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Abstract.  Halogen atoms are increasingly recognized for their ability to form non-covalent 

halogen bonds in protein–ligand complexesy. To systematically evaluate these interactions, we 

employed the DV-Xα method to calculate bond overlap populations (BOPs) in protein structures 

containing halogenated ligands. Using the Protein Data Bank, we identified thousands of entries 

with fluorine, chlorine, bromine, or iodine atoms. Structural coordinates were extracted around 

the chlorine atoms of the ligand and subjected to ab initio calculations under multiple truncation 

schemes. The findings highlight the utility of DV-Xα calculations in characterizing weak 

interactions and provide insights for future computational drug design employing halogen-

containing compounds. 
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1.   Introduction   

Many biologically active ligands, such as hormones and pharmaceuticals, contain halogen atoms. In 

biological systems, hydrogen bonds are crucial for protein conformation and interactions. Halogen 

atoms also exhibit a weaker interaction known as halogen bonds, which share similarities with hydrogen 

bonds. 

Halogen bonds have garnered significant attention as an interaction between receptor proteins and 

ligands [1][2]. A halogen bond is an interaction between a Lewis acid (the halogen atom) and a Lewis 

base, and it's particularly important when the halogen atom acts electrophilically. Conversely, halogen 
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atoms can also act nucleophilically. This diverse range of interactions stems from the charge bias 

induced by atoms covalently bonded to the halogen. Since halogen atoms aren't naturally found in the 

amino acids composing in vivo proteins, halogen bonds in proteins and other biomolecules often form 

between the oxygen atoms of protein-constituent amino acids and the halogen atoms of small molecule 

ligands. Recently, the Protein Data Bank (PDB, https://www.rcsb.org) has accumulated over 230,000 

protein X-ray crystallographic and NMR structural analysis datasets, along with more than 990,000 

protein structure prediction data from AlphaFold [3]. By leveraging these structural data to rationally 

incorporate halogen atoms into compounds, it becomes possible to effectively design drugs that utilize 

non-covalent bond to improve selectivity and binding affinity [4-14]. 

We previously conducted binding assays of environmental chemicals with proteins and evaluated its 

crystal structures. A large number of environmental chemicals contain halogen atoms [15]. While 

numerous biologically active substances, including anesthetics, psychotropic drugs, and even poisons 

like dioxin, contain fluorine or chlorine, the only naturally occurring halogen-containing compound in 

living organisms is thyroid hormone, which contains iodine [16-19]. Therefore, developing halogen (i.e, 

fluorine, chlorine, bromine, and iodine)-containing drugs could enable the design of compounds 

exhibiting novel and beneficial in vivo interactions.  

 

2.   Methods  

2.1      Searching Structures  

We searched for crystal structures registered in the Protein Data Bank (PDB) that contain a halogen 

atom in the ligand. We used the SQL search function provided by the Protein Data Bank Japan (PDBj) 

to perform the structural search [20-22]. 

First, we searched for structures where the ligand's composition included a fluorine atom using the 

SQL query: "SELECT * FROM chem_comp WHERE formula LIKE '%F%'". Because the condition 

`"formula LIKE '%F%'"$ unintentionally includes ligands with iron (Fe) in their composition, we 

removed structures whose ligands contained only iron and no fluorine from the search results. Next, we 

searched for structures where the ligand's composition included a chlorine atom using the SQL query: 

"SELECT * FROM chem_comp WHERE formula LIKE '%Cl%'". 

Then, we searched for structures where the ligand's composition included a bromine atom using the 

SQL query: "SELECT * FROM chem_comp WHERE formula LIKE '%Br%'". Finally, we searched for 

structures where the ligand's composition included an iodine atom using the SQL query: "SELECT * 

FROM chem_comp WHERE formula LIKE '%I%'". Because the condition `"formula LIKE 

'%I%'"$ unintentionally includes ligands with indium (In) or iridium (Ir) in their composition, we 

removed structures whose ligands contained only indium or iridium and no iodine from the search 

results. 

