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ABSTRACT 

We map ligand binding sites on protein surfaces in molecular dynamics simulations using 

chlorobenzene as a probe molecule. The method was validated on four proteins. Two types of 

affinity maps that identified halogen and hydrophobic binding sites on proteins were obtained. 

Our method could prove useful for the discovery and development of halogenated inhibitors. 
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INTRODUCTION 

Halogens, especially fluorine and chlorine, are common substituents used in drug design
1
 to 

enhance binding affinity and improve pharmacokinetic properties, such as oral absorption
2
 and 

blood-brain barrier permeability.
3
 Binding affinity improvements conferred by halogenation have 

been attributed traditionally to favorable van der Waals interactions with the target protein, and 

more recently, to the formation of halogen bonds, which are highly analogous to hydrogen bonds 

in terms of strength and directionality.
4
 Halogen bonding is driven by the σ-hole,

5
 which is a 

positively charged region on the outermost part of the halogen atom along the covalent bond 

axis. Organofluorines generally do not have a σ-hole due to the high electronegativity and low 

polarizability of the fluorine atom,
6
 and so only the heavy organohalogens (organochlorines, 

organobromines and organoiodines) are able to form halogen bonds. Two types of halogen bonds 

have been observed: one involving interactions with a Lewis base, and one involving interactions 

with π-surfaces. Within a protein, a ligand not only can form halogen bonds with the backbone 

carbonyl oxygens, but also side chain groups such as hydroxyl oxygens in serine, threonine and 

tyrosine, carboxylate oxygens in aspartate and glutamate, amide oxygens in asparagine and 

glutamine, sulfurs in cysteine and methionine, nitrogens in histidine and the aromatic surfaces of 

phenylalanine, tyrosine, tryptophan and histidine.
7
 The ability of halogens to engage in such a 

multitude of ligand-protein interactions renders them very useful in rational drug design where 

several successful case studies have been reported.
8-10

 

The multiple solvent crystal structure (MSCS) method
11

 is a fragment-based experimental 

technique that uses organic solvents as probes to map ligand binding sites on proteins. X-ray 

crystal structures of a target protein are resolved in the presence of various organic solvents, 

allowing for the location and characterization of solvent binding sites that can then be 
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manipulated as putative ligand binding sites. Such experimental approaches require significant 

investment of time, energy and effort. Computational methods have the potential to mitigate such 

costs considerably. Early efforts to develop computational methods that predict binding sites 

include the GRID program by Goodford
12

 and the Multiple Copy Simultaneous Search (MCSS) 

approach,
13

 neither of which account for protein flexibility and require the binding sites to be 

already accessible on the input protein structure. The computational analog of MSCS is the 

FTMap method,
14

 which can be applied to ensembles of protein structures generated by 

molecular dynamics (MD) simulations.
15

 While this incorporates the flexibility of the apo 

protein, it is still limited by the absence of both ligand and ligand-induced protein flexibility 

during mapping. To overcome this limitation and also to better describe solvation effects, there 

have been recent efforts to develop methods that incorporate the concept of MSCS into explicit-

solvent MD simulations. Ligands selected based on their drug-like features and prevalence as 

substructures in drug molecules are introduced into protein-solvent systems to probe protein 

surfaces, yielding ligand affinity maps.
16-21

 To date, the use of aromatic, aliphatic, hydrogen 

bond donor, hydrogen bond acceptor and charged ligands as probe molecules in these approaches 

has been described; however, there has been no reported use of halogenated ligands as probes. 

In this study, we propose the use of chlorobenzene as a probe molecule in MD simulations. We 

have previously described the ligand-mapping simulation technique, in which benzene molecules 

were used as probes to successfully design a ligand to target a protein-protein interaction.
20

 

Considering the increasing importance of halogens in drug development, the ligand-mapping 

method was refined to probe for both aromatic and halogen interaction sites. Four proteins for 

which structural data on halogenated ligands is available, and which exhibit significant 
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conformational changes upon ligand binding, were chosen to validate our enhanced ligand-

mapping methodology. 

RESULTS AND DISCUSSION 

Halogenation of compounds is commonly used during the drug development process. In 

particular, chlorine is a moderate halogen bond acceptor and the C-Cl bond is relatively stable, 

which may explain why it is the most prevalent halogen among small-molecule modulators of 

protein-protein interactions,
22

 and launched drugs listed in Thomson Reuters Pharma over the 

last century.
23

 In order to explore the sites for halogen interactions, we chose chlorobenzene as 

the candidate probe so that in addition to chlorine interactions, the phenyl group of 

chlorobenzene would concurrently also be able to probe for hydrophobic binding sites. 

