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ABSTRACT 
 

 

 
EXPLORING THE HYDROGEN BOND ENHANCED HALOGEN BOND AS A TOOL FOR 

BIOMOLECULAR DESIGN AND ENGINEERING 

 
 
 

The field of therapeutic drug discovery continues to embrace computational design, 

development and optimization methods, and has been further invigorated by the development of 

artificial intelligence (AI) and machine learning (ML) techniques for biomolecular modeling, 

prediction, and docking purposes. Halogens have long been accepted as meaningful and beneficial 

additions to biological drug design. Due to their unique properties, halogens not only contribute 

lipophilicity and stability, but also binding affinity and specificity by forming noncovalent 

interactions, called halogen bonds (XBs), with electron rich atoms. In addition to their roles as 

small molecule ligand constituents, XBs have emerged as interesting and unique design tools for 

protein engineering purposes for augmenting function and stability. This thesis aims to 

demonstrate the value of the hydrogen bond enhanced halogen bond (HBeXB), a cooperative 

noncovalent interaction network, as a tool for biomolecular design. To accomplish this goal, we 

approach protein design applications as a whole by exploring nontraditional noncovalent 

interactions currently in protein engineering, the HBeXB in catalytic enzyme design, and the 

HBeXB impact in protein-ligand binding. Investigating the influence of HBeXBs on enzymatic 

catalysis and protein-ligand binding provides the foundation for accurately and effectively 

incorporating these cooperative noncovalent interactions in protein and drug design. 
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CHAPTER 1  

INTRODUCTION 

 
 
 

Protein design has been rapidly revolutionized with the introduction of artificial 

intelligence (AI) and machine learning (ML) methods to predict their structures and molecular 

interactions.1, 2, 3, 4 The field has bloomed with new and evolving techniques boost knowledge of 

the structural and dynamic features of macromolecules. It is truly an exciting time to be a 

structural biologist.  

Even so, it remains necessary and beneficial to build upon our understanding and explore 

creatively the protein engineering tools at our disposal. This includes nontraditional molecular 

interactions that are infrequently observed in nature and, thus, less likely to appear in AI/ML 

training databases. This thesis establishes foundational knowledge of the hydrogen bond 

enhanced halogen bond (HBeXB), a recently discovered nonclassical noncovalent (ncNC) 

interaction, to inform structure-based design strategies and how we can exploit and tune these 

nontraditional interactions for creative and unconventional biological applications.  

1. The Halogen Bond 

The halogen bond (XB), a ncNC interaction, is classified as primarily an electrostatic 

interaction, with some controversy as to contributions from forces such as charge transfer and 

dispersion.5,6 The XB is most commonly described by the s-hole model as a quantum anisotropic 

effect when a halogen atom covalently binds another atom (C, P, S).7 Due to the electronic 

configuration of halogens, the single unpaired valence electron is used to form a s molecular 

orbital, resulting in a depleted region of electron density (commonly referred to as the s-hole) 
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directly opposed to the newly formed molecular orbital. The majority of the electron density 

remains perpendicular to the s-hole. This anisotropic redistribution of electrons results in an 

amphoteric atom, with both an electronegative region and an electropositive region; the latter 

with a capacity for interacting with electron rich atoms such as oxygen, nitrogen and sulfur 

(Figure 1). Additionally, this redistribution is highly influenced by polarizability and so the 

strength of the interaction also follows with I > Br > Cl >>F (Fluorine being so small and 

electronegative that it rarely forms a s-hole).  

 

Figure 1.1: Visual of the s-hole model of XB. 8,9 

 The first reported evidence of halogens interacting with electronegative atoms occurred 

in 1814, when J.J. Colin first noticed that combining iodine and amylose produced a blue-black 

color, forming I2×××NH3. 
10,

 
11 However, the exact molecular makeup of the liquid was not 

confirmed for another 50 years by F. Guthrie.12  

Throughout the next two centuries, pieces and fragments of evidence leading the 

scientific community to understanding the XB emerged irregularly. This includes observing and 
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identifying XB roles in self-assembling products, UV-VIS spectra shifts and the shift in color 

upon reactions with iodine (such as what J.J. Colin first observed).13 

 In the 1950s, Odd Hassel’s research involving x-ray crystallography revealed the 

structural features of what he called “halogen molecule bridges” between dioxane molecules.14 

These structures revealed Br×××O interactions with distances less than the sums of their van der 

Waals radii (SVDWR) and Br×××Br×××O angles approaching 180°.15 In his Nobel lecture in 1970, 

Hassel recognized these short “halogen molecule bridges” as charge transfer bonds.16 

The computational work P. Politzer and J. S. Murrey in the 1990s described covalently 

bound halogens having an anisotropic charge distribution, which would create the foundation for 

later defining the s-hole.17, 18, 19 

In 2013, the XB was officially defined as “A halogen bond occurs when there is evidence 

of a net attractive interaction between an electrophilic region associated with a halogen atom in a 

molecular entity and a nucleophilic region in another, or the same, molecular entity” by the 

International Union of Pure and Applied Chemistry’s (IUPAC) recommendation, a culmination 

of 200 years of research into short halogen interactions.20 

Over the last two centuries, the XB has made significant impacts on material sciences, 

crystal engineering, and small molecule catalysis.13,21 It is at times characterized alongside other 

ncNC interactions (tetrel, pnictogen and chalcogen bonds) that are also explained as s-hole 

interactions.22, 23, 24, 25 However, understanding the role of XB interactions in biomolecules is a 

rapidly growing field of scientific inquiry.  
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1.2 Biological Halogen bonds 

 XBs emerged unexpectedly in biological contexts in 2003 when usage of bromouracil 

(BrU) to help solve the crystal structure of a DNA sequence resulted in the formation and 

stabilization of 4-stranded DNA Holliday junction instead of a duplex B-DNA.26 The resulting 

junction showed the Br ~3 Å from a phosphate oxygen (~ 89% SVDWR), in place of a HB that had 

been previously demonstrated to stabilize the junction formation of other nonhalogenated 

sequences.  

 To further explore this unique and unexpected relationship in biomolecules, Auffinger et 

al., conducted a structural bioinformatics survey of the Protein Data Bank (PDB) in search of 

short halogen interactions.27 Subsequent analysis of the patterns of interactions from this survey 

suggested that XBs and HBs are orthogonal when sharing a common acceptor atom, giving XBs 

unique geometries when interacting with peptide carbonyl oxygens. 

Biological XBs can be found in small molecule ligands and inhibitors in complex with 

their protein targets,28,29 and as contributors to the recognition and specificity of thyroid hormone 

receptors.30 The first intentional use of XBs in structure-based drug design (SBDD) was reported 

by Patrick Lam at the 238th ACS National Meeting in 2009 on factor Xa inhibitors, forever 

altering how halogens are perceived in rational drug design to include added specificity and 

affinity.31  

ncNC interactions, such as XBs, also present chemical and biological engineers alike with 

the opportunity for building networks of noncovalent interactions. Theoretical and experimental 

evidence of cooperative XBs has been demonstrated for purposes such as self-assembly of 

molecular structures and membrane-ligand binding.32, 33, 34 Recently, Baykov et al., demonstrated 
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a 3-part cooperative ncNC network to enhance XB donation via p-p stacking, p-chalcogen 

bonding, and s-hole chalcogen bonding interactions.35 

Another example includes the hydrogen bond enhanced halogen bond (HBeXB). Due to its 

electronegative waist perpendicular to the s-hole, the XB donor can also act as a hydrogen bond 

(HB) acceptor.36 Accepting an HB further polarizes the X atom, drawing on its electron density, 

and results in enhancing the size of the s-hole. This enhancement, the HBeXB, adds another 

layer of tunability to XBs as ncNC interactions by widening the angle of approach for XB 

acceptors as well as potentially influencing XB interaction strength.37, 38, 9 

 

Figure 1.2: The hydrogen bond enhanced halogen bond (HBeXB). A. Visual description 
of the HBeXB with the X atom donating a XB and accepting a HB.39 B. Impact of OH 
rotations on the surface electrostatic potential (ESP) of 2-halophenol. The scale shows -10 
kcal/mol to +10 kcal/mol of ESP to a positive point charge.38 

 

1.3 Research Goals 

To demonstrate how nontraditional noncovalent interactions can be utilized in protein 

engineering, I will explore the HBeXB in previous protein engineering applications, as an 

enzymatic catalyst, and in protein-ligand binding interactions, aiming to answer the following 

questions:  

A. B.
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How can ncNC interactions be utilized to enhance, support, or substitute for enzymatic catalytic 

function? How can incorporation of these interactions contribute favorably to lowering the 

activation energy needed to catalyze enzymatic reactions? How can ncNC interactions optimize 

intermolecular binding? How does the complex environment of proteins impact ncNC 

capabilities?  

Chapter 2 of this thesis discusses how ncNC interactions have generally been utilized for 

protein engineering applications, highlighting XBs and HBeXBs, when this study first began. 

This chapter will further explain the previous studies involving the HBeXB in protein design, 

demonstrating the tunability, variety, and stability that it can offer to structural biologists. 

However, the direct application to biological protein function remains an area for continued 

investigation. 

In this dissertation, I will address these questions by investigating how the HBeXB can 

substitute for enzymatic catalytic function and how protein structural environments impact the 

HBeXB in return. I will also explore the tunability of the HBeXB in protein systems by 

examining the impact of various amino acid residue side chains on the XB energies, aiming to 

parse out the interaction energy of the XB itself while enhanced by a HB.  

In chapter 3, we will demonstrate an engineered halogen bond catalyzed DNA-cleaving 

endonuclease and explore using the HBeXB to widen functional opportunities in protein 

engineering. The purpose of this study is to further grasp the potential applications of using XBs 

in design of novel enzymes but also to question whether enzymatic active sites can be harnessed 

to complete XB dependent catalysis. Additionally, this study probes the question of whether the 

XB is capable of replacing the function of metal cofactors in enzymatic active sites and 

therefore, challenges how we understand metalloenzymes. The reported DNA-cleaving 
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endonuclease activity was attributed to a bridging HBeXB interaction functionally substituting 

for the wildtype’s magnesium orchestrated DNA hydrolysis reaction. I will provide evidence for 

the HBeXB mechanism through a series of mutagenesis studies, pH titrations and s-hole 

electrostatic potential calculations that validate the key characteristics of the novel XB dependent 

enzyme.  

In chapter 4, I will examine existing biological XBs and HBeXBs, and the impact of their 

geometric and energetic properties as they apply to protein-ligand binding. A comprehensive 

survey of XBs and HBeXBs in the Protein DataBank (PDB) reveal geometric trends in protein-

ligand binding interactions. Utilizing these findings to build computational models for energy 

computation resulted in an examination of HB donor impacts on electrostatic potential of the s-

hole and the impact of positively charged HB donors on overall binding energy of the 

cooperative noncovalent interaction. These findings demonstrate the structural context 

dependence and complexity of the HBeXB, and how the protein pocket directs the strength and 

geometry of such interactions, exemplifying how ncNC interactions can contribute to protein-

substrate binding. 
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Figure 1.3: Demonstrating the HBeXB as a valuable tool for structure-based design. A. Structure of 
halogenated T4 Lysozyme (PDB: 5V7D).38 B. Halogenated Mouse endonuclease G (136mIY) bound to 4-

stranded Holliday junction (structure prediction with Chai1 Discovery.40 C. Structure of SARS-CoV-2 

main protease in complex with N1U (PDB: 7GDX).41 

 

Overall, this study of HBeXB interactions in protein systems will further inform the 

opportunities, limitations and complexities of implementing this network of noncovalent 

interactions in design of proteins and protein-ligand interactions. The significance of these findings 

lies in the biomolecular design applications, both experimentally and computationally. To fully 

model and apply nonadditive ncNC networks in protein engineering, we must better understand 

their capabilities under influence of protein environments. Through exploring the HBeXB in 

previous protein design applications, as a catalyst for enzymatic reactions, and as a contributor to 

protein-ligand binding, I will demonstrate the HBeXB as a valuable tool for structure-based design.