 

2.2  Preparation of Crystal Structures for Calculation 

We performed preprocessing on the crystal structures for use in subsequent calculations. First, ligands 

that did not contain halogen atoms and water molecules—which were not the subjects of the 

calculation—were removed from the structures. Since PDB crystal structures often lack hydrogen 

atoms, we created structures with added hydrogen atoms. We used the Molecular Operating 

Environment (MOE), developed by Chemical Computing Group ULC., for hydrogen addition [23]. We 

used MOE 2024.0601 for this study. Hydrogen atoms were added using MOE's Protonate3D function. 

MOE's Protonate3D function explores the most stable state from the possible hydrogen atom addition 

states of the three-dimensional structure using the Unary Quadratic Optimization algorithm. To prepare 

the structures for calculation, we extracted the amino acid residues within a 4.0 Å radius of the halogen 

atom in the ligand, ensuring that the termini of the peptide backbone were capped as amides. We 

performed this same operation at 0.5 Å intervals. 
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2.3  Evaluation of  Non-covalent bond  

Bond overlap populations (BOPs) were calculated by DV-Xα method. The BOP is an index used in 

quantum chemistry calculations to quantitatively assess the nature and strength of a specific interatomic 

bond within a molecule. This value is calculated based on the overlap integral of the Atomic Orbitals 

(AO) that constitute the Molecular Orbitals (MO), as well as the contribution (coefficients) of each AO 

to the MOs.  The total bond overlap population between atoms A and B, is obtained by summing these 

values over all pairs of AOs on atom A and AOs on atom B. We performed a first-principles calculation 

based on the DV-Xα method on the prepared structures to calculate the BOP [24].  

 

3.   Results and Discussion 

3.1.   Detabase Search 

We utilized the deposited protein structures to PDB database(https://www.rcsb.org) for ab initio 

calculation [3]. As of September 15, 2025, the PDB database (URL) contains 197,747 X-ray 

crystallographic structure data entries and 999,251 AlphaFold-predicted structural data entries. For our 

calculations, we decided to use only the X-ray crystallographic structures. Among these structures, 

11,661 contained fluorine atoms, 28,036 contained chlorine atoms, 3,077 contained bromine atoms, and 

1,926 contained iodine atoms. Of these, the number of structures bound to DNA was 196 for fluorine-

containing, 20 for chlorine-containing, 231 for bromine-containing, and 57 for iodine-containing cases. 

In addition, there were 100 structural data entries in which fluorine atoms, 20,114 entries in which 

chlorine atoms, 706 entries in which bromine atoms, and 1,222 entries in which iodine atoms were 

considered to be present as counterions (Table 1). In this study, we focused on the structure of the 

estrogen receptor, a female hormone receptor that has been attracting attention as a target of 

environmental chemicals. Among environmental chemicals, bisphenol A is widely used as a raw 

material for plastics, and its safety has raised considerable concern. Consequently, various derivatives 

of bisphenol A have been employed, one of which is bisphenol C, a compound containing chlorine 

atoms. The estrogen receptor (ER), which is a receptor for the female hormone estrogen, has in two 

isoforms: the ERα and the ERβ. We identified the crystal structure of ERα bound to bisphenol C, which 

is deposited under PDB ID: 3UUC [25][26]. This structure was selected for further use in our calculations. 

 

Table 1. The number of protein crystal structures containing halogen atoms 

 

3.2.   Extraction of Structural Coordinates 

For the ab initio calculations, we first determined the coordinates to be used. Because employing the 

coordinates of the entire protein structure would be computationally expensive, we chose to use only 

the coordinates surrounding the chlorine atom. We have previously examined which range of atoms 

should be extracted, and in this study, we followed the same procedure [27]. We utilized the crystal 

structure of the bisphenol C-bound ERα ligand-binding domain to conduct ab initio calculations aimed 

at uncovering the mechanisms linked to bisphenol C 's strong binding affinity for the ERα, which 

features two chlorine atoms. Amino acid residues in proximity to these chlorine atoms were chosen from 

the deposited structure for ab initio calculations. To enhance the accuracy of our results, we employed 

three compensatory methods for calculations involving the terminal regions. In type 1, hydrogen atoms 

were added, type 2 involved reconstructing each truncated amino acid residue as individual amino acids, 

Halogen All As counterions Bound to DNA Bound to Peptide Bound to 

Saccharide 

Fluorine 11,661 100 196 331 183 

Chlorine 28,036 20,114 20 346 41 

Bromine 3,077 706 231 87 27 

Iodine 1,926 1,222 57 118 2 
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and type 3 expanded the analyzed region to include the nitrogen atom at the i-1 position with standard 

protonation (Figure 1). We performed ab initio calculations using coordinate data ranging from 4 Å in 

0.5 Å increments for the chlorine atoms of bisphenol C in the protein complex under these three 

conditions. The calculated bond overlap population of covalent bonds between chlorines and the carbon 

atom in the complex is summarized in table 2. The bond overlap population is used to assess the 

covalency contribution in target bonds. The findings indicated that the compensatory method in type 3 

was effective for ab initio calculations, as the calculated bond overlap populations were relatively stable 

and converged when the target regions for calculation were expanded. 

 

 

Table 2. Bond overlap population between the chlorine and carbon atoms. 

 

 
 

Figure 1. Three types of extraction of the structural coordinates. 

 

3.3.   Evaluation of noncovalent interactions 

Because there is a possibility of a noncovalent interaction between the chlorine atom and neighboring 

carbon atoms, we measured the interatomic distances. As a result, the distances between the chlorine 

atom and the surrounding carbon atoms in the protein were 6.1, 3.8, 4.8, 5.3, 6.7 Å. The van der Waals 

radius of chlorine is approximately 1.82 Å, while that of carbon is 1.77 Å [28]. Although it is evident that 

these atoms are not covalently bonded, the possibility of an interaction cannot be excluded. Typically, 

in the field of structural biochemistry, it is customary to regard atoms as interacting when the distance 

is less than 5 Å. Considering that the resolution of the structure used for the calculations is 2.1 Å, it is 

reasonable to assume that some of the surrounding atoms are engaged in noncovalent interactions with 

the chlorine atom. 

 

4.   Conclusion 

The protein crystal structure database contains numerous structures with halogen atoms, many of which 

are considered to interact with proteins. Future calculations utilizing these structures are expected to be 

Range from 

chlorine (Å) 

Type 1 

Cl (1) 

Type 1 

Cl (2) 

Type 2 

Cl (1) 

Type 2 

Cl (2) 

Type 3 

Cl (1) 

Type 3 

Cl (2) 

4.0 0.720 0.710 0.730 0.726 0.72 0.745 

4.5 0.725 0.722 0.731 0.727 0.718 0.740 

5.0 0.682 0.722 0.736 0.724 0.719 0.745 

5.5 0.682 0.725 0.727 0.724 0.745 0.727 

6.0 0.700 0.725 0.727 0.685 0.745 0.727 

6.5 0.710 0.722 0.731 0.684 0.726 0.723 

7.0 0.690 0.721 0.732 0.712 0.725 0.725 

7.5 0.708 0.722 0.737 0.695 0.73 0.723 

8.0 0.706 0.724 0.718 0.725 0.724 0.723 

8.5 0.735 0.722 0.736 0.722 0.72 0.730 

9.0 0.722 0.727 0.731 0.726 0.725 0.727 

9.5 0.723 0.720 0.736 0.725 0.726 0.725 
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highly valuable, extending DV-Xα to larger systems or integrating it with molecular dynamics for 

sustainability-focused modeling. 
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