We chose four proteins involved in protein-protein interactions to test the ability of our method 

to reproduce experimental data: MDM2, MCL-1, interleukin-2 and Bcl-xL. These proteins have 

available structural data of halogenated ligands in the Protein Data Bank (PDB) and display 

significant conformational changes on ligand binding. In particular, some (MDM2, MCL-1, Bcl-

xL) or all (interleukin-2) of the halogen binding sites are absent in both the unbound states of 

these proteins, as well as when they are bound to their natural protein or peptide partners. The 

protein structures were specifically extracted from these complexes and used to initiate the 

ligand-mapping simulations (see Supporting Information for details), thus ensuring a rigorous 

test of the utility of our method. 

Several changes to the protocol were introduced compared to our previous study in which 

benzene was used as the probe molecule.
20

 Simulation conditions were initially refined using 

MDM2, which has the most extensive structural data of halogenated ligands among the four test 
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proteins, before extending them to the other three proteins. Chlorobenzene was used at a lower 

concentration of 0.15 M, as compared to 0.2 M for benzene, since significant aggregation of 

chlorobenzene was observed at the higher concentration. Such aggregation is undesirable 

because it lowers the effective ligand concentration and prevents thorough sampling of the 

protein surface.
17

 The lower ligand concentration necessitated an increase in the simulation 

length to 10 ns from 5 ns used previously, for better sampling. Ligand-induced denaturation of 

the target protein
24

 due to the increased simulation length was not an issue as stable trajectories 

were observed for all four proteins (Figure S1). Lastly, due to the increased lipophilicity of 

chlorobenzene compared to benzene, a lower proportion of chlorobenzenes was observed to 

remain in solution during the simulations. This necessitated the utilization of a higher cutoff 

isocontour value for visualization of the occupancy grids. This was set at five times the threshold 

bulk value, which is defined as the highest isovalue at which chlorobenzene carbon or chlorine 

atoms are respectively detected in the bulk solvent. A comparison of the aromatic carbon 

occupancy maps of MDM2 generated from benzene-mapping and chlorobenzene-mapping 

simulations showed that they concurred on the prediction of most hydrophobic binding sites 

(Figure S2). The nonconsensus sites are not known to bind any ligands. This suggests that 

chlorobenzene is a suitable replacement for benzene as a probe for hydrophobic binding sites. 

MDM2 

The MDM2-p53 interaction is one of the most studied protein-protein interactions and there is 

extensive structural data available in the PDB of MDM2 complexes. The protein structure used 

to initiate the ligand-mapping simulations was obtained from the complex of MDM2 with the 

p53 transactivation domain peptide (PDB 1YCR).
25
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Together, the various structures of MDM2 available in the PDB suggest that there are at least 

six halogen binding sites in the N-terminal domain of MDM2. Three of them correspond to the 

locations of the three p53 hot-spot residues, Phe19, Trp23 and Leu26. These sites are occupied 

by a benzodiazepinedione inhibitor (PDB 1T4E)
26

 and have been successfully mapped by the 

chlorobenzenes in our study, as shown in Figure 1a. Two other halogen binding sites are found 

adjacent to the p53 binding cleft. There are two molecules of nutlin-2 in the structure of an 

MDM2/nutlin-2 complex (PDB 1RV1),
27

 as shown in Figure 1b. One molecule is bound to the 

main p53 binding site and the other is bound, through one of its bromophenyl moieties, to a 

second nutlin interaction site; this site is occluded in the initial MDM2 structure. The chlorine 

densities coincide with the location of the bromine atom of the latter nutlin molecule, indicating 

a halogen binding site. This is stabilized by a halogen bond with the carbonyl oxygen of Tyr100. 

This second nutlin interaction site was also mapped by the carbon atoms of the chlorobenzene 

probes, indicating that it might be a potential druggable site that could be explored for ligand 

binding. The fifth detected halogen binding site is adjacent to the second nutlin interaction site. 

Similar to the observation of two nutlin binding sites in the MDM2/nutlin-2 complex structure, 

two chloroindole-based inhibitor molecules are complexed to MDM2 in the crystal structure of 

the complex (PDB 4MDQ).
28

 One is bound at the main binding cleft while the second molecule 

is bound at a site between the two nutlin interaction sites (Figure 1c). The locations of the phenyl 

and chloroindole groups of the second molecule were recapitulated by the chlorobenzene 

occupancy maps. The sixth halogen binding site is found in the vicinity of this "intermediate 

site" and is formed partially by residues 17-24 of MDM2 (PDB 4MDN).
28

 These N-terminal 

residues were absent in our input MDM2 structure and could explain why this last halogen 

binding site was not detected by the chlorobenzenes. An additional set of chlorobenzene-
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mapping simulations was initiated using this MDM2 structure to see if the last halogen binding 

site could be detected in the presence of a longer N-terminal tail. The chlorobenzene map 

generated showed distinct chlorine density close to the chloro substituent of the ligand in the 

4MDN structure (Figure S3), suggesting that a more complete MDM2 structure may be 

necessary for successful (i.e. more accurate) detection of this halogen binding site. 

Besides mapping halogen binding sites, the chlorobenzenes also found hydrophobic sites, even 

those that require significant protein conformational changes. A total of four such cryptic 

hydrophobic binding sites, which are not present in the initial MDM2 structure, were identified 

in the ligand-mapping simulations. The 'intermediate site' mentioned earlier is an extension of 

the Leu26 binding site (Figure 1c) and is one of the cryptic hydrophobic sites revealed by the 

chlorobenzene probes. Similarly, although the binding site for the hydrocarbon staple of an i, i + 

7 stapled peptide (PDB 3V3B)
29

 was not visible in the initial protein structure, the 

chlorobenzenes were able to successfully map it. (Figure 1d). In Figure 1e, the pyrrolidine 

moiety of the inhibitor (PBD 3W69)
30

 pushes against the walls of the Phe19 binding site, 

creating another hydrophobic interaction site by induced-fitting. Finally, in Figure 1f, the benzyl 

group of a morpholinone inhibitor (PDB 4JV7)
31

 engages in an edge-face π-π interaction with 

Phe55 on a shallow hydrophobic binding region that is obscured by side chains in the input 

structure. 

 

Interleukin-2 

The cytokine protein interleukin-2 (IL-2) binds to the IL-2 receptor (IL-2R) to induce T-cell 

proliferation.
32

 Small molecules have been shown to bind at two adaptive cryptic sites on IL-2 
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that are not apparent in the apo, IL-2/IL-2Rα and the complete IL-2/IL-2R complex structures 

(Figure 2a).
33-36

 These two sites have been studied by a fragment-based MD technique and 

shown to reveal themselves in the presence of a highly concentrated solution of benzenes and 

propanes.
24

 Similarly, we have mapped these two pockets with chlorobenzene probes, as shown 

by the aromatic carbon densities in Figures 2b and 2c. In addition, the chlorine densities coincide 

with the positions of two chlorine substituents in chlorinated IL-2 inhibitors (Figure 2b). There is 

good overlap between the carbon densities at the pyrazole "arm" of the inhibitors (right of Figure 

2b), but there are no carbon densities at the other end of two of the inhibitors. Experimental data 

have shown that binding affinity was enhanced when a furoic acid fragment was added, but not 

when it was replaced with a neutral phenylacetamide group.
36

 This suggests that the extension 

provides only favorable electrostatic interactions and does not actually occupy a particular 

hydrophobic binding site, which is in agreement with the lack of carbon density in the region. 

 

MCL-1 

MCL-1 is an antiapoptotic protein that suppresses apoptosis by sequestering the pro-apoptotic 

Bcl-2 family proteins
37

 and is found to be overexpressed in a variety of human cancers.
38-40

 It 

contains a hydrophobic binding groove that binds the BH3 α-helices of these proteins. BH3 helix 

mimicry has been the basis for the development of MCL-1 inhibitors to sensitize cancer cell 

apoptosis for anticancer therapy.
41

 Such efforts have led to the development of small molecules 

that bind at the BH3 binding pocket and three of them are shown in Figure 3. 

The crystal structure of MCL-1 bound to a dichlorinated compound (Figure 3a) shows that 

there are at least two halogen interaction sites within the binding cavity,
42

 the deeper of which is 
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occluded in the starting MCL-1 conformation derived from an MCL-1/Bim BH3 peptide 

complex structure (PDB 3KJ0). Both sites were successfully detected in the ligand-mapping 

simulations. One of the chlorines forms a halogen bond with the carbonyl oxygen of Ala227, 

whereas the other chlorine found at the lower part of the pocket engages in purely van der Waals 

interactions with the protein (Figure 3b). The occupancy maps also indicated chlorine density at 

one of the meta-positions of the chlorinated phenyl group (Figures 3a, b). This points to a 

possible halogen binding site, where a halogen bond could be formed with the carbonyl oxygen 

of the nearby Leu246. 

The BH3 binding pocket of MCL-1 is very deep but its full capacity is not utilized by the BH3 

peptides. The full depth of the pocket has been explored by small molecules however, as shown 

by the 4-chloro-3,5-dimethylphenyl groups of the ligands in Figures 3a and 3b and the naphthyl 

group of the ligand in Figure 3c. Significant protein backbone movements are required for the 

accommodation of these hydrophobic moieties
42, 43

 but this does not prevent the chlorobenzene 

probes from inducing these changes and reproducing the ligand interactions at the bottom of the 

pocket. 

 

Bcl-xL 

Like MCL-1, Bcl-xL is an antiapoptotic protein that neutralizes proapoptotic proteins such as 

Bax and Bak by binding to their α-helical BH3 domains. It is frequently overexpressed in cancer 

cells, leading to chemotherapy resistance.
44, 45

 The use of BH3 mimetics to inhibit its interactions 

with proapoptotic proteins is therefore of great interest in cancer therapy.
41
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There are two large binding pockets in Bcl-xL, as shown in Figure 4a. The deeper and more 

well-defined pocket is occupied by the 4-chlorophenyl group of the ligand while the shallower 

pocket is occupied by a thiophenol group. The chlorine interaction site in the deep pocket is 

occluded in the apo structures,
46-48

 as well as in the structure of the complex with the Bak peptide 

(PDB 1BXL) that was used as the initial structure for the ligand-mapping simulations. 

Nevertheless, this interaction was detected by the chlorobenzene probes, as the chlorine densities 

derived from the simulations coincide with the position of the chlorine atom in the 4-

chlorophenyl group (Figure 4a). Another chlorine interaction site was identified in the shallow 

pocket, near the meta position of the phenyl group. Currently, there is no structural data showing  

ligands engaging the shallow pocket with halogenated groups. Known Bcl-xL inhibitors having a 

similar binding mode as the ligand in Figure 4a could be modified to present a 3-chlorophenyl 

group at the shallow pocket to enhance their binding affinities. 

The compound in Figure 4b is bound to a different Bcl-xL conformation from that in Figure 

4a, but engages the same binding pockets. The benzothiazole group of the compound is shown 

fully utilizing the capacity of the deeper Bcl-xL pocket, just like the 4-chlorophenyl group in 

Figure 4a. Although the location of these two hydrophobic moieties in Bcl-xL was occluded in 

the starting structure used for the ligand-mapping simulations, chlorobenzene probes were able 

to expose them by inducing side chain movements to expand the pocket, as evidenced by the 

presence of carbon densities deep in the pocket. 

Recent crystal structures of Bcl-xL complexes reported by Brady et al.
49

 show the 

difluorophenyl groups of two benzoylurea inhibitors projecting into a previously unreported 

pocket near the BH3 binding groove (Figure 4c). This hydrophobic pocket was not detected in 

the ligand-mapping simulations; however, another halogen interaction site in Bcl-xL, as 
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indicated by the bromophenyl group of the benzoylurea inhibitor, was detected by the 

chlorobenzene probes. The structure of Bcl-xL in one of the crystal structures obtained by Brady 

et al. was compared to the Bcl-xL solution structure used for the simulations (Figure 4d). The 

most striking difference was in the position of helix α1, which was seen to undergo a significant 

conformational change between the two structures. Bcl-xL exists as a dimer in the newly 

reported crystal structures. On dimerization, a domain swap involving helix α1 occurs between 

the monomers. The original position of α1 is occupied by the helix α1 from another protein 

chain. This could possibly have altered the dynamics of the Bcl-xL subunit significantly enough 

to allow the opening of this cryptic pocket, which would otherwise remain closed in the 

monomeric state, thus explaining why it was not detected in the ligand-mapping simulations. 

 

CONCLUSION 

We have described a reliable method of mapping halogen and hydrophobic binding sites on 

protein surfaces by incorporation of chlorobenzene molecules into MD simulations. This is an 

evolution of our previous implementation of ligand-mapping simulations that used benzene 

probes,
20

 since two types of affinity maps can now be obtained in a single set of simulations. We 

have also demonstrated that the chlorobenzene probes are able to expose binding sites that are 

occluded in the input structures of four proteins involved in protein-protein interactions. Such 

sites are of utmost importance in the design of small molecule inhibitors of protein-protein 

interactions, as the target protein may appear flat and undruggable even when bound to its 

protein or peptide partner.
50

 The ensemble of simulated protein conformations with these cryptic 

sites exposed may then be used for small molecule docking in structure-based virtual screening. 
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Additionally, affinity maps obtained from ligand-mapping simulations could be used to guide the 

elaboration of fragments and hit compounds, by revealing favorable sites for the addition of 

halogens and hydrophobic groups. 

The ability of the method to reproduce known halogen binding sites in our test set of proteins 

is rather remarkable, taking into consideration the inaccuracies of the force field used to describe 

halogen bonding between chlorobenzene probes and the protein. Like all other classical force 

fields used in biomolecular modeling, the general AMBER force field (GAFF)
51

 assigns 

isotropic partial charges to atoms and does not account for the anisotropic distribution of the 

electrostatic potential on halogen atoms. Halogen atoms are usually assigned negative partial 

charges in classical force fields (Table S1), making electrostatic interactions with Lewis bases 

and π-surfaces incorrectly unfavorable. Efforts are underway to modify conventional force fields 

to account for halogen bonding.
52-55

 We believe that by demonstrating the reproduction of 

experimental data, our results could provide a platform to aid in the discovery of novel 

halogenated inhibitors and at the same time, offer optimism for the development of more 

accurate halogen-mapping strategies that incorporate modified force fields. 

 

 

 

 

 



 13 

 

Figure 1. Chlorobenzene occupancy maps (green mesh for chlorine atoms, black mesh for 

carbon atoms) overlaid on crystal structures of MDM2 complexes with a) a benzodiazepinedione 

inhibitor (PDB 1T4E), b) nutlin-2 (PDB 1RV1), c) a 6-chloroindole inhibitor (PDB 4MDQ), d) 

an i, i + 7 stapled peptide (PDB 3V3B), e) a dihydroimidazothiazole inhibitor (PDB 3W69) and 

f) a morpholinone inhibitor (PDB 4JV7). Areas of overlap between the chlorine occupancy maps 

and ligand halogen atoms are circled in red while areas of overlap between the carbon occupancy 

maps and hydrophobic moieties are circled in blue. 
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Figure 2. Small-molecule binding to IL-2. a) Small molecules from IL-2 complexes 

superimposed on IL-2 structure used for ligand-mapping simulations reveal two cryptic binding 

sites. Chlorobenzene occupancy maps (green mesh for chlorine atoms, black mesh for carbon 

atoms) overlaid on crystal structures of IL-2 complexes with b) dichlorinated compounds (PDB 

1PW6, 1PY2, 1QVN) and c) a covalently tethered small-molecule ligand (PBD 1NBP). Areas of 

overlap between the chlorine occupancy maps and ligand halogen atoms are circled in red.  
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Figure 3. Chlorobenzene occupancy maps (green mesh for chlorine atoms, black mesh for 

carbon atoms) overlaid on crystal structures of MCL-1 complexes with a) a dichlorinated 

compound (PDB 4HW2), b) monochlorinated compound (PDB 4HW3) and c) a pyrazolo[1,5-

a]pyridine derivative (PDB 3WIY). Areas of overlap between the chlorine occupancy maps and 

ligand halogen atoms are circled in red while the blue circle highlights a pocket that is not 

occupied by BH3 peptide binders of MCL-1. 
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Figure 4. Chlorobenzene occupancy maps (green mesh for chlorine atoms, black mesh for 

carbon atoms) overlaid on crystal structures of Bcl-xL complexes with a) a chlorinated inhibitor 

(PDB 2YXJ), b) a benzothiazole inhibitor (PDB 3ZLO) and c) a benzoylurea inhibitor (PDB 

4C5D). Areas of overlap between the chlorine occupancy maps and ligand halogen atoms are 

circled in red while the blue circle highlights a pocket that is not occupied by BH3 peptide 

partners of Bcl-xL. d) Comparison of the position of helix α1 in monomeric (green) and dimeric 

(orange) Bcl-xL, with the benzoylurea inhibitor (yellow sticks) superimposed. 
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