Enzymatic Catalysis
Chapter 3

Protein-Ligand Binding
Chapter 4

Previous Applications in 

Protein Engineering  
Chapter 2

A. B. C.
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CHAPTER 2  
 

NONCLASSICAL NONCOVALENT s-HOLE INTERACTIONS IN PROTEIN STRUCTURE 
AND FUNCTION: CONCEPTS FOR POTENTIAL PROTEIN ENGINEERING 

APPLICATIONS1 
 
 
 

2.1 Summary 

The structures and associated functions of biological molecules are driven by noncovalent 

interactions, which have classically been dominated by the hydrogen bond (H-bond). 

Introduction of the s-hole concept to describe the anisotropic distribution of electrostatic 

potential of covalently bonded elements from across the periodic table has opened a broad range 

of nonclassical noncovalent (ncNC) interactions for applications in chemistry and biochemistry. 

Here, we review how halogen bonds, chalcogen bonds and tetrel bonds, as they are found 

naturally or introduced synthetically, affect the structures, assemblies, and potential functions of 

peptides and proteins. This review intentionally focuses on examples that introduce or support 

principles of stability, assembly and catalysis that can potentially guide the design of new 

functional proteins. These three types of ncNC interactions have energies that are comparable to 

the H-bond and, therefore, are now significant concepts in molecular recognition and design. 

However, the recently described H-bond enhanced X-bond shows how synergism among ncNC 

interactions can be exploited as potential means to broaden the range of their applications to 

affect protein structures and functions. 

 
1 The work in this chapter was written, formatted, and submitted as a review article in 2023 for Chemistry, an Asian 

Journal. I cowrote this paper, specifically the section on halogen bonds and hydrogen bond enhanced halogen bonds 

in protein engineering. 

 

Walker MG, Mendez CG, Ho PS. Non-classical Non-covalent σ-Hole Interactions in Protein Structure and Function: 

Concepts for Potential Protein Engineering Applications. Chem Asian J. 2023 Apr 3;18(7) 
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Figure 2.0: Graphical Abstract of Chapter 2.
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2.2. Introduction 

The folding of a protein is driven by noncovalent (NC) interactions, with the hydrogen 

bond (H-bond) being classically the dominant determinant of its functional three-dimensional 

conformation1. However, there is now a greater appreciation that nonclassical NC (ncNC) 

interactions involving elements from groups IV to VII of the periodic table can play significant 

roles in defining the structures and functions of molecular systems at various levels in 

chemistry2, which can by extension be applied to the future design of new functional proteins. 

  

 

Figure 2.1. Schematic of the s-hole model to describe halogen and tetrel bonding. In this 
model, pairing an electron from the valence pz-orbital of a halogen (X) with that of, for 
example, the carbon of a methyl group to form a single covalent bond results a s-molecular 
orbital (s-MO). We note that only the p-orbital valence electrons are shown in this figure. This 
s-MO subsumes the electron from the halogen pz-orbital, leading to an electropositive crown 
and flattening of the van der Waals radius (the s-hole) but leaving an electronegative waist 
around the halogen substituent. This s-hole provides an electrostatic basis for the halogen 
bond. In similar fashion, a s-hole is created on the surface of the carbon of the methyl group 
opposite the s-MO, which in turn forms the electrostatic basis for a tetrel bond. Adapted from 
Ho3. 

 

A general model describing the class of ncNC interactions is the s-hole theory (Fig. 2.1)4. 

This model posits that when the valence electrons of an atom’s p-orbital forms a covalent bond 
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with another atom, this orbital becomes depopulated in the direction diametrically opposed to the 

associated s-molecular orbital. The result is an electropositive crown called the s-hole, which sits 

directly opposite the covalent bond. The electropositive potential of the s-hole is accentuated by 

electron withdrawing groups. Such ncNC interactions have now been given bonding names 

specific to their groupings in the periodic table: tetrel bonds, pnictogen bonds, chalcogen bonds, 

and halogen bonds (Fig. 2.2) but have more generally been referred to as “s-hole bonds” 5. Even 

the H-bond has at times been placed under this broader classification, if we consider its 1s orbital 

to be similarly polarized when a hydrogen is chemically bonded to any other atom6. Each of 

these ncNC interactions pair its s-hole (analogous to the H-bond donor) with an electron-rich 

acceptor, typically an oxygen, nitrogen, or delocalized electron system (such as an aromatic 

ring). We should note here, however, that the s-hole describes only the electrostatic component of 

such interactions. For at least the halogen bond, additional components, including charge-transfer 

(its initial conception7), and dispersion8, as well as electrostatics9 have been supported by various 

levels of computational theory. It is likely that these concepts will be consistent for describing 

the various physical contributions to ncNC interactions across the group IV to VII elements10. 
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Figure 2.2. Examples of s-hole leading to electrostatic “bonding” interactions for various 
elemental groups. Electrostatic potential (ESP) maps were calculated for a H-bond donor in N-
methylacetimide (NMA) as a model peptide bonds of proteins, for a tetrel bond donor in FSiH3 
from group IV, for a pnictogen bond donor in F3As from group V, for a chalcogen bond (Ch-
bond) donor in FSeH from group VI, and for halogen bond (X-bond) donor in F3CBr from 
group VII. Positive electrostatic potentials are shown as blue surfaces while negative 
electrostatic potentials are in red. Adapted from Czarny, et al.2f. 

 

In chemistry, these ncNC interactions have been shown to facilitate the assembly of 

supramolecular complexes (including crystals and liquid crystals), the recognition of ions and 

ligands, and the catalysis of organic reactions2e. The study of ncNC interactions in biology have 

not been as extensive as in small organic and inorganic molecular systems but have been found 

to primarily be important as recognition elements in ligands/inhibitors against protein targets2f, 11.  

As the field begins to mature, there is a growing mountain of studies on how various ncNC 

interactions are found in a multitude of biomolecular and biomimetic systems. The intent of this 

review, however, is not to be a comprehensive summation of all occurrences of ncNC 

interactions (see Jena, et al.,12 for a more complete summary of various ncNC interactions found 

in proteins system) but explicitly on exploring the applications of ncNC interactions that are 

emerging as being potential design elements to engineer functional proteins. In particular, we 
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will focus on how halogen, chalcogen, and tetrel bonding are applied to understand and/or 

manipulate the assembly, stability, and function of peptide and protein systems, along with their 

role in the recognition of functional cofactors. For each of these ncNC interactions, we start by 

discussing studies that survey the Protein Data Bank (PDB13) for their occurrence, followed by a 

discussion of the energies of such interactions, and conclude with examples of where such 

interactions have been found or engineered to control the structure, stability, and/or function of a 

peptide/protein system. These discussions initiate with the halogen bond, since its role in biology 

has been most extensively studied. 

 

 2.3. The Halogen Bond 

The halogen bond (X-bond, for short) is now well recognized14 and is finding utility across 

a broad range of chemical applications15. The X-bond was first recognized as an important ncNC 

interaction in biology through a survey of the PDB11a. This initial PDB survey showed that X-

bonds were primarily important in recognition of halogenated ligands and inhibitors to protein 

targets, including the hormone thyroxine to its receptors16 and agonists and antagonists against 

cancer related protein kinases17 (Fig. 2.3). The primary X-bond acceptor in such cases, similar to 

H-bonds, is the carbonyl oxygen of the peptide backbone of the protein, likely because of its 

ubiquity in such systems. The s-hole model predicts X-bonding potentials to be dependent on the 

polarizability of the donor halogen and, consequently, correlated with the size of the halogen. 

The predicted order of X-bond strength would thus be I > Br > Cl >> F (F is seldom seen as X-

bond donors in biological systems). The energies of biological X-bonds have been estimated 

through a unique assay system18 that takes advantage of the similarity between H- and X-bonds 

to compete one against the other in a four-stranded DNA Holliday junction19. The resulting X-
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bond energies range from +0.8 kcal/mol (F) to -0.15 kcal/mol (Cl) to -4.2 kcal/mol (Br) and to -

6.5 kcal/mol (I)20. These fundamental concepts of biological X-bonds will be foundational for 

any design element in protein engineering.   

 

Figure 2.3. Examples of X-bonds in protein-ligand complexes. a. The hormone 3,5,3’-
triiodothyroxine in the binding site of human thyroid hormone receptor. The distances and 
angles that define the geometries for two X-bonds involved in recognition of the iodinated 
hormone are labeled. b. Two X-bonds that facilitate binding of the tetrabromobenzimidazole 
inhibitor to cyclin kinase CK2 are shown, which contribute to the near 600-fold reduction in 
its inhibitory effect (as reflected in the Ki in the nanomolar range) on the enzyme target. 
Adapted from Scholfield, et al.17b. 

 

Subsequent surveys further revealed the amphipathic nature of the halogen in serving as 

both X-bond donor and H-bond acceptor21, the orthogonality between H- and X-bond donors 

when both are paired to the same acceptor22 (Fig. 2.4b), and how water can serve as a bridge 

between X-bond donors and receptors23. Thus, the X-bond plays an important function in 

understanding and designing therapeutic agents against clinically important protein targets. The 

biomedical role of X-bonds has been reviewed extensively elsewhere17b, 24 and, therefore, will 

not be discussed further here. In this review, we will focus on studies that explore the effects of 
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ncNC interactions that of halogenated systems that affect the structure, stability, and/or function 

of peptides and proteins. 

 

Figure 2.4. Relationships between X- and H-bonds in protein systems. a. The commonality in 
acceptors between H- and X-bonds indicates that they can compete and/or substitute for each 
other. b. The amphipathic nature of a halogen substituent (left)25 allows it to serve as both an 
X-bond donor and H-bond acceptor simultaneously. In contrast, when an H-bond and a X-
bond donor share the same acceptor atoms (right), the interaction is an orthogonal 
relationship22 in respect to their perpendicular geometry and the independence of their 
interaction energies. Adapted from Rowe and Ho21b. 

 

2.3.1 Halogen bonds in the assembly of amino acids and peptides 

The fundamental building block of proteins is the amino acid. Naturally halogenated amino 

acids have been found to play significant roles in affecting protein structure and function across a 

broad range of organisms. For example, halogenated tyrosine (Y) and tryptophan (W) in marine 

organisms have been found to facilitate protein crosslinking26, while chloro- and bromotyrosines 

resulting from oxidative halogenation are markers for asthma in humans27.  
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The assembly of amino acids into proteins requires formation of peptide bonds, which is 

mimicked, in its simplest form, as N-methylacetamide (NMA). Vasylyeva, et al.,28 showed that 

cocrystals of NMA with dihalotetrafluorobenzene forms H-bonded layers (reminiscent of 

interactions that stabilize regular structures in proteins), with each NMA layer bridged by a pair 

of perpendicular X-bonds from individual aromatic ligands (Fig. 2.5a). The concept of 

orthogonality relating X- and H-bonds, initially conceptualized from surveys of proteins22, thus 

extends even within simple peptide mimics. 

 

Figure 2.5. X-bonds bridging assemblies of an H-bonded peptide mimic (a) and H-bonded 
iodophenylalanine (b). a. X-bonds (magenta dots) from diiodotetrafluorobenzene bridge the 
antiparallel arrays of H-bonded (blue dots) antiparallel N-methylacetimide (NMA) chains. 
Adapted from Vasyleva, et al.,28. b. Crystal structure of p-iodophenylalanine shows chains 
assembled through N–H···O H-bonds between the amino and carboxylate groups, with each 
set of arrays linked through I···I X-bonds. Labeled are the near linear C–I···I angle aligning 
the electropositive s-hole of the donor to acceptor and the nearly perpendicular C–I···I angle 
for the electronegative waist of the acceptor to the donor. Data from Bertolani, et al.,29. 

 

Studies by Bertolani, et al.29, show that isolated iodophenylalanine (IF) amino acids 

crystallize with the backbone amides forming H-bonded layers (Fig. 2.5b). These layers are 

connected through a series of I···I X-bonds in which the electropositive s-hole of one iodine 

points towards the electronegative waist of the second. Similarly, para-iodophenylalanine-

phenylalanine (IF-F) dipeptide was found to crystallize as b-sheet like complexes, with I···I X-
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bonds bridging across the H-bonded sheets30. Both the mono and di-iodinated phenylalanyl 

dipeptides were seen to form nanotube-like macrostructures in solutions of DMSO, with red-

shifts in the infrared spectra in DMSO solvated solids or films supporting formation of weak X-

bonds in the solid state. Thus, even in the simplest cases, X-bonds facilitate assembly of 

halogenated amino acids and dipeptides into extended complexes. 

 

Figure 2.6. Peptide foldamers assembled from para-halo-a/L-sulfono-g-amino acids. a. 
Sequence of the synthetic peptide containing eight repeats of the halogenated unnatural amino 
acid. b. Foldamer structure showing one set of 413 helices packed against neighboring parallel 
(green) and perpendicular (cyan) oriented helices. A type I I···I contact between parallel and 
perpendicular helices is shown in the top inset, while an I···p X-bond between parallel helices 
is shown in the bottom inset. Data from Teng, et al.,31, adapted from Ho and Anderson32. 

 



23 

A synthetic peptide construct containing eight unnatural a/L-sulfono-g-amino acids 

(halogenated with Cl, Br, or I at the para-position of the phenyl ring, Fig 2.6a) was seen by Teng, 

et al.,31 to self-assemble into right-handed 413-type helical (41 symmetry) “foldamer” structures 

(Fig. 2.6b), with sets of helices stacked in near continuous alternating parallel and perpendicular 

arrangements. X-bonds from the halogen of the sulfono side chain to the center of the phenyl 

ring of the sulfono side chain across pairs of adjacent parallel-aligned helices help hold the 

assemblies together (Fig. 2.6b inset), with QM calculated energies ranging from 2.5 kcal/mol to 

2.8 kcal/mol. Close halogen-halogen interactions were also seen linking perpendicularly packed 

helices but these synthons did not appear to be consistent with standard X-bond geometries in 

proteins14, 17b. 

X-bonding can play a role in the assembly of amyloid-related peptides. The DFNKF 

pentapeptide is a core motif that triggers fibrillation of human calcitonin polypeptides. Bertolani, 

et al., saw that halogenation of the phenylalanine (F) residues in this pentapeptide promotes the 

formation of hydrogels, which are seen to result from formation of fibrillar networks29. The 

dependence of fibrillation of the halopeptides follows the trend I > Br > Cl, which supports the 

involvement of X-bonds in the process (the unhalogenated peptide did not form hydrogels under 

similar experimental conditions). A follow-up crystallographic study by this group found that 

waters were the X-bond acceptors in these fibers, thereby suggesting that the role of the halogen 

is to structure the solvent at the wet interface of the hydrogels and potentially promote other NC 

(including C–H··· p and p-p stacking) interactions33. 
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2.3.2 Halogen bonds affecting structure and function of peptides and proteins 

In humans, oxidative halogenation of tyrosines in proteins by myeloperoxidase or 

eosinophile peroxidase34 have been associated with aging, neurodegenerative disease and 

cancer35. A recent study showed that a single halogenated tyrosine (XY) at the interface between 

the N- and C-termini can affect the ability of tubulin-like proteins to undergo GTP-dependent 

self-organize and polymerize36, although X-bonding was apparently not a factor. This raises the 

questions of how halogenation affects the structure, stability, and function of proteins and 

whether X-bonds can affect these properties. 

Danelius, et al.37 studied the structures of a series of cyclic peptide and found that an 

intramolecular Cl···O X-bond across the peptide (from a chloroalanine at the third residue to a 

methylates serine at position 8) helped stabilize a b-hairpin foldamer over conformation (Fig. 

2.7). The cyclic peptide was seen by solution-state NMR to be an intrinsically dynamic system. 

In the presence of the Cl···O X-bond, the peptide was seen to have a 74% probability of folding 

into the b-hairpin foldamer, while that probability was reduced to 58% when the Cl is replaced 

by an H-bonding OH and to only 29% when replaced by a non-interacting CH3 group. A QM 

calculation indicated that the Cl··O X-bond was weak, with the stabilizing potential being only 

~1.5 kcal/mol. This cyclic peptide system, therefore, was presented as a means to evaluate the 

effect and potential energy of weak ncNC interactions such as the Cl···O X-bond in a 

peptide/protein system. 
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Figure 2.7. NMR structure of a cyclic decapeptide held in a b-hairpin conformation by an X-
bond.  The chemical schematic of the cyclic decapeptide is shown on top, while a cartoon of 
its b-hairpin structure determined by solution-state NMR is shown on the bottom. The chlorine 
(green sphere) of residue 3 sidechain (R3) is shown X-bonded (green dotted line) to the 
oxygen (red sphere) of the methylserine residue at position 8 (R8). Adapted from Danelius, et 

al.37. 
 

Halogenated amino acids can be incorporated into proteins through site-specific 

incorporation of unnatural amino acids38. One application of halogenation is to facilitate phasing 

of X-ray diffraction data to help solve the single crystal structures of proteins, with the argument 

that such modifications would have little effect on the protein itself. Indeed, the first example of 

such a strategy was seen with the incorporation of an iodophenylalanine (IF) a hydrophobic 

pocket of T4 lysozyme (a classic model enzyme to study protein folding), with no X-bond 

acceptors within 4 Å of the iodine39. More recently, the halogenated amino acids have been 

incorporated in order to introduce X-bonding as a design element to affect the stability and 

activity of proteins and enzymes. 
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Figure 2.8. T4 lysozyme constructs with tyrosines at residue 18 (Y18) or 88 (Y88) replaced 
by halophenylalanines (XF). The structure of the wildtype T4 lysozyme (WT*) is shown as a 
cartoon, with the active site labeled and tyrosine to be mutated (Y18 and Y88) shown in ball 
and stick models and highlighted with yellow circles. The left inset compares details of the 
crystal structures of the brominated Y18brF construct (cyan) against WT* (green). The Br···O 
X-bond to glutamate11 (E11) is shown as red dots and its distance labeled, while the H-bond 
from the amino group of glycine 30 (G30) is shown as blue dots and its distance labeled. The 
right inset compares details of the crystal structures of the iodinated Y18irF construct (orange) 
against WT* (green). The I···O X-bond to E11 is shown as red dots and its distance labeled, 
while the H-bond from the amino group of G30 is shown as blue dots and its distance labeled. 
The table lists for the brominated and iodinated constructs the distance between the halogen X-
bond donor and oxygen acceptor (RX···A), the associated percent of the sum of the van der 
Waals radii for the two interacting atoms (%RvdW), the X-bond angle from donor to acceptor 
(q1), the difference in DSC measured melting temperature between the mutant at the Y18 
versus Y88 position (∆∆Tm(18-88)), and the difference in DSC measured melting enthalpies 
between the mutant at the Y18 versus Y88 position (∆∆Hm(18-88)). Data from Scholfield, et 

al.40. 
 

In our own laboratory, we asked the question of whether an X-bond can be introduced to 

replace an H-bond to stabilize the structure of T4 lysozyme40. Our first set of studies focused on 

tyrosine at position 18 (Y18, Fig 8), which sits on a b-strand adjacent to the active-site of the 

enzyme. Y18 accepts an H-bond from the NH of the peptide bond at glycine (G30) and is 
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bridged to the peptide oxygen of the catalytic glutamic acid E1141 by a series of water molecules. 

The structure of the protein in which Y18 is replaced to either a bromo- or iodophenylalanine 

(Y18brF or Y18iF mutant constructs) showed that the halogens formed X-bonds to the backbone 

of E11, while maintaining the H-bond from G30 (Fig. 2.8 inset). The solvent exposed amino acid 

Y88 served as a control for the effect of substituting the hydrophilic OH group with a either Br 

or I substituent atoms. In all cases, substitution of the OH with a halogen (whether at Y18 or 

Y88) reduced the overall stability of the protein as reflected in the lower melting temperature 

(Tm) and enthalpy of melting (∆Hm) determined by differential scanning calorimetry (DSC), 

indicating that the OH of Y18 is critical to the stability of T4 lysozyme (Fig. 8). However, the in 

comparing these DSC thermal parameters among the mutants at the two positions, the halogens 

in the X-bonding site of Y18 increased the Tm by 0.3° to 0.8°C and ∆Hm by +1 to +6 kcal/mol 

relative to the analogous mutants at the solvent exposed Y88 position. Thus, we showed that 

introducing a halogen into a solvent exposed position is destabilizing (consistent with the effect 

of exposing a hydrophobic group, in this case a halogen atom) but the ability to form an 

intramolecular X-bond rescues this loss in stability by upwards of 6 kcal/mol. 

Recognizing the critical nature of the interactions of Y18, we next asked whether an X-

bond can be introduced to augment the stability of T4 lysozyme42. For this study, we replaced 

Y18 with a meta-halotyrosine (Y18mXY mutants, where X is Cl, Br, or I). The crystal structures 

of these constructs showed that this pocket did not fully accommodate the halogens (Fig 9). The 

chlorine of the mClY18 side chain was seen to be 54% sitting inside the pocket and X-bonded to 

the carbonyl oxygen of glycine G28, while 46% of this side chain was rotated outside and not 

forming any ncNC intramolecular interactions (Fig. 2.9a). The halogen of the mBrY18 construct 

was 22% X-bonded inside and 78% outside, while that of mIY18 was 100% out (Fig. 2.9b), 
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indicating that this pocket in T4 lysozyme is very rigid and can only partially accommodate the 

smaller Cl halogen substituent. Even then, however, mClY18 was seen to increase the Tm by 1°C 

and the ∆Hm by 3 kcal/mol relative to the wildtype enzyme, indicating that this partial X-bond 

seen in the structure resulted in a more stable protein. Furthermore, the chlorinated mutant 

showed ~15% increased enzymatic activity compared to the wildtype at elevated temperatures. A 

similar but smaller increase in activity was also observed for the brominated construct, 

suggesting that as the temperature increased, the protein pocket in which mXY18 resides becomes 

more accommodating to the halogen substituents, thereby allowing more of the side chain to 

rotate to form a stabilizing X-bond.  

We noticed, however, in the mClY18 T4 lysozyme studies that the energy associated with the 

Cl···O X-bond was significantly larger than the chlorine X-bonding energies seen in any 

biomolecular system so far. A Cl···O energy of ~3 kcal/mol is greater than the 0.15 kcal/mol 

determined by competition with H-bonds in our prior DNA junction systems18, 20 or the ~1.5 

kcal/mol from the cyclic peptide system described above37 and is more similar to what is 

expected for a Br···O X-bond. This anomalously large stabilizing energy led us to propose that 

the X-bonding potential of the chlorine was enhanced by the adjacent OH substituent of the 

tyrosyl side chain (Fig. 2.9c). Hydroxyl groups are known to be electron donating substituents 

and we would expect that the X-bonding potential of a halogen adjacent to an OH would be 

reduced. However, QM calculations indicate that when the hydroxyl is rotated such that the OH 

can form an H-bond to the electronegative waist of the halogen, the electropositive s-hole 

becomes significantly enlarged due to polarization effects, thereby increasing both the stabilizing 

potential and the angular range afforded the halogen as an X-bond donor. We called this an H-

bond enhanced X-bond, or HBeXB for short.  
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Figure 2.9. Comparison of the details of T4 lysozyme structure with tyrosine at position 18 
(Y18) replaced by meta-halotyrosine (mXY18). a. Structure of the chlorinated mClY18 mutant 
(orange) compared to WT* (blue). The sidechain of mClY18 can be oriented to point the 
chlorine into the pocket (i) to form an X-bond (distance and q1-angle as labeled) or out of the 
pocket (o) with no X-bond interaction with the protein. b. Structure of the iodinated mIY18 
mutant (orange) compared to WT* (blue). The sidechain of mIY18 was seen to be oriented only 
to place the iodine out of the pocket (o) with no X-bond interaction with the protein. c. Effect 
of rotating the hydrogen of the hydroxyl group in the mXY18 sidechain either away (d-angle = 
180°) or towards (d-angle = 0°) the halogen substituent. In the d= 0° orientation, the OH 
serves as an H-bond donor to the electronegative waist of the halogen, which in turn enhances 
the s-hole of the halogen (Cl top and I bottom) and consequently its potential to serve as an X-
bond donor. Adapted from Carlsson, et al.42 

 

A similar effect was observed at nearly the same time by Berryman’s group in a small 

molecule sensing system. In their studies, the affinity for halide ions of a bidentate anion receptor 

increased when an NH2 substituent is added to form H-bonds to the two iodine X-bond donors of 

the iodopyridinium groups43. Surveys of the Cambridge Structural Database (CSD) and the PDB 
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indicates that the requirements for HBeXB interactions are prevalent in both small and large 

molecule systems44. There is some indication from QM studies that with multiple enhancing H-

bonds, even fluorine can serve as a potent X-bond donor45. Thus, the concept of the synergistic 

HBeXB seems to be general across chemistry and biochemistry and greatly expands the range of 

energies and geometries available for molecular design applications compared to X-bonds alone. 

 

 2.4. The Chalcogen Bond 

 In biology, chalcogen bonds (Ch-bonds) primarily involve either S or Se as donors and O, 

N, or S as acceptors11c. Unlike the X-bond, the atoms of Ch-bond donors have typically two 

covalent bonds, which means that there will potentially be two s-holes, each aligned opposite of 

their associated covalent bonds2d, 46. Surveys for Ch-bonds would thus be complicated by 

potential interactions of acceptors with an additional electropositive surface, but also possible 

steric clashes with adjacent substituent groups. A survey of protein-ligand complexes in the PDB 

by Kriz et al., showed that nearly a quarter (23%) of ligands containing S or Se showed 

geometries consistent with Ch-bonding11c. Biswal, et al.’s comprehensive survey of S/Se donors 

to O acceptors in the PDB found that Ch-bonds are dominated by S···O interactions in turn 

structural element of proteins (although all secondary structures of proteins were represented)47. 

The survey had identified primarily intermolecular Ch-bonds in protein-ligand complexes, but 

one interesting intramolecular S···O was found within the Cys558 residue (Fig. 2.10a). Quantum 

mechanical calculations indicated that the interaction energies of Ch-bonds selected from the 

survey could range from -0.7 to -14.1 kcal/mol. As with the X-bond, the focus of this discussion 

will not be on Ch-bonds associated with the design of protein inhibitors (of which there are 

several examples) but on one that is integral to the protein’s natural function. 
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Figure 2.10. Chalcogen (Ch-bonds) in proteins. a. An intramolecular chalcogen bond (yellow 
dots) was observed from the sidechain sulfur to the peptide carbonyl oxygen of cysteine 
Cys588. The s-hole on this sulfur is established by the covalent S–S disulfide bond to cysteine 
C566. Data from Swedberg, et al.48 (PDB code; 6D3Y). b. A chalcogen bond (yellow dots) is 
highlighted between the sulfur of AdoMet and carbocyclic oxygen of Asparagine at position 
265 (N265) in histone-lysine N-methyltransferase Set 7/9. Data from Horowitz, et al.,49 (PDB 
code 4J83). 

 

A particularly interesting class of proteins where ncNC interaction, including Ch-bonds 

may play an important role in function are the S-adenosylmethionine (AdoMet)-dependent 

methyltransferases (MTases). AdoMet-dependent MTases are enzymes (ubiquitous across all 

phyla of life) that add methyl groups from AdoMet to small molecules in the biosynthesis of 

secondary metabolites, and2 to nucleic acids and proteins to control cellular functions. The SET 

domain containing lysine methyltransferase (SET7/9) specifically methylates a lysine on the 

histone 3 protein, which is a marker for transcriptional activation50. Fick, et al.51 found that the 

oxygen of the asparagine265 (N265) side chain of SET7/9 is positioned 3.0 Å from the with the 

sulfur of the bound AdoMet cofactor, consistent with an S···O Ch-bond (Fig. 2.10b). QM 

calculation on models that mimic this interaction resulted in an overall (–S-CH3)···O interaction 
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energy of ~ 16 kcal/mol, although it was not possible to disentangle the contributions of the 

S···O Ch-bond from the C–H···O H-bond. In order to determine the role of this Ch-bond, the 

authors replaced N265 with an alanine (N265A mutant).  Removing the amide of the side chain 

resulted in ~10-fold reduction in the affinity of the enzyme for AdoMet and ~7-fold reduction in 

the catalytic rate but, again, it would be difficult to distinguish the contributions to the binding of 

each of the two classes of ncNC interactions. One possible approach may be to study the system 

with a selenium analog of AdoMet, which should significantly increase its potential as a Ch-bond 

donor but not the H-bonding potential of the methyl group. We will see in the next section how 

tetrel bonds may play a catalytic role in this same class of enzymes. 

 

 2.5. The Tetrel Bond 

 Although tetrel bonding in chemistry can involve any of the group IV elements (C, Si, Ge, 

Sn, or P), the primary donor for this class of interactions in proteins are the carbons of methyl 

groups. The identification of tetrel bonds to methyl groups would be complicated by potential 

weak C–H···Acceptor H-bonds and, therefore, care must be taken to distinguish among the two 

competing interactions. Mooibroek’s 2019 survey of tetrel bonds published found nearly 2,800 

such ncNC interactions in the PDB52. The survey showed that oxygen dominated over sulfur and 

aromatic acceptors, with water O representing over half the interactions (57%), followed by 

amide O (~24%), carboxylic O (~15%), thiol S (4%) and aromatic rings (<1%). QM calculations 

on interaction energies representing tetrel bond type interactions are weak (ranging from -0.8 

kcal/mol to -3.7 kcal/mol) but not insignificant. 
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As with the Ch-bond, proteins where tetrel bonds may be particularly important are the 

AdoMet-dependent MTases. In this case, however, it is not the sulfur of AdoMet involved in the 

ncNC interaction but the methyl group that is being transferred, with the tetrel bond proposed as 

stabilizing a state that precedes the SN2 transition state of the transfer reaction53. Although 

carbons of methyl groups would not typically form strong tetrel bonds, the positively charged 

sulfonium of the AdoMet cation could strengthen the ncNC interaction through polarization49, 54. 

A 2018 survey by Trievel and Schiener55 of the PDB for tetrel bonds (Fig. 2.11) specifically in 

structures of AdoMet MTases found 20 unique examples of the ncNC interaction between the 

CH3 of the AdoMet cofactor and the oxygen of the water solvent or a ligand in the active site 

(one example was to a chlorine of a ligand). The tetrel bond lengths ranged from 78% to 106% of 

the sum of the van der Waals radii of the carbon tetrel bond donor to O/Cl acceptor (average = 

90.1 ± 7.5%) for AdoMet to ligands and 95.7% to 101% (average = 98.1 ± 1.8%) for interactions 

to water. The S–C···(O/Cl) angles ranged from 160° to 176° (average = 169.0° ± 5.0°). QM 

calculations on model systems mimicking four structures from survey showed that interaction 

energies CH3···(O/Cl) ranges from -5.2 kcal/mol to -9.0 kcal/mol for neutral acceptors and 

potentially to -65.7 kcal/mol for an anionic oxygen acceptor. A nonbonding orbital analysis of 

these energies indicate that the contribution from the tetrel bond 1.6 to 8-times greater than that 

from the competing C–H···(O/Cl) H-bonds of the methyl group. 
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Figure 2.11. Tetrel bond in methyltransferase. A tetrel bond interaction (black dots) is shown 
between the methyl group of the AdoMet cofactor in human catechol O-methyltransferase and 
the ligand 3,5-dinitrocatechol (DNC). (PDB code 5LSA). 

 

 2.6. Conclusions and Perspectives 

 We had previously argued that to be considered biologically relevant, an ncNC interaction 

must 1) affect a biological function, 2) affect the structures/stabilities of the biological molecule 

that defines the function, and 3) have energies that are biologically relevant (i.e., similar to that 

of H-bonds)2f. The discussion in this review demonstrates that X-bonds, Ch-bonds, and tetrel 

bonds all fit these criteria and all are fairly well represented in biological systems, as seen from 

surveys of the PDB. These surveys further point us in multiple directions for how and where 

such ncNC interactions can play significant roles in biology. The most obvious applications of 

these interactions would be towards inhibitor and drug design against therapeutical protein 

targets. This could include the design of small molecule ligands as well as peptides that bind 

specifically to target proteins. The intentional focus of the current review, however, is in ncNC 
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interactions that could serve as design elements applicable to engineering proteins that are more 

stable and/or with additional functions. An exciting area of development of ncNC interactions in 

chemistry is towards the design of new catalysts for organic reactions56. We see here that tetrel 

bonds may play a significant role already in catalyzing SAM dependent methyl transfer49, 53, 55. 

Thus, it we can now imagine how various ncNC interactions can be used to design new 

enzymatic catalysts. 

Finally, we currently have a good understanding for how the energies of each type of ncNC 

interaction is defined directly by the element type (with the s-hole being more electropositive as 

we go down the column of each elemental group) as well as the electron withdrawing potential 

of whatever our donor atom is attached. Such effects are now readily estimated from higher level 

QM calculations. In addition, classical molecular mechanics/dynamics simulations can now start 

to model at least the X-bond in proteins and other biological systems by incorporating 

corrections to the typical spherically uniform forcefield parameters57, including the positive extra 

point approach58 and the forcefield for biological halogen bonds59. The concept that the 

synergistic HBeXB can as much as double the potential energy of an X-bond42, 44, however, 

indicates that ncNC interactions can be strongly affected by its environment, potentially through 

synergistic coupling among different types of noncovalent interactions, not just H-bonds. Thus, 

to fully model and apply X-, Ch-, and tetrel bonds in protein engineering applications, we must 

better understand how each are affected by the ubiquitous H-bond and by each of the other ncNC 

interactions in the environments of proteins. 
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CHAPTER 3 

 DESIGN OF A HALOGEN BOND CATALYZED ENDONUCLEASE2  
 
 

 

3.1. Summary 

In this study, we expand the repertoire of biological catalysts by showing that a halogen 

bond (X-bond) can functionally replace the magnesium (Mg2+) cofactor in mouse endonuclease 

G (mEndoG). We mutated the metal coordinating glutamate E136 in mEndoG to a meta-

halotyrosine (mXY, X = chlorine or iodine) to form a mXY-mEndoG construct that is both acid and 

base catalyzed. Under basic conditions, the enzyme is inactivated by the metal chelator ethylene 

diamine tetraacetic acid (EDTA), indicating that the halogen substituent facilitates deprotonation 

of tyrosyl hydroxyl group, allowing recruitment of Mg2+ to restore the metal dependent catalytic 

center. At low pHs, we observe that the mXY-mEndoG is resistant to EDTA inactivation and that 

the iodinated constructed is significantly more active than the chlorinated analogue. These results 

implicate a hydrogen bond (H-bond) enhanced X-bond as the catalyst in the mXY-mEndoG, with 

asparagine N103 serving as the H-bond donor that communicates the protonation state of 

histidine H104 to the halogen. This model is supported by mutation studies and electrostatic 

potential calculations on models for the protonated and unprotonated mXY···N103···H104 system 

compared to the Mg2+ coordination complex of wildtype. Thus, we have designed and 

engineered an enzyme that utilizes a previously unexplored unnatural catalyst in its active site—

 
2 The work in this chapter was written, formatted, and submitted as a research article in Proceedings of the National 

Academy of Sciences, USA. I contributed to the EDTA and pH titration assays, HBeXB Bridge mutagenesis and 

activity assays, and quantum energy calculations.  

M.G. Walker, C.G. Mendez, A.N. Ho, R.S. Czarny, A.K. Rappé, & P.S. Ho, Design of a halogen bond catalyzed 

DNA endonuclease, Proc. Natl. Acad. Sci. U.S.A. 122 (14) 

e2500099122, https://doi.org/10.1073/pnas.2500099122 (2025). 

https://doi.org/10.1073/pnas.2500099122
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a catalytic X-bonding enzyme, or cX-Zyme—by controverting what constitutes a metal catalyst 

in biochemistry. 

 

3.2. Significance 

A fundamental concept in chemistry is that the properties of elements are periodic. 

Magnesium is a ubiquitous alkaline Earth (group II element) metal cofactor in enzymes that 

catalyzes many biochemical reactions, including DNA processing. We show here that the 

catalytic Mg2+ in a DNA endonuclease can be functionally replaced by the iodine or chlorine 

(group VII elements) of a halogenated tyrosine. This unnatural amino acid forms a hydrogen 

bond enhanced halogen bond to render the DNA backbone susceptible to hydrolysis, 

mechanistically analogous to but different from Mg2+. This unique catalytic center opens the 

field of synthetic molecular biology to the design of novel enzyme active sites and potentially 

challenges the fundamental concept of what defines a metal catalyst in biology. 

  



43 

3.3. Introduction 

Nature is adept at exploiting a limited number of chemical elements and mechanisms to 

evolve all the functional biological molecules that define life on Earth. Recently, synthetic 

biologists have started to expand the molecular tools to design functional biomolecules beyond 

what has naturally evolved. For example, non-canonical amino acids (ncAA) have been 

introduced to create new types of proteins1, while unnatural nucleic acids can be incorporated 

into DNA to expand the genetic code2. Directed evolution has become an important approach to 

extending natural selection to engineer biomolecules with new biological and chemical 

functions3, including the site-specific incorporation of ncAAs. 

There has not been as much progress in exploiting the breadth of chemical catalytic 

mechanisms to design new enzymes with novel mechanisms and/or functions. Unnatural amino 

acids have been successfully engineered into enzymes to improve their catalytic functions and/or 

substrate selectivities but their mechanisms of action remain largely “natural”4.  For example, an 

unnatural amino acid has been introduced into an enzyme as a copper chelator to catalyze the 

cleavage of small non-coding RNAs5 but metal catalysis is a well-established mechanism for 

chemical cleavage of nucleic acids.  

Nonclassical noncovalent interactions (halogen, chalcogen, pnictogen bonds) are now 

emerging as new catalyst for classic chemical reactions, including halogen abstraction and Diels-

Alder reactions6, 7. Recently, unnatural enzyme cofactors have been designed to utilize the 

pnictogen bond of a chelated antimony V metalloid center to catalyze the reduction of a 

fluorogenic quinoline substrate8. However, since this cofactor sits at the protein surface rather 

than the active site, the catalyzed reaction is not stereospecific. In the current study, we have 

designed an unnatural enzyme active site in which the catalytic magnesium dication (Mg2+) of 
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mouse endonuclease G (mEndoG, Fig. 3.1a) is functionally replaced by a halotyrosine ncAA. A 

hydrogen bond enhanced halogen bond is implicated in the catalytic mechanism, thereby 

introducing a new type of chemistry for designing catalysts for synthetic molecular biology. 

Halogen bonds (X-bonds) are non-classical noncovalent interactions9 that are now 

commonly used in chemistry to design novel materials10. The X-bond is most readily described 

by the s-hole model11, where the s-molecular orbital of the covalent bonded halogen subsumes 

the electron from the atomic pZ-orbital, resulting in an electropositive “s-hole” at the tip and 

leaving an electronegative waist around the halogen substituent. X-bonds are analogous to and, 

thus, interchangeable with hydrogen bonds (H-bonds)12, 13 and are seen to primarily replace the 

functions of H-bonds in recently engineered chemical catalysts6.  

X-bonds in biology14 contribute to recognition of halogenated inhibitors and drugs15-17 and 

have been engineered to control the conformations of DNA18, 19 and of peptides and proteins20-22. 

In this study, we address the question of whether a metal cofactor can be replaced by an X-bond 

by displacing the Mg2+ cofactor in mEndoG with a meta-halogenated tyrosine (mXY) (Fig. 1c-d). 

mEndoG specifically cleaves 5-hydroxymethylcytosine (5hmC) modified DNAs23 in the context 

of four-stranded DNA junctions24. DNA cleavage by mEndoG follows a classic endonuclease 

mechanism where an Mg2+ cofactor coordinates to and renders the DNA phosphodiester 

backbone susceptible to cleavage (Fig. 3.1b). Mutagenesis studies on the human homolog of 

EndoG supports this overall mechanism25. In addition, Robertson, et al., had shown that a 

histidine to asparagine mutation at position 97 (H97N) inactivates mEndoG23, supporting the 

requirement of a general base to provide the nucleophilic water. Finally, we will show here that 

replacing glutamate E136 that helps coordinate the Mg2+ cofactor with a bulky tyrosine also 

inactivates the mouse enzyme, thereby supporting the role of the metal in the cleavage 
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mechanism. In this study, we demonstrate that the mXY-mEndoG constructs show the same 

specificity as the wild type (WT) enzyme but functions through a unique catalytic mechanism in 

which the halogen substituent mimics the “metallic” electrostatic properties of the Mg2+ cofactor 

through a hydrogen bond enhanced halogen bond (HBeXB). 

3.4. Results 

Replacing E136 (Fig. 3.1c) in mEndoG with an mXY (X = Cl or I, Fig. 1d and e) creates 

mXY-mEndoG constructs that cleave 5hmC-modified DNA junction and duplex substrates (Fig. 

3.1f), resulting in products that are identical in size to those from the WT-mEndoG. In contrast, 

the unhalogenated tyrosyl E136Y mutant is significantly less active across all conditions, 

indicating that the halogen substituent of the mXY ncAA is the essential catalytic element in the 

mXY-mEndoGs. The para-phenylalanine construct (pXF) is similarly or less inactive 

(Supplemental Figure S3.1), meaning that simply adding a halogen to any aromatic amino acid is 

insufficient to induce catalysis. 
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Fig. 3.1. Structure and catalytic activities of mEndoG constructs. a. Crystal structure of the 
mEndoG homodimer (separate monomers colored cyan and green), with the T5 DNA from the C. 

elegans CPS6 ortholog of EndoG docked into the active site of the green monomer (see 
Materials and Methods). b. Schematic for the mechanism of mEndoG, showing glutamate E136 
coordinated to the catalytic Mg2+ and histidine H97 serving as a general base to deprotonate the 
nucleophilic water. c. Active site in WT-mEndoG shown with Mg2+ coordinated (dashed lines) to 
the carboxylate oxygens of E136 through bridging waters and the carbonyl oxygen of asparagine 
N128. d. Model of the E136 replaced by mIY136, generating the mIY-mEndoG construct. This 
RotA model positions the iodine to potentially form X-bonds to the scissile phosphate oxygens of 
the DNA. Asparagine N103 is shown as an H-bond donor to bridge mIY136 to the protonated 
histidine H104. e. The RotB model of mIY-mEndoG construct positions the iodine away from the 
DNA phosphate oxygens and N103. f. Junction substrate and DNA cutting activities of non-
halogenated and halogenated mEndoG constructs. Schematic of the DNA junction substrate (top 
left), showing the 5-hydroxymethylcytosine base (5hmC, bold, outlined text) position and the 
strands labeled at their 5’-ends with cyan (Cy5, red star) or fluorescein (FITC, blue star) 
fluorophores. Duplex DNA substrates result from incomplete formation of junctions from the 
sequences. Polyacrylamide gel electrophoresis (PAGE, bottom right) analysis of the DNA 
substrates (four-stranded junction and duplex, lane 1) and products after treatment with WT-
mEndoG (lane 2), iodinated mIY-mEndoG (lane 3), chlorinated mClY-mEndoG (lane 4), or the 
nonhalogenated tyrosyl Y-mEndoG (lane 5).  
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The apparent rate constants (kAPP) for catalytic cleavage of 5hmC-junctions by WT-mEndoG 

under pseudo-first order reaction conditions, where the enzyme is in excess, had previously been 

determined24 to be ~0.2 to 0.5 min-1 and are reproduced here. The equivalent rate for mIY-

mEndoG (kAPP ≈ 0.06 min-1) is ~10-fold lower than that of WT-mEndoG at pH 7.0, while the 

chlorinated mClY-mEndoG construct (k ≈ 0.03 min-1) is ~2-fold lower than mIY-mEndoG and ~20-

fold lower than WT-mEndoG. The higher activity of mIY-mEndoG over mClY-mEndoG mirrors the 

dependence of the s-hole on the size and the polarizability of halogen substituents (26), thereby 

implicating X-bonding as responsible for facilitating DNA cleavage. The mXY-mEndoGs are 

significantly more active than the Mg2+ dependent EndoG ortholog from Caenorhabditis elegans 

27, which is >200-fold less active (kAPP ≈ 8 x 10-4 min-1) than WT-mEndoG. Thus, the mXY-

mEndoGs catalyzed reactions fall well within the range of rates for this class of Mg2+ dependent 

DNA nucleases. Furthermore, the mXY-mEndoGs show the same specificity for four-stranded 

junctions over duplex DNA as WT-mEndoG, as evident in mClY-mEndoG (Fig. 3.1f), where 

nearly all the junction and very little of the duplex DNAs are cleaved.  

The differences in activities among the mXY-mEndoG constructs and relative to WT-

mEndoG are not defined by their binding affinities to the 5hmC-junction substrate (Supplemental 

Figure S3.2 and Supplemental Table S3.1). While the iodinated mIY-mEndoG shows an ~17-fold 

lower affinity for the substrate compared to WT, that of the chlorinated mClY-mEndoG for the 

DNA substrate is higher than both WT-mEndoG and mIY-mEndoG, indicating that the activities 

of the haloenzymes are dependent on the intrinsic catalytic potential of the halogen. We will 

primarily focus the remainder of our discussion on the more active iodinated mIY-mEndoG. 

The pH dependence of mIY-mEndoG and WT-mEndoG were assayed to probe the 

differences in their catalytic mechanisms. WT-mEndoG showed a pH profile (Fig. 3.2a) with the 
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maximum activity seen between pH 7.0 and 7.5, associated with two pKa values (pKa1 = 6.8 and 

pKa2 = 7.7). The increase in activity going from pH 6 to 7.5 is consistent with a mechanism in 

which His97 acts as a general base to increase the nucleophilicity of the hydrolytic water (Fig. 

3.1b). We interpret the reduction in activity at pH ≥ 7.7 as the enzyme switching from overall 

positively to negatively charged, thereby reducing its affinity for the negative DNA substrate. 

This interpretation is supported by an isoelectric point pI = 8.1 calculated for mEndoG using the 

Isoelectric Point Calculator 2.028. 

In contrast, the pH profile for mIY-mEndoG is inverted relative to that of the wildtype, 

showing high activities both above and below pHs 8.0 (Fig. 3.2b). We probed the two pH effects 

separately. The high pH active mIY-mEndoG has a pKa ≈ 8.7 (Fig. 3.2c) and is as or more 

sensitive than the wildtype to inactivation by the metal chelator ethylenediaminetetraacetic acid 

(EDTA, Supplemental Fig. S3.3). We interpret these results as the halogen lowering the pKa for 

deprotonation of the tyrosyl hydroxyl group through standard inductive effects (the pKa of the 

OH of mXY is reported to be ~8.3 for both the chloro- and iodo-forms29, 30. This mechanism may 

account for the nominal activity observed for the non-halogenated tyrosyl mutant. The sensitivity 

to EDTA inactivation suggests that the deprotonated mXY recruits an Mg2+ to the active site, 

recapitulating the metal-dependent mechanism of the wildtype enzyme. 
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Fig. 3.2. Effects of pH and EDTA on the DNA cutting activity of WT- and halogenated mXY-
mEndoG. a. Apparent pseudo-first order kinetic rate constants (kAPP) for WT-mEndoG. The pH 
titration curve (dotted line) was modeled using standard Henderson-Hasselbach equations36, 37. 
The titration curve was modeled with two pKa values (pKa1 = 6.78, pKa2 = 7.69), with R2 = 
0.91. b. Quantitation of cleaved DNA products after 30 minutes reaction from halogenated (mClY-
mEndoG, green bars, and mIY-mEndoG, magenta bars) and unhalogenated (grey bars) tyrosine 
mutant constructs relative to those from WT-mEndoG at pHs from 7.0 to 9.0. c. Effect of pH on 
kAPP for the base (High pH) facilitated mIY-mEndoG activity, analyzed similarly to WT-mEndoG 
in a. The Henderson-Hasselbach curve was fit with a pKa = 8.7 (R2 = 0.9). d. Effect of pH on 
kAPP for the acid (Low pH) facilitated mIY-mEndoG activity. The Henderson-Hasselbach curve 
was fit with a pKa = 6.98 (R2 = 0.98). e. PAGE analysis of junction (J) and duplex (D) substrates 
and products (P) after treatment with WT-mEndoG or mIY-mEndoG in 0 mM, 2 mM, or 4 mM 
concentrations of EDTA at pH 7.0 for 2- or 4-hours. f. Normalized intensity (<Intensity>) 
profiles of the scanned gel lanes from e using the NIH ImageJ program38 for WT-mEndoG and 
mIY-mEndoG after 4 hours catalyzed reactions in 0 mM, 2 mM and 4 mM EDTA. g. Percent 
activity for WT-mEndoG (blue) and mIY-mEndoG (magenta) from f and Supplemental Figure S5 
relative to their respective maximum activities at 0 mM EDTA. Error bars are the standard errors 
of the mean from at least 3 independent measurements.  
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The higher activity under acidic conditions is consistent with general acid facilitated 

catalysis, with a single pKa value of ~6.95 (Fig 3.2d and Supplemental Figure S3.4). Under these 

conditions, mIY-mEndoG is significantly less sensitive to EDTA inactivation than the WT-

mEndoG (Fig. 3.2e-f), with the wildtype losing over 90% of its activity at 1 mM EDTA 

(Supplemental Fig. S3.5) while the iodoenzyme shows residual activity up to 4 mM EDTA. 

Thus, the mIY-mEndoG construct is shown to be significantly less metal dependent than wildtype. 

The loss of activity of mIY-mEndoG at higher EDTA concentrations can be attributed to the 

change in conformation of the junction substrate as the chelator strips Mg2+ from the DNA31, an 

effect seen with other DNA junction processing enzymes32.  

We interpret the acid facilitated activity of mIY-mEndoG to an X-bond being augmented by 

an H-bond to the electronegative waist of the halogen in a synergistic interaction that we had 

previously identified as an H-bond enhanced X-bond (an HBeXB)22, 33. This leaves the question 

as to what the H-bond donor is for the HBeXB. Our prior studies on T4 lysozyme had shown that 

the hydroxyl group of a mXY amino acid can serve as the H-bond donor to an HBeXB 

interaction22. However, the pKa ≈ 7 for this reaction is ~1.3 pH units lower than any singly 

halogenated tyrosine found in the literature29, 30, thereby precluding the tyrosyl OH and pointing 

to a histidine being the more likely H-bond donor to the HBeXB.  

In surveying the WT-mEndoG structure24, we found H104 to be the closest histidine to the 

mIY residue but is too distant to be a direct H-bond donor. However, an intervening asparagine 

(N103) is present that could accept an H-bond from H104 and donate an H-bond to mIY (Fig. 

3.1c). This arrangement suggested that the pH-dependent protonation state of H104 could be 

communicated to the halogen through the H-bonded N103 bridge (Fig. 3.3a). To test this model, 

we mutated N103 or H104 separately to alanine residues (N103A and H104A mutants, 
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respectively) in the mIY-mEndoG and WT-mEndoG constructs (Fig. 3.3b). Both the N103A and 

H104A mutants of mIY-mEndoG were found to be inactive. In contrast, the N103A-WT-mEndoG 

showed diminished but substantial activity, while the H104A-WT-mEndoG mutant showed near 

wildtype activity. Thus, both N103 and H104 are essential to the catalytic activity of mIY-

mEndoG but neither are required in the catalytic mechanism of WT-mEndoG. 

To further probe this mechanism, we calculated the electrostatic potential (ESP) surfaces of 

simplified molecular models that represent the various protonated and unprotonated 

H104···N103···X networks and compared these ESP values to those of models for the 

coordinated Mg2+ environment (Fig. 3.3c). The ESP were calculated for the mXY136 models for 

both iodine and chlorine as the X substituent. The models used in the ESP calculations for the 

coordination complex with Mg2+ and of the H104···N103···X networks are described in greater 

detail in the Materials and Methods section. 

We note that in the published crystal structure24, the NH2 of the amide side chain points 

towards H104, which, at first would preclude it from serving as an H-bond donor to the halogen 

of mIY136. However, X-ray diffraction cannot distinguish between an oxygen and nitrogen at the 

reported resolution and, therefore, it is not clear what the actual orientation of the amide is in 

respect to H104 and mIY136 and whether this H104···N103···X network model would require 

rotation of N103. 
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Fig. 3.3. H-bond network to enhance the mIY X-bond and quantum mechanical (QM) 
analysis of electrostatic potentials (ESP) of models for WT- and mXY-mEndoG active site 
residues. a. Model showing the proposed H104···N103···mIY136 network. In this model, 
protonation of H104 under acidic conditions creates the H-bonded H104-H+···O=C-N103-
NH2···I network that significantly enhances the X-bonding potential of the mIY136 iodine 
substituent. b. PAGE assay of DNA substrates and products generated by WT-mEndoG, mIY-
mEndoG and their respective N103A and H104A mutants. c. Comparison of ESP values for the 
Mg2+ cofactor in WT-mEndoG to those of the halogens in models for the mIY-mEndoG active 
site. The model of Mg2+ coordinated to N128 and E136 in WT-mEndoG was constructed as 
complexes with acetamide and acetate molecules, respectively. All atoms, along with waters 
were placed according to their respective positions as seen in the crystal structure of WT-
mEndoG24. The complex included either all four waters from the crystal structure (cyan bar), or 
with waters removed (leaving 2 or 3 coordinated solvent molecules, blue bar) that would allow 
coordination of the Mg2+ to the phosphate oxygens of the DNA substrate. ESP were calculated 
for models of mClY (green bars) and mIY (magenta bars) residues alone, in complex with the 
carbonyl oxygen (N=O) or the amino group (NH2) of acetamide (model for the N103 side chain) 
pointed towards the halogen, with neutral imidazole (model for the H104 side chain, labeled H) 
or protonated imidazole (H+) in the network. Values were plotted for the most positive point on 
the respective ESP surfaces. 
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The ESP calculations consider both orientations of the amide with either the carbonyl O or 

the amino NH2 pointing towards the halogen. However, the difference in overall energies 

calculated for these complexes with the carbonyl oxygen pointed towards the halogen (as in the 

H104···N103=O···X model) is +132 kcal/mol (for iodine) to +138 kcal/mol (for chlorine) 

compared to models with the amino group towards the halogen. This large positive energy 

difference strongly supports the H104···N103-NH2···X model as being most likely for these 

studies. 

The maximum ESP for Mg2+ in its coordination complex is highly positive (>200 

kcal/mol), as expected for a dicationic metal. We modeled this complex with the Mg2+ 

coordinated to four waters, as seen in the crystal structure24 or 1 or 2 waters (labeled W4 and W5 

in Fig. 1c) removed, leaving 2 or 3 solvent molecules coordinated to mimic the metal complex 

when DNA sits in the active site (there was very little difference in the calculated ESP between 

these two water depleted complexes). The neutral halogens in all the mXY136 models are 

significantly less positive (≤ 60kcal/mol). The ESP values of models calculated with the carbonyl 

oxygen of the N103 amide pointed towards either the mXY136 is either negative or only slightly 

positive and overall less positive than that of a halophenol model alone. In contrast, all models 

with the amide NH2 pointed towards the halogen have significantly positive or near neutral 

maximum ESP surfaces. The observation that mIY-mEndoG shows at least weak activity under 

neutral pH conditions suggests that the amide is oriented to form an NH2···I H-bond. Addition of 

the imidazole side chain of H104 to the model, whether protonated or not, renders all the ESPs to 

be positive. When this H104 imidazole is protonated, the maximum ESP values increase 

significantly. 
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We also compared the ESP of each H104···N103···X model with the tyrosyl hydroxyl 

pointed either towards or away from the halogen to determine how much a potential OH···X 

HBeXB could contribute to the electropositive s-hole (Supplemental Figure S3.6). In the models 

absent the protonated H104+, this OH···X interaction contributed significantly (upwards of 18 

kcal/mol) but the overall ESP is less than that of the respective H104+···N103···X models. With 

the H104 protonated and positively charged, the OH···X H-bond contributed less than 10 

kcal/mol (<10%) of the electropositive charge for either the iodinated or chlorinated ESP values. 

Thus, above neutral pHs, the tyrosyl OH could create a significantly positive s-hole but that this 

is dwarfed by the effects of the protonated H104+ under acidic conditions where the mXY-

mEndoG constructs are fond to be most active. 

We can now compare the various ESP values to determine how large a role electrostatics 

plays in the mechanism of mIY-mEndoG versus WT-mEndoG. We see that the ESP of the 

protonated H104···N103···I model network is ~2-3-fold more positive than the neutral network 

with the unprotonated H104, which corresponds well with the ~3-fold higher kAPP at pH 6.5 

versus 8.5 (Fig. 3.2d). In addition, the iodinated enzyme shows ~60% higher activity at pH 6.5 

compared to the chlorinated analogue, while their ESPs differ by ~40%. Thus, electrostatics can 

account generally for the acid facilitated catalysis and the difference in reactivity between the 

two halogens. Finally, we can compare the ESPs of the mXY-mEndoG models to those of the 

Mg2+ coordination complex. The kAPP for mIY-mEndoG at pH 6.5 is ~ 9-fold lower than that of 

WT-mEndoG, which is comparable to the ~7-fold difference in ESP values for the protonated 

H104H+···N103···I network and the 2/3 water coordinated complexes of Mg2+. Thus, the ESP 

calculations correlate well with the relative activities of the mEndoG constructs studied here. 

These findings indicate that the enhancement of the s-hole by the H104H+···N103···I network 
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mimics the electrostatic effects of the Mg2+ cofactor in the mEndoG active site and generally 

supports our supposition that the DNA cutting activity of the mXY-mEndoG enzyme under acidic 

conditions is catalyzed by the resulting HBeXB interaction. 

 

3.5. Conclusions and Discussion 

This study demonstrates that the essential catalytic Mg2+ cofactor in the mEndoG 

endonuclease can be functionally replaced by an unnatural halogenated mXY amino acid, creating 

for the first time a catalytic X-bond dependent enzyme—a cX-Zyme. The inversion of the pH 

profile is the first evidence that mXY-mEndoG follows a catalytic mechanism that is distinct from 

the wildtype. Could the acid facilitated catalysis by mXY-mEndoG be attributed to residual metal 

in the enzyme’s active site? Although halogens can form complexes with various transition 

metals34, the finding that the pIF construct is essentially inactive supports our contention that a 

halogen substituent in itself does not recruit metals to catalyze DNA cutting. Furthermore, mIY-

mEndoG at low pHs and in the presence of the metal chelator EDTA cuts DNA while the WT-

enzyme is nearly completely inactive. One would expect any catalysis by residual Mg2+ bound to 

mIY-mEndoG would be as or even more sensitive to EDTA as WT-mEndoG. Indeed, the high pH 

activity serves as an internal control, where the Mg2+ is more readily extracted by EDTA from the 

deprotonated halotyrosine of mIY-mEndoG than from wildtype. Therefore, we are confident that 

mIY-mEndoG cuts DNA without the need for Mg2+ in the active site, even though the metal may 

be necessary to define the conformation of the DNA junction substrate32. 

The evidence that mXY-mEndoG is dependent on X-bonding, more specifically an HBeXB, 

comes initially from the observation that the nonhalogenated tyrosyl construct of mEndoG is 

largely inactive, indicating that the halogen substituent of the mXY is the critical element for 
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catalytic activity. The finding that the iodinated mIY-mEndoG is more active than the analogous 

chlorinated construct follows the trend expected for the polarizability of halogen substituents and 

their X-bonding potentials according to the s-hole model11, implicating X-bonding in the 

catalytic mechanism. The requirement of both H104 and N103 for catalysis further indicates that 

this is an HBeXB, with the N103 serving as the H-bond donor and as a bridge to communicate 

the pH-dependent protonation/charge state of H104. This model is supported by the 

correspondence between the ESP calculations on models of the H104H+···N103···X network and 

Mg2+ coordination complex in their various states with the experimental kAPP values. Therefore, 

the experimental and computational evidence points to mXY-mEndoG being a catalytic X-bonding 

enzyme (a cX-Zyme), whose DNA processing activity can be readily tuned according to the type 

of halogen incorporated into the unnatural amino acid.  

The results from this study challenges what defines a metal catalyst in biology. We learned 

early in our chemistry classes that the properties of the elements are dictated by the periodic 

table, with metals occupying the left-hand columns of the table and non-metals relegated to the 

right-hand columns. In this study, we show that a group II alkaline earth metal catalyst (Mg2+, an 

element on the left-hand side of the table) can be functionally replaced by a group XVII halogen 

on the far right-hand side. There is a growing appreciation that these basic assumptions about 

how nature works are challenged by quantum mechanics. In the simplest interpretation, the 

electropositive s-hole of the halogen substituent in mXY-mEndoG is mimicking the charge of 

Mg2+, rendering the DNA’s phosphodiester bond more susceptible to nucleophilic attack by a 

hydrolytic water. We have not, however, explored the possibility that additional components of 

X-bonds, including covalency, may contribute to the catalytic activity of the cX-Zyme. The X-
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bond and indeed the plethora of so-called s-hole interactions are quantum effects that now blur 

the line between metals and non-metals, at least in terms of their electrostatic properties. 

The mXY-mEndoG is the first in what could potentially be a larger class of cX-Zymes. We 

note that mEndoG is a member of the HNH endonuclease, which have been shown in some cases 

to be tolerant of multiple amino acid substitutions in their active sites35. It would be interesting 

and important to determine whether an X-bond can be as effective as a catalyst in DNA 

processing enzymes that are either more or less accommodating to mutations of their catalytic 

residues. The HNH superfamily of enzymes is fairly large and, therefore, the cX-Zyme concept 

would still find broad application, even if restricted to this class of endonucleases. 

This proof of concept that an X-bond can serve as an unnatural enzyme catalytic center, 

thus, presents a unique tool for the design of new enzymes in synthetic biology. X-bonds in small 

organic catalysts have been shown to accelerate an expanding range of important synthetic 

reactions6, 7. Incorporating analogous X-bonding facilitated reactions into proteins could allow 

the cX-Zyme concept to be extended beyond DNA processing to develop novel biological-based 

catalysts for a much broader range of chemical reactions besides simple hydrolysis.  
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3.6. Methods 

Protein Constructs and Expression  

Expression vectors for various forms of mouse endonuclease G (mEndoG) were 

constructed starting with the pET-28a plasmid containing the gene for the maltose binding 

protein (MBP)/mEndoG fusion protein (truncated at the N-terminus by 41 amino acids), as 

previously described23, 24. The MBP-mEndoG fusion is followed downstream by the sequence for 

a T7 promoter and the inhibitor dEndoGI from Drosophila melanogaster35. This starting 

construct expresses what we refer to as the wildtype (WT) form of mEndoG. An inactive form of 

the enzyme was constructed by replacing the Mg2+ chelating glutamate E136 with a tyrosine (the 

E136Y mutant). Expression vectors for haloenzymes containing unnatural meta-halogenated 

tyrosine (mXY) amino acids were constructed by replacing E136 in WT-mEndoG with the 

AMBER stop codon TAG39-42.  

Nonhalogenated forms of mEndoG were expressed in BL21 Codon+ cells. Cells were 

grown at 37°C in 1 liter of NZCYM media in the presence of the appropriate antibiotics 

(kanamycin and chloramphenicol) and 1% (w/v) dextrose. Protein expression was induced with 1 

mM isopropyl ß-D-1-thiogalactopyranoside (IPTG) when cells reached growth measured as 0.6 

OD600. The expression cultures continued to grow with shaking at 37°C for 90 minutes or 48 

hours at 16°C. Cells were centrifuged into pellets and stored at -20°C.  

Constructs for mEndoG containing the unnatural mXY amino acids were expressed in BL21 

Codon+ cells by co-transforming the mXY-mEndoG vector with the pdule-Mb-haloTyrRS-C6 

plasmid, which encodes MbtRNACUA and 3-halo-L-Tyr amino acyl-tRNA synthetase, and that 

was altered to include ampicillin resistance (ampR). Cells were grown at 37°C in 1 liter of 
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NZCYM media with kanamycin (52 mg), chloramphenicol (36 mg) and ampicillin (36 mg). 

Protein expression was induced with addition of 1 mM IPTG and 1 mM mXY (mIY or mClY) at 0.6 

OD600. The culture solution then continued to shake for 4.5 hours at 25°C before centrifugation 

and storing the pellet at -20°C. 

 

Protein Purification  

Cell pellets after protein expression were resuspended in ~25 mLs of 50 mM Tris buffer at 

pH 8.0, 50 mM NaCl, 1 mM MgCl2, 700 uL/L b-mercaptoethanol (BME) and 0.5% w/v 

glycerol, then incubated with 3 mL of 0.5 M EDTA and 10 µL of the detergent nonyl 

phenoxypolyethoxylethanol prior to sonication. The sonicated solution was then centrifuged at 

15,000 rpm and the supernatant filtered through a 0.22 um filter. The filtered solution was passed 

through an MBP-Trap column and eluted with 20 mM maltose. The eluate was collected and 

incubated with tobacco etch virus (TEV) protease for 16 hours at 4°C to remove the MBP tag. 

The cleaved protein solution was passed through a Heparin column and the mEndoG construct 

eluted with 1 M NaCl. The eluate was concentrated to 1 mL then passed through a Sephracyl S-

100 HR gel filtration column. The final sample was concentrated and stored at -80°C until used.  

 

DNA Substrate Preparation 

Holliday junctions were assembled by annealing four complementary DNA 

oligonucleotides24, 43, one strand modified at the 5’-end with the cyan Cy5 and a second with the 

fluorescein FITC fluorophores (sequences listed below). Oligonucleotides, purchased in HPLC 

purified form from Integrated DNA technologies (Coralville, IA), were dissolved in nano-pure 

water and junction buffer (2x TBE buffer at pH 7.8 plus 0.1M MgCl2, 0.2M NaCl) to a 
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concentration of 7µM. The DNA heated to 90°C for 20 minutes, followed by a 2-3 hour slow 

cooldown to room temperature. The annealed DNA was separated using a native polyacrylamide 

gel electrophoresis. Gel slices containing the junction DNAs were excised, crushed, and 

resuspended in 1X junction buffer. Duplex forms of the DNA result from mis-assembly or self-

disassembly of the junction sequences. 

The DNA sequences annealed as junctions are the following (5hmC: 5-

hydroxymethylcytosine): 

 Cy5-CCGTACGGGG(5hmC)CAGGCCTCG 

GGGTTCCTGGCCCCGTACGG 

CGAGGCCTGGCCCCGGCTGC 

FITC-GCAGCCGGGGCCAGGAACCC 

 

Nuclease Assays for Activity 

DNA substrates for nucleases assays (prepared as described above) were diluted to 45-50 

nM in reaction buffer (20 mM Tris buffer at pH 7.5, 0.4% glycerol, 10 mM BME, 0.1% Triton 

X-100) and incubated with 0.5 µM enzyme for varying time points (the buffer was altered for pH 

and EDTA content as necessary for the respective assays). Reactions were quenched with 1.5 uM 

proteinase k and 0.02% sodium dodecyl sulfate (SDS). The quenched reaction mixtures were 

separated by native or denaturing polyacrylamide gel electrophoresis (PAGE) and imaged using 

a Typhoon FLA 9500 gel imager (GE Healthcare). The PAGE images were scanned and 

quantified using the NIH ImageJ program38.  
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Kinetics of the enzyme catalyzed reactions were treated as pseudo-first order reactions and 

fitted as single-exponential functions. The resulting apparent rate constants (kAPP) were measured 

at least twice for each condition through a minimum of two, typically three independent replicate 

experiments. 

 

Fluorescence Polarization Assays for Affinity  

The affinity of various mEndoG constructs for the Cy5-labeled DNA junctions were 

assayed by determining their dissociation constants (KDs) from fluorescence polarization (FP) 

measurements using a PerkinElmer 1420 Multilabel counter plate reader and FP curves analyzed 

using the program KaleidaGraph. Assays were performed in solutions containing 20 nM FITC-

labeled DNA plus enzyme concentrations ranging from 0.1 to 10 µM in 50 mM TRIS buffer at 

pH 8.0, plus 50 mM NaCl and 1 mM MgCl2. Under these solution conditions, the enzymes do 

not show significant cleavage of the DNA (WT-mEndoG cleaves <2% of the DNA after 2 hours 

incubation). 

 

Molecular Models of mEndoG Constructs 

Initial models for the various halogenated and nonhalogenated constructs of the mEndoG 

enzyme were constructing starting with the crystal structure of the WT enzyme (PDB ID 

6NJU)24 using the BUILD functions in the program PYMOL44. The PYMOL SCULPTING 

function was used to remove steric clashes but no additional higher-level modeling was 

performed on the structures in order to eliminate any bias in the modeling. 

Models for Mg2+ coordination complex in WT-mEndoG: Models for the mEndoG metal site 

(Mg2+-N128-E136) was constructed by placing the atoms of acetamide and acetate around the 
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Mg2+ cation at equivalent positions seen in the WT-mEndoG crystal structure. In addition, waters 

W1 to W4 in Fig. 1c were placed according to their positions in the crystal structure to construct 

the model with four solvent molecules (W5 was not included, since it would have been replaced 

by an oxygen from the DNA phosphoribose backbone). The model for the three-water complex 

included W1-3, while the two-water complex included only W1 and W2. Hydrogens were added 

to all molecules including the waters. The positions of the hydrogen atoms were geometry 

optimized using density functional theory (DFT) optimization, while holding the position of all 

heavy atoms fixed in their respective positions. ESP surface calculations were performed on 

these hydrogen optimized models. 

Models for H-bonded network in mXY-mEndoG: Ortho-halophenol molecules were used as 

minimal models for the aromatic side chains of the respective iodo- and chloro- meta-

halotyrosine amino acids. As described above, hydrogens were added to models and their 

geometries optimized by DFT calculations, while holding all heavy atoms fixed. The hydrogens 

of the hydroxyl substituents in these models were oriented away from the halogens, since it was 

determined that this OH is likely not the H-bond donor of the HBeXB. Calculations with the OH 

oriented towards the halogens increased the ESP values by +1 to +8 kcal/mol of each model but 

did not affect the overall trends observed from the calculations. The simplest models were that of 

the o-halophenol to mimic the halogenated tyrosyl side chain with no enhancement of its X-

bonding potential from an H-bond donor. 

To build the H-bonded HBeXB network, we started with the o-halophenol and an 

acetamide molecule to mimic N103, with all atoms placed in positions as seen in the crystal 

structure of mEndoG24, with the carbonyl oxygen is oriented towards the halogen. In this and all 

subsequent models, the atomic positions of the carbon equivalent to the Ca of the enzyme 
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backbone were held fixed. The positions of the equivalent Cb atom of the acetamide was fixed in 

place, while the coordinates of the remainder of the molecule were geometry optimized by DFT 

calculations. The H-bonded o-halophenol was constructed by rotating the amide to point the 

NH2 group towards the halogen and, again, the acetamide component geometry optimized with 

the equivalent Cb atom fixed. 

Next, we added an imidazole molecule positioned to model the neutral 

H104···N103···mXY136 network in the crystal structure, initially with the Nd equivalent nitrogen 

protonated and the Ne unprotonated. Again, the positions of atoms of the N103 and H104 mimics 

were geometry optimized by DFT while holding the Cb of the acetamide and the imidazole 

components fixed. The remainder of the atoms were allowed to rotate around the Ca-Cb bonds. 

 

Quantum Mechanical (QM) Calculations of Electrostatic Potentials (ESPs) 

Minimum molecular models were constructed from small molecules that mimic the 

catalytic components of the WT-mEndoG and the mXY-mEndoG constructs, as described in detail 

below. Models did not include any atoms from the docked DNA substrate, since these positions 

are uncertain. Electrostatic potentials for each model system were calculated at the Møller-

Plesset second-order (MP2) level of theory using the program GAUSSIAN45. Calculations on 

non-iodine models were performed with the 6-311+g(d) basis set, with an implicit solvent model 

having a dielectric constant D = 2, shown to be appropriate for electrostatic type interactions in 

active sites of proteins, including those that bind nucleic acids46-49. Calculations on the iodinated 

models applied an EMSL basis set exchange42. 
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CHAPTER 4 

THE EFFECTS OF PROTEIN ENVIRONMENTS ON THE GEOMETRIES AND ENERGIES 
OF HYDROGEN BOND ENHANCED HALOGEN BONDS3 

 
 
 

4.1. Summary 

Halogen bonds (XBs) are significant interactions in protein-inhibitor complexes. The XB 

potentials of halogens are greatly influenced by hydrogen bonds (HBs) through synergistic 

hydrogen bond enhanced halogen bond (HBeXB) interactions. In this survey of the Protein Data 

Bank, we find that HBeXBs constitute ~45% of all XBs, although their overall geometries 

are similar to those of XBs alone. However, shorter HBs are seen to correlate with more linear 

XBs. Uncharged HB donors increase the electrostatic surface potentials (ESPs) 

of HBeXB models by 2 -10 kcal/mol, while ESPs with charged donors increase by 60-70 

kcal/mol. This charge effect on ESPs translates to an increase in interaction energy of 5-6 

kcal/mol. Finally, IC50s for a limited set of halogenated inhibitors appear to be associated 

with HB angles of approach. Thus, HBs significantly influence the geometries and energies 

of HBeXBs, providing insights useful for the design of more effective therapeutic inhibitors. 

 

 

 

  

 
3 The work in this chapter was written, formatted, and submitted as a research article for the Journal of Medicinal 

Chemistry. I contributed by analysis of the dataset collected from the survey, quantum energy calculations, and co-

writing. I am responsible for conceptualization of the pairwise binding energy calculations.  
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Figure 4.0: Graphical abstract of Chapter 4. 
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4.2. Introduction 

Nonclassical noncovalent (ncNC) interactions are now well established as important tools 

for molecular design and engineering across multiple areas of chemistry1. Among this class of 

molecular interactions, the halogen bond (XB) stands out for its broad applications in the 

biological sciences2, particularly in medicinal chemistry3, 4 and, more recently, in designing 

peptides and proteins with enhanced physical properties5, 6 and new catalytic mechanisms7. The 

molecular contexts for such biological XBs are complex in that this type 

of ncNC interaction resides in an environment that is replete with many other, more classical 

electrostatic interactions, not the least of which is the hydrogen bond (HB). The relationship 

between HBs and XBs in the biological context is also complex8, being competitive9 or 

orthogonal10 when both are vying for the same acceptor atom. We recently proposed that an HB 

can also serve to enhance an XB, resulting in what we call the hydrogen bond enhanced halogen 

bond, or HBeXB5, 11. The HBeXB concept had previously been invoked to help rationalize the 

ability of halogenated tyrosine (XTyr, an unnatural amino acid) to affect the physical properties 

of proteins 5 and to function as catalysts in DNA processing enzymes7. In this study, we surveyed 

the Structural Bioinformatics Protein Data Bank (the PDB for short)12 for potential HBeXBs to 

determine their prevalence and geometries (Figure 1a) of interaction, and apply quantum 

chemical analyses of models for average and idealized HBeXBs to better understand how the 

protein environment affects their energies of interaction in protein-inhibitor complexes. 

Halogens are rarely seen as covalent substituents in natural biological macromolecules but, 

for proteins, can result from oxidative halogenation by peroxidases as inflammatory responses in 

respiratory diseases13 such as asthma. Bromination of DNA bases by eosinophil peroxidase may 

serve as markers for DNA damage14, while halogenated cytosines may induce spontaneous 
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transition mutations15. However, the most common occurrence of halogens in biology are as 

substituents in inhibitors and drugs that bind protein targets2, 16, 17. Indeed, ~20% of all 

therapeutics and drugs, including ~50% of the highest grossing drugs, are halogenated, with the 

heaviest of the halogens (I, Br and particularly Cl) persisting through the drug discovery 

pipeline18. Recent studies have shown that nearly one-third of drugs approved by the FDA in 

2024 are halogenated (primarily F and Cl)19. 

The classical reasons for the incorporation and persistence of halogens in drug discovery 

pipelines include the elements’ lipophilicity and their electron withdrawing abilities, which 

affects the reactivities and properties of other substituents, such as those involved in HBs. For 

example, Poznański, et al.20 showed from a survey of PDB structures that distances of HB 

donors from inhibitors to their acceptor atoms in the target protein kinases and 

acyltransferases were shorter when the ligands are halogenated versus those that 

are unhalogenated. This effect can be attributed to the increase in the acidity of the HB donor 

from the electron withdrawing inductive property of the halogen, with the most electronegative 

fluorine showing the strongest effects on most types of HBs, while nonfluorine halogens show 

the most significant shortening only of NH···O interactions.  
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Figure 1: PDB survey of biological halogen bonds (XBs) and hydrogen bond enhanced halogen 
bonds (HBeXBs). a. Geometric parameters for XBs and HBeXBs. Distances are labeled from 
the halogen (X) to the XB acceptor (A, RX···A), from X to the HB donor (D, RX···D) and from the HB 
donor to the XB acceptor (RD···A). The approach of A to the s-hole of X is the q1-angle, approach 
of X to the A electrons is the q2-angle, approach of the HB donor to X is the h1-angle and D to A 
is the h2-angle. b. Polar radial plot representing the HBeXB q1 angles and RX···A distances 
(calculated as the respective f∑RvdW) for X= Cl (green), Br (red) or I 
(violet). c. HBeXB populations plotted as RD···A versus RX···A distances. Populations were 
distinguished as primarily HB or primarily XB interactions by the RD···A distance, with 
demarcation at RD···A  ≈ 1.1 of f∑RvdW. d. Polar radial plot representing the q1 angle 
and RX···A distance HBeXB population after filtering the data to remove from b interactions 
with RD···A  < 1.1 of f∑RvdW.  

 

The significance of halogens in biological systems has become greatly expanded with the 

discovery that XBs are major components in biomolecular recognition, particularly in inhibitor 

and drug recognition and binding2. However, XBs in these protein-ligand systems were 
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primarily identified retroactively. Among the first intentional application of XBs in therapeutics 

was a report in 2009 on the design of factor Xa inhibitors3. XBs are now seen as 

significant contributors to occurrence and the persistence of larger halogens through the drug 

discovery pipeline17. 

XBs are members of a larger class of what are now known as s-hole ncNC interactions1, 21. 

The s-hole concept posits that an atom participating in a covalent bond will have its valence 

electron subsumed by the s-molecular orbit (s-MO), resulting in an electropositive crown (the s-

hole) diametrically opposed to the orbital22. For XBs, this polarization leaves an electronegative 

waist perpendicular to the s-MO that can serve as an HB acceptor. The size and electropositive 

charge of the s-hole increases as the atomic radius and associated polarizability of the halogen 

increases (with Cl < Br < I). We should note that various levels of computational theory support 

the inclusion of charge-transfer (its initial conception23), and dispersion 24, as well as 

electrostatics25 in XB interactions. However, for convenience, we will focus primarily on the 

electrostatic s-hole model for the remainder of this discussion. 

XBs are analogous to the more ubiquitous HB21, 26. As such, the relationship between XBs 

and HBs in protein environments have been of great interest, with surveys of structures in the 

PDB providing important insights into their relationships. These two molecular interactions share 

common electronegative acceptors, meaning that XBs could substitute for or compete against 

HBs8, 9. When sharing the same acceptor atoms, such as the carbonyl oxygen of a peptide bond, 

XBs and HBs have been seen from such surveys to be geometrically and thermodynamically 

orthogonal and independent of each other10.  

The supposition of the HBeXB concept is that an HB to the electronegative waist of a 

halogen further polarizes its electron distribution, thereby enhancing the s-hole 
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and consequently its potential to serve as an XB donor11. We had first recognized the enhancing 

effects of the HBeXB when characterizing the thermal stability and function of T4 lysozyme 

(T4L) construct engineered with an unnatural XTyr. The chlorinated ClTyr-T4L was found to 

have an ~3 kcal/mol higher enthalpic stability and 15% greater enzymatic activity at elevated 

temperatures compared to the wildtype (WT) enzyme5. All prior studies on chlorine as a XB 

donor in a biological context indicated that the effects of this smaller halogen should be minimal 

(no more than ~1 kcal/mol in interaction energy) 27. For example, the ability of a chlorine XB 

(Cl-XB) to stabilize a four-stranded DNA junction was found to be 0 – 0.8 kcal/mol28, while Br- 

and I-XBs provided as much as 5 kcal/mol thermal stabilization29. This apparently 

anomalously large Cl-XB effect on ClTyr-T4L stability was rationalized through a proposal that 

the adjacent hydroxyl group of the Tyr residue could form an intramolecular HB to the halogen 

and, in this way, enhance its s-hole. Calculations on the electrostatic surface potential (ESP) in 

support of this proposal indicated that the XB potential of the Cl substituent could 

be increased by 3 kcal/mol5. This effect of an internal HB enhancing the XB potential of a 

halogen substituent is supported by quantum mechanical (QM) calculations applied to various 

molecular models in which HB donors are placed ortho to a halogen XB donor30.  

More recently, we asked the question of whether XBs can serve as a biochemical catalyst 

in enzymes. This idea derived from reports that this ncNC interaction can catalyze several 

classical chemical processes, including halogen abstraction and Diels-Alder reactions31. In our 

biochemical study, we replaced a glutamic acid (Glu) amino acid that chelates the essential 

catalytic magnesium dication (Mg2+) in a mammalian endonuclease with an XTyr residue7. This 

halo-enzyme construct was found to actively cleave a DNA substrate. The observation that the 

iodinated enzyme was approximately twