

chains were removed and only one was kept for each of them which are chain C and chain B, 

respectively [27]. However, for Nelfinavir and Atorvastatin, two chains forming the active sites 

were kept which are chains A and B for both the targets [28,29]. In Atorvastatin, before beginning 

the optimization there were missing atoms in a residue and when the atoms were observed, they 

were far away from the ligand-protein interaction and as a result, were not added. All the water 

and het groups were removed from the structures except for one water molecule in Nelfinavir [30] 

and the protonation states were then generated. Afterward, the hydrogen-bonding network of the 

modified structures were optimized that re-oriented the water molecule (for Nelfinavir), the 

hydroxyl and thiol groups, imidazole ring in histidine (His) and amide groups of asparagine (Asn) 

and glutamine (Gln). It sets the protonation states of aspartic acid (Asp), glutamic acid (Glu) and 

histidine (His), and the tautomeric states of histidine by the use of PROPKA [31] pH at 7.0. In 

order to restrain the heavy atoms, these structures were then refined by minimization of the protein 

structure. Primarily for the restrained minimizations, it chooses to converge heavy atoms to 

RMSD 0.30 Å and a force field of OPLS3e [32] was chosen.  

 

Fragments Generation: Bemis-Murcko [33] method is capable of originating scaffolds from 

molecules by eliminating side-chain atoms. The fragments were generated using molecular 

frameworks of the Bemis-Murcko method that was implemented in the R studio. The whole 

process utilized an rcdk package that has been acknowledged in the script [34] where the codes 

were adjusted accordingly.  

Some other fragments outside of Bemis-Murcko fragments were included in the study by the 

addition of side chains keeping the limit of molecular weight 150-300 g/mol constant for all the 

included fragments [2].  
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The broken bonds in the generated fragments were replaced with hydrogen atoms, which were 

subjected to minimization using Macromodel and the OPLS3e force field with all other atoms 

were chose to frozen [35].  

Generation of the Decoy Datasets: A set of 441 unique fragments of molecular weight ranging 

from 32-226 g/mol (1-7 ionization/tautomer variants; 6-37 atoms) were acquired from the Glide 

fragment library of the Schrodinger suite website [21]. Altogether, the dataset (DS1) holding 667 

decoy fragments includes low-energy ionization and tautomeric states. Another set of decoy 

datasets (DS2) were compiled from emolecules [36] for each of the fragments (DS2 comprising 

around 1000 compounds for each fragment). The DS2 for each of the fragments were generated 

by a similarity search (0.55–0.65) of the fragment. The decoy fragments were exported after being 

filtered based on the molecular weight of each of the fragments (+/-50 g/mol from the MW of the 

fragment) but the decoy fragments that were not in the range of 150-300 g/mol were discarded. 

The decoy sets were prepared using LigPrep [37] and were flexibly docked by the SP method to 

their target protein [26,37]. 

Molecular Docking by SP (score in place):  

A  receptor grid of all the minimized proteins was generated in Glide and the ligand molecule was 

picked to be identified, keeping the rest of the systems unchanged [38].  

The minimized ligands were docked by score in place using the standard precision (SP) in Glide 

[16,17,20,21] with default settings [15,39,40].  

 

Docking by the Flexible methods of SP and XP: SP flexible mode was run on all the fragments. 

But firstly, the fragments were prepared for docking using LigPrep [37] and by applying OPLS3e 

force field, generating possible states at pH 7.0, tautomers with chirality was determined from the 

3D structure [37]. The prepared ligands were then docked by SP and XP methods with flexible 

ligand sampling and an output of at most 10 poses per ligands were decided on.  

 

Analyzing of Correct pose, Pocket, and Interactions: The poses, pockets of the SP and XP flexibly 

docked fragments were analyzed and compared with the crystal structure by manual inspection. 

The interactions (hydrophobic environment, hydrogen bonds, salt bridges, etc.) of the flexible 

methods were also compared to the interactions of the crystal structure by careful observation.  
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Results 

The flowchart below is a short representation of the entire process. 

 

Crystal structures of highly optimized drugs/ inhibitors were chosen  

 Fragments generation 

 

Score in Place Docking  

 

 Comparison by a Decoy set (DS1) 

Investigation of the Top 25% ranked fragments 

Comparison of the top-ranked fragments by a second decoy set (DS2) 

 

 Top 25% of the fragments obtained 

 

 SP and XP flexible Docking methods 

 

 Investigation of interactions, pockets, and poses 

 

Origin of the Fragments: Table 1 shows that 3 drug targets which are COX-2 enzymes, HIV 

protease enzymes, and the hydroxymethylglutaryl-coenzyme A (HMG-CoA) along with their 4 

ligands- Celecoxib (PDB ID: 3LN1), Rofecoxib (PDB ID: 5KIR), Nelfinavir (PDB ID: 1OHR), 

and Atorvastatin (PDB ID: 1HWK) have been chosen. The crystal structures of the ligands with 

their protein were downloaded from Protein Data Bank based on their best resolution and inhibitor 

constant (Ki). The inhibition constants for Celecoxib [41,42], Rofecoxib [42], Nelfinavir [30], 

and Atorvastatin [43] are 340 nM, 310 nM, 2 nM, and 14 nM respectively.  
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Table 1 Origin of the fragments 

Drug Targets Ligands  Structures Molecular Weight 

(g/mol) 

COX-2 enzyme  

(PDB ID: 3LN1) 

Celecoxib 

 

 

381.372 

COX-2 enzyme  

(PDB ID: 5KIR) 

Rofecoxib 

 

314 

HIV protease enzymes  

(PDB ID: 1OHR) 

 

Nelfinavir 

 

567.785 

HMG-CoA 

(PDB ID: 1HWK) 

Atorvastatin 

 

558.658 
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Generated Fragments and Docking Results:  Table 2 and Table 3 below show the scores and the 

rank of all the fragments compared with the Schrodinger decoy fragments (M.W. range 32-226 

g/mol). Fragments with scores in the top 25% of the decoy fragments were investigated further. 

Out of all the fragments that were generated, some were excluded for their criteria of molecular 

weight (range is 150-300 g/mol). There are four fragments of Celecoxib out of which the fragment 

CF3 is only included in the study, Rofecoxib has four fragments as well out of which, RF2, RF3, 

and RF4 fulfill the criteria to be incorporated in the study. Then, Nelfinavir is the largest 

compound, consisting of six fragments out of which only fragment NF2 and NF3 are included. 

Atorvastatin being the second largest compound has eight fragments out of which, fragments 

AF2, AF3, AF4, AF6, AF7, and AF8 were analyzed for this project. Supplementary Table 1 has 

all the excluded fragments with their structures and information on their molecular weight.  

 

After analyzing all the discarded fragments, side chains were added to CF1, CF2, CF4, RF1, RF4, 

NF1, and NF5 to increase the MW to obtain fragments that fulfil the criteria, and the new 

fragments are CF1a, CF2a, CF4a, RF1a, RF4a, NF1a, and NF5a and for Atorvastatin are AF9 and 

AF10.  

 

The docking score of the fragments when compared with the docking score of DS1, the fragments 

were ranked and the top 25% of the position of the fragments were considered for further 

investigation. These fragments are CF3, CF2a, and CF4a from Celecoxib, fragment RF2 and 

RF4a from Rofecoxib, fragment NF3 from Nelfinavir and AF9, and AF10 from Atorvastatin. 

Table 2 also shows that all the whole compounds were able to re-dock properly with good 

docking scores.                                             
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Table 2. Scores and ranking of fragments                                                                                                                      

 

Fragment’s 

Name 

 

Docking 

Score 

 

MW (g/mol) 

 

Figures of Fragments 

 

Position among 

the fragment 

decoys 

     

CF3  -8.243 220 

 

6/441= 1% 

Rofecoxib -9.643 314   

RF2  -8.537 236 

 

1/441 = 0% 

RF3  -6.812 160 

 

145/441= 33% 

RF4  -5.982 160 

 

304/441= 68% 

Celecoxib -10.02 381.372 
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Nelfinavir -10.958 567.785   

NF2  -4.823 153.267 

 

363/441= 80% 

NF3  -5.95 287.356 

 

108/441= 24% 

Atorvastatin -11.15 558.658   

AF2  -4.271 276.337 

 

342/441= 77% 

AF3  -4.033 276.337 

 

367/441= 83% 

AF4  -2.819 157.215 

 

439/441= 99% 

AF6  -3.054 157.215 

 

437/441= 99% 
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AF7  -3.288 251.303 

 

431/441= 97% 

AF8  -3.58 200.24 

 

414/441= 93% 

                                                                                                 

Table 3. Scores and ranking of fragments 

Fragment’s 

Name 

Docking 

Score 

MW 

(g/mol) 

Structures Position 

among the 

fragment 

decoys 

 

CF1a  -4.753 157  396/441= 89% 

CF2a  -8.118 226  9/441= 2% 

CF4a  -7.14 291  112/441= 25% 

Rofecoxib 

RF1a  -5.881 156  325/441= 73% 

Celecoxib 
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RF4a  -7.197 238  77/441= 17% 

Nelfinavir 

NF1a  -5.551 165.191  235/441= 53% 

NF5a  -5.789 282.425  176/441= 40% 

Atorvastatin 

AF9  -7.928 227.26  1/441= 0% 

AF10   -7.275 269.34  1/441= 0% 

 

Evaluation using DS2: Table 4 displays the ranking of the fragments (that were at the top 25% 

when compared to DS1). These credible fragments were evaluated by DS2. Here, the positions 

for Celecoxib fragments CF2a, CF3, CF4a are quite at the bottom of the set, whereas, for 

Rofecoxib, there is one fragment RF2 which is at the 21st position out of 835 fragments (2.5%) 

and can, therefore, be considered as a starting fragment that would have the potential to generate 

the optimized ligand that the fragment originates from. Moreover, the one fragment NF3 came 
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out at the bottom at 44% but for Atorvastatin, AF9 and AF10 were at the 1st position out of 990 

and 1012 decoys and can also be taken as initially regarded compounds. 

Table 4. Ranking of fragments when validated by DS2 

Fragment’s Name Position among the fragment decoys 

 

CF2a 1188/1191= 99% 

CF3 585/1333= 44% 

CF4a 827/1000= 83% 

Rofecoxib 

RF2 21/835= 2.5% 

RF4a 501/998= 50% 

Nelfinavir 

NF3 398/915= 44% 

Atorvastatin 

AF9 1/990= 0% 

AF10 1/1012= 0% 

 

Comparisons of Pockets and Poses: Table 5 shows the best docking scores of all the SP and XP 

docked fragments by a flexible method of ligand sampling. Here, for Celecoxib, the highest SP 

and XP docking score is for CF4a and that is -9.65 and -8.743, respectively. Rofecoxib has scores 

of -8.505 and -8.67 for RF2 which is the best score compared to other fragments for Rofecoxib. 

NF5a has a score for SP and XP are -7.278 and -6.437, respectively. For Atorvastatin, only two 

out of eight fragments (AF9 and AF10) are scored with good scores using SP and XP methods. 

For AF9, they are -8.422 and -9.652, and then, for AF10, the values are -7.567 and -9.104 

correspondingly. The bad scores obtained for many of the fragments indicate that there are 

fragments generated with low fit to the binding site. 

Celecoxib 
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Table 5. SP and XP docking scores of fragments by a flexible method  

Fragment’s Name SP Docking Score XP Docking Score 

 

CF3 -8.363 -7.799 

CF1a -7.002 -5.138 

CF2a -7.831 -7.771 

CF4a -9.65 -8.743 

Rofecoxib 

RF2 -8.505 -8.67 

RF3 -6.876 -6.297 

RF4 -6.208 -6.541 

RF1a -6.517 -5.554 

RF4a -7.804 -7.256 

Nelfinavir 

NF2 -4.425 -2.881 

NF3 -5.975 -5.598 

NF1a -6.16 -4.989 

NF5a  -7.278 -6.437 

Atorvastatin 

Celecoxib 
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AF2 -3.689 -1.659 

AF3 -3.385 -3.153 

AF4 -2.868 -1.011 

AF6 -3.292 -1.19 

AF7 -3.287 -1.896 

AF8  -3.437 -1.621 

AF9 -8.422 -9.652 

AF10 -7.567 -9.104 

 

Table 6 below shows whether the flexibly docked fragments are binding to the correct pocket 

and have the correct pose or not when compared to the crystal ligand structure. Here, SP 

performed twice as better as XP as the SP method has ten correct poses and pockets, while the 

XP method have five correct ones. The docked Fragment RF2 has the correct pocket and the 

correct pose and the other ones, CF1a, CF2a, CF3, CF4, NF1a, NF5a, AF9 and AF10 have the 

correct pockets but incorrect poses. For the XP docked fragments, AF9, AF10, CF2a, CF4a and, 

NF5a have the correct pockets and not the correct poses. Some of the fragments docked by the 

SP method (CF1a, CF3, CF4a, NF5a, AF9 and AF10) and by XP method (NF5a, AF9 and AF10) 

have almost the correct poses except there are differences of binding in only few atoms (2-4) and 

Supplementary Table 2 has all the figures. 

 

Table 6. Pockets and poses of the SP and XP flexible methods by comparing to the crystal ligand 

Fragment Name SP method XP method 

Correct pocket Correct pose Correct pocket Correct pose 

Is it a Match? 

Celecoxib 
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CF1a Yes Close No No 

CF2a Yes No Yes No 

CF3 Yes Close No No 

CF4a Yes Close Yes No 

Rofecoxib 

RF1a No No No No 

RF2 Yes Yes No No 

 

RF3 No No No No 

RF4 No No No No 

RF4a No No No No 

Nelfinavir 

NF1a Yes No No No 

NF2 No No No No 

NF3 No No No No 

NF5a Yes Close Yes Close 

Atorvastatin 

AF2 No No No No 

AF3 No No No No 



20 

AF4 No No No No 

AF6 No No No No 

AF7 No No No No 

AF8 No No No No 

AF9 Yes Close Yes Close 

AF10 Yes Close Yes Close 

 

Comparisons of the Interactions: In Figure 2, the important interactions of all the SP-docked 

fragments of all the targets are compared to the crystal structure. The fragments mostly do not 

bind to the correct poses even if they are docking to the correct pockets. Here, it shows the main 

interactions of COX-2 inhibitors are hydrophobic interactions and have hydrogen bonds when 

binding to their pockets [27]. The trifluoromethyl group that is linked to the pyrazole ring has a 

close hydrophobic cavity formed by Val102, and Leu345, and at the opposite-amide part Leu338 

has hydrophobic interactions. It also appearances the presence of three hydrogen bonds, the first 

one with one of the oxygen atoms, and then with the hydrogen atoms in the NH of the protein 

backbone of Leu338, thirdly, with the other oxygen atom with Arg499. Additionally, there is a 

pi-cation interaction of the pyrazole ring with the positively charged amino acid Arg106. When 

comparing the docked fragments with the crystal structure, the fragments had mostly different 

interactions. CF3 has no pi-cation interaction in the pyrazole ring, as seen in the crystal structure, 

with Arg106. CF4a has the pi-cation interaction with Arg106, but, with one of the phenyl rings 

instead with the pyrazole ring. The third fragment, CF2a has four hydrogen bonds instead of three 

and it has it with Ser339 and Gln178 with the amide and, one of the oxygen atoms with Phe504 

and the other with Arg499. Lastly, CF1a also has four hydrogen bonds, where the amide part is 

forming bonds with Ser399 and Leu338, and the interactions of the oxygen atoms are similar to 

the CF2a fragment. The hydrophobic interactions in the fragments are very alike to the crystal 

structure.  



21 

 

 

  

 

CF3 

Crystal Structure (2D) 

CF2a 

Crystal Structure (3D) 
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Figure 2. Common interactions of the crystal structure of Celecoxib and the SP-docked 

fragments 

 

Figure 3 shows the important interactions of the crystal structure with all the XP-docked 

fragments and they have dissimilar interactions. To begin with, there is a pi-pi stacking interaction 

in CF3 of the pyrazole ring with Tyr341 and the phenyl rings have been interacting 

hydrophobically with Leu517, Leu345, and Val102. The second fragment CF4a has similar 

hydrophobic interactions as the crystal structure but the pi-cationic interaction of the pyrazole 

ring with Arg106 is not there. CF2a has similar interaction of a pi-cation interaction like the 

crystal structure and also has the hydrogen bond interactions of the NH part with Leu338 and one 

of the oxygen atoms with Arg499. But CF2a also has two more different hydrogen bonds of the 

amide with Ser339 and one of the oxygen atoms with the backbone of Phe504. CF1a has neither 

of the interactions like the interactions of the crystal structure.  

 

CF4a 

CF1a 
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CF3 

Crystal Structure (2D) 

CF2a 

Crystal Structure (3D) 
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Figure 3. Common interactions of the crystal structure of Celecoxib and the XP-docked 

fragments 

 

Figure 4 presents the interactions of Rofecoxib with its protein and also the common and 

important interactions of the SP-docked fragments. The ligand mostly makes hydrophobic 

contacts with the enzyme like that of Celecoxib [27]. The interactions of Leu531, Tyr355, Tyr348, 

Phe518 forming a hydrophobic interaction. The two hydrogen bonds with the oxygen atoms of 

the methyl sulfone moiety are seen to take place with Arg513 and His90 [44]. When looking at 

the fragments, RF2 has similar interactions to the crystal structure and retains the hydrophobic 

interactions of Leu531, Tyr348, and Phe518. In RF3 there is a pi-pi stacking interaction of one of 

the phenyl rings with Tyr387 which is absent in the crystal structure. In RF4 there is a hydrogen 

bond with the oxygen atom attached to the heterocycle ring and Phe518. In RF4a, there is both a 

pi-pi stacking with Tyr355 and a hydrogen bond of the oxygen atom attached to the heterocycle 

ring formed with Phe518 respectively. Lastly, there are no hydrogen bonds found in RF1a.  

CF4

a 

CF1a 
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RF2 

Crystal Structure (2D) 

RF4 

Crystal Structure (3D) 
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Figure 4. Common interactions of the crystal structure of Rofecoxib and the SP-docked 

fragments 

 

Figure 5 shows the interactions of the protein with Rofecoxib along with the interactions of its 

XP-docked fragments. All the fragments have very altered interactions compared to the 

interactions in the crystal structure. The fragment RF2 docks to different hydrophobic pockets 

and has therefore hydrophobic interactions, unlike the crystal structure. The fragments RF4, 

RF1a, and RF4a have the same interactions like the SP-docked method. Finally, RF3 has the same 

hydrophobic interactions as the SP method.  
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Figure 5. Common interactions of the crystal structure of Rofecoxib and the XP-docked 

fragments 

 

Figure 6 exhibits the interactions of the third ligand, Nelfinavir together with its SP-docked posed 

fragments. In the crystal structure, there is a hydrogen bond of AspB:25 with the hydroxyl group 

and another hydrogen bond with AspA:30 with the hydroxyl group on the aromatic ring. The 

water molecule is interacting with the protein at IleA:50 and IleB:50 and also there are hydrogen 

bonds with IleA:50 and IleB:50 with the water molecule present in the protein binding with the 

oxygen atoms of the carbonyl group of the ligand. There is a salt bridge forming at AspB:25 with 

the tertiary amine group of the fragment. When it comes to the matching of the fragments with 

the crystal structure, they have different interactions. For NF3, along with recreating all the 

hydrogen bonds as the crystal structure, there is an additional hydrogen bond with the hydrogen 

atom of the amide interacting with GlyA:27. NF1a has the same interactions as NF3. In NF5a, 

rather than the hydrogen bond of the hydroxyl group with AspA:25 like the crystal structure, the 

hydrogen bonding is with Asp:25 and also the other hydrogen bond is happening with the wrong 

oxygen atoms. For NF2, two salt bridges are occurring with the tertiary amine group with 

AspA:29 and 30. There are more hydrogen bonds formed than the number of hydrogen bonds that 

are present in the crystal structure.  
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Figure 6. Common interactions of the crystal structure of Nelfinavir and the SP-docked 

fragments 

 

Figure 7 shows the interactions of Nelfinavir together with its XP-docked posed fragments. Like 

the SP-docked method, the fragments here have different interactions as well when compared to 

the crystal structure. NF3 has two hydrogen bonds like the crystal structure, firstly of the oxygen 

atom in the carbonyl group of the fragment with the water molecule interacting to IleA:50 and 

IleB:50 of the protein and the hydroxyl group with AspA:30. There is an extra hydrogen bond 

with the hydrogen atom of the amide with GlyA:27. In NF5a, rather than the hydrogen bond with 

the hydroxyl group with AspA:25 like in the crystal structure, the hydrogen bond is with Asp:25. 

In fragment NF2, there are two salt bridges happening with the tertiary amine and AspB:29 and 

30 and also another hydrogen bond at the same place with GlyB:48. Fragment NF1a shows to 

have two hydrogen bonds instead of one with the oxygen atom of the carbonyl group at AspB:29 

and 30 and the water molecule in the protein, binding to the oxygen atoms with IleA:50 is now 

interacting with the hydroxyl group attached with the aromatic ring. The other interactions are 

resembling the SP method.  
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Figure 7. Common interactions of the crystal structure of Nelfinavir and the XP-docked 

fragments 

Figure 8 demonstrates the interaction of Atorvastatin with its SP-docked fragments. The 

fragments while docking were not able to interact the same way when compared to the crystal 

structure except in fragment AF10. In the crystal structure, there are a total of six hydrogen bonds 

and one salt bridge and with the side chains, one of the hydroxyl groups H-bonds with ArgA:590 

and AspA:690. Again, with another hydroxyl group, builds hydrogen bond with LysA:691, 

GluB:559, and AsnB:755 part of the protein. A salt bridge can be seen with the negative 

carboxylate and LysA:692 part of the protein. There is another hydrogen bond between the 

carbonyl of the amide and SerB:565. While comparing, fragment AF2 has no hydrogen bond like 

the crystal structure but it is associated with another hydrogen bond of the amide and GluB:559. 

There is also a newly formed pi-cation interaction with LysA:691 with the pyrazole part of the 

ligand. AF3 has a H-bond with the amide and AsnA:658 rather than with SerB:565 like the crystal 

structure. Fragments AF4 and AF6 just have a pi-cationic interaction of the aromatic ring closer 

to the pyrazole ring with ArgA:590. Unlike the crystal structure, AF7 has a pi-cationic interaction 

of the phenyl group with ArgA:590. AF8 on the other hand, has two hydrogen bonds, one with 

the GluA:665 and another between the amide and AsnA:658. AF9 has very similar interactions 

like the whole crystal structure except there is another hydrogen bond with the oxygen atom at 

the side chain with LysB:735 and also a pi-pi stacking can be seen of the pyrazole part with 

HisB:752. Last, but not the least, AF10 has most of the identical interactions as in the crystal 

structure. 
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Figure 8. Common interactions of the crystal structure of Atorvastatin and the SP-docked 

fragments 

Figure 9 displays the interactions of Atorvastatin with its XP-docked fragments. Here, fragment 

AF2 just has a hydrogen bond with the amide and ArgA:590. AF3 has another H-bond with amide 

and GluB:559. Fragments AF4 and AF6 tend to have the same interactions as the SP method. 

AF7 just has a pi-cationic interaction of the pyrazole group with ArgA:590. AF8 on the other 

hand, has two hydrogen bonds, both with the same oxygen atoms of the carbonyl group with 

AsnA:755 and LysA:691. It moreover has a pi-pi stacking and a pi-cation interaction with 

AF8 

AF7 

AF9 

AF10 
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HisB:752 and ArgA:590 respectively. Last but not the least, AF9 and AF10 have the most similar 

interactions as the crystal structure. 
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Figure 9. Common interactions of the crystal structure of Atorvastatin and the XP-docked 

fragments 

           

Discussion 

This study applies docking methods using Glide and has evaluated the performance of fragment-

based virtual screening. Here, out of the four drug targets that were chosen, Cox-2 enzymes 

with Celecoxib and Rofecoxib were the ones to start with as they are small ligand with distinct 

fragments and have a lot of available crystal structures. With the intention to study more 

complex and larger binding pockets, dimer drug targets HIV-protease and HMG-CoA with 
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Nelfinavir and Atorvastatin, respectively, included. Celecoxib and Rofecoxib work to lessen 

pain, fever, and inflammation and are relatively smaller ligands of about a molecular weight of 

381 g/mol and 314 g/mol respectively [44]. Nelfinavir is the largest ligand selected having a 

molecular weight of about 568 g/mol and is employed in an inhibition of P-glycoprotein (P-gp) 

where, it commonly works in the therapy, care, and prevention of human immunodeficiency 

virus (HIV) infection and the acquired immunodeficiency syndrome (AIDS) [45]. Atorvastatin 

is the second-largest ligand of a molecular weight of 559 g/mol and it inhibits the production of 

abnormal cholesterol and lipid levels in the liver which ultimately reduces the risk of 

cardiovascular diseases [29]. The ligands were obtained with good resolution and inhibition 

constant and is considered to represent optimized ligands. This is in fact one of the strengths of 

the project that optimized ligands were used unlike the other FBVS methods in drug discovery 

and development projects. The obtaining of the fragments are the realistic ones as they are taken 

from the optimized ligands. Moreover, although, there were only three types of targets that were 

investigated, but the project included targets with a single and double binding interaction sites 

that has provided more information than it would have if just one type of proteins were 

considered.   

 

When the fragments of both Celecoxib and Rofecoxib were docked, it was found that, they 

mostly have hydrophobic interactions like the crystal ligand, whereas, Atorvastatin is binding 

highly to the polar linear part and most of the fragments of Nelfinavir tends to bind to a small 

hydrophobic pockets. The overall number of hydrogen bonds increase for all the fragments 

compared to the crystal ligands. It has been seen in previous studies while comparing to HTS 

libraries that the fragments are likely to be more hydrophilic than compounds [46]. 

Consequently, the likelihood of certain hydrogen bonding is greater, causing in the favorable 

binding which is enthalpy-driven [46]. The ligands were additionally chosen to get a variation 

in their properties which has the potential to give insights for the different fragments that can 

interact differently. While re-docking the fragments of Nelfinavir to its target, one water 

molecule that is part of the structure and that is making a hydrogen bond with the protein was 

kept. Rest of all the water molecules were removed from all the targets as the water molecules 

can affect the docking process [30]. The results could have been more informative if a parallel 

study was implemented in the absence or presence of certain explicit interface water molecules 

at the binding site [47]. One very specific challenge for docking studies is the positioning of 

interface water molecules that could have been lessened by the application of other docking 

software and carrying out a comparison study [48].   
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SP docking method with a score in place option was used to obtain a score by evaluating them 

to their exact position without changing the location of the fragments at all. SP and XP flexible 

methods were also run with the intention to perceive how far do the fragments deviate from 

their correct pocket and pose as when they are incorporated in a larger ligand. SP flexible 

method mostly have better scores than the SP score in place method and that might be, because, 

by the flexible methods, the fragments can be docked more freely and tend to make other 

interactions in different new sub-pockets and bind well in there. Since for most of the fragments, 

the flexible method has found other sub pockets, it would be difficult to start from the docked 

pose to develop the optimized ligand that the fragments originates from. The obtained docking 

scores represent the interaction with the target but comparison with the decoy set was essential 

because when the fragments were compared with the docking scores of a decoy set, it was 

possible to rank the position of that particular fragment and thus simulate a virtual screening 

campaign. Thus, only the top scored fragments when compared to the decoys were further 

investigated. As a result, the top-ranked fragments CF3, CF2a, RF4, RF4a, NF3, AF9, and AF10 

were taken forward for further validation by a second decoy set (DS2). According to earlier 

studies, it is known that high molecular weight compounds tend to have better interactions and 

therefore, better binding mode leading to good docking scores [49]. The second validation using 

DS2 therefore imparted more challenges to judge the fragments in a better way as the decoy 

fragments were filtered according to the molecular weight and all of them had a similarity of 

0.55-0.65 to the crystal ligand fragments. A much stricter validation step could have been 

attained if, besides the consideration of molecular weight, hydrogen bond donors, acceptors, 

number of rotatable bonds, AlogP, and PSA according to the rule of third were also taken into 

account [6]. Three fragments, RF2, AF9, and AF10 can be considered as successful starting 

fragments as they bind similarly to the crystal ligand structure. Nevertheless, experimental 

studies need to be carried out before drawing any conclusion because if the fragments would 

have too low affinity when tested, they might have been discarded even if the docking results 

were promising.  

 

While other docking applications, for example, Ligand Fit docking can be faster [40], previous 

studies have shown Glide to be a better tool and has the ability to predicting accurate poses 

when compared to GOLD, FlexX docking, and ICM (Internal Coordinate Mechanics) [40,50]. 

Nevertheless, another study concluded other docking applications like AutoDock Vina, MOE-

Dock, and GOLD predicted the best scores with the top-ranked poses [39] and performed better 

than Glide. So, the results might have been different or better and the study could have been 
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more informative and efficient if other docking programs were used. While earlier studies 

showing Glide predicting accurate poses but, there are some disadvantages that need to be 

addressed. Firstly, the fragments might not dock properly for different protein preparations and 

inclusion/exclusion of water. Then, the ring structures have had bad results until side chains 

were added. This can be due to fact that the ring structures have important substituents missing 

to interact and thus have bad results.  

 

SP was better in generating correct poses and pockets than XP method. While, Glide XP method 

has a better and a more sophisticated scoring function and applies a better extensive pose 

generation algorithm [51], but it performed worse than the SP method. One reason could be that 

XP is a much more thorough method and thus might provide a better opportunity to find good 

fragment interactions with a sub pocket that the fragment cannot bind to when incorporated in 

the optimized ligand. 

 

It appears to be difficult to assume that a fragment from an optimized ligand in general binds 

the same way as when incorporated into a larger structure. The reason can be due to the fact 

most of the fragments had smaller volumes that had missing important substituents, and the 

structures therefore might need a slight rearrangement in the binding site residues toward 

optimizing the protein-ligand interactions [51]. Another reason could be that the fragments have 

fewer interactions than the crystal ligand and hence the binding affinity of the fragments could 

be very low to bind to their sub pockets. Nonetheless, a few fragments (3 out of 21) did bind 

like the crystal structure when incorporated in a larger structure. There are a couple of probable 

reasons for that, firstly, they might have high-shape complementary to the crystal structure and, 

secondly, it matched very specifically to their target. For example, the linear part in Atorvastatin 

contributes to most of the binding to its target and due to matching very specifically, the 

fragments AF9 and AF10 comprising of the linear part have good results. So, these fragments 

(RF2, AF9 and AF10) could be considered to be fragment starting points towards the 

development of the optimized ligands they are a part of. However, it is hard to draw any 

conclusion since the study experimented with a limited number of ligands and drug targets.  

 

Conclusion 

Fragment-based virtual screening has been gaining popularity and is constantly being developed 

to contribute better in producing effective drugs. This project explored the various aspects of 

fragment-based virtual screening. Rather than starting from a large dataset of unknown 
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fragments as done in drug discovery and development programs, the project used fragments 

present in optimized ligands for evaluation of the of the method. In the end, there were three 

fragments (RF2, AF9, and AF10) from two different targets that ranked at the top position when 

compared to the decoy sets. These fragments can be assumed to be taken as starting compounds, 

that after development, the optimized ligand that the fragment originates from might have been 

obtained. There are already a couple of drugs in the clinical trial that have been evolved from 

fragments and there are challenges with FBVS but it still is a valuable tool for finding starting 

points in drug discovery.  
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Supplementary Table 1. The excluded fragments based on their molecular weight (MW) 

Fragment Name Docking 

Score 

MW 

(g/mol) 

Figures of Fragments Position 

among the 

fragment 

decoys 

Celecoxib -10.02 381.372  - 

CF1 -  78 

 

- 

CF2  -5.855 144 

 

- 

CF4  -5.375 144 

 

- 

Rofecoxib -9.643 314   

RF1  -  78 

 

- 

Nelfinavir -10.958 567.785   

NF1   - 78 

 

- 



50 

NF4  -  468.653 

 

- 

NF5  -  346.469 

 

- 

NF6   - 319.504 

 

- 

Atorvastatin -11.15 558.658   

AF1  - 78 

 

- 

AF5  -4.622 352.435 

 

- 
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Supplementary Table 2. The pockets and the poses of the SP flexible docked fragments to the 

SP score in place fragments or with the crystal structure.  

Fragments SP method XP method 

Correct pocket and Correct pose Correct pocket and Correct pose 

Celecoxib 

CF1a 

 

  

 

  

CF2a 

 

 

 

 

CF3  
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CF4a 

 
 

 
 

Rofecoxib 

RF1a 

 
  

 

RF2 
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RF3 

 
 

 
 

RF4 

 
  

 

RF4a 

 
 

 
 

Nelfinavir 
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NF1a 

 
 

 
 

NF2 

 
  

 

NF3 
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NF5a 

 
 

 
 

Atorvastatin 

AF2 

 

 

 

 

AF3 

 

 

 

 



56 

AF4 

 

 

 

 

AF6 

 

 

 

 

AF7 
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AF8 

 

 

 

 

AF9 

 

 

 

 

AF10 

 
  

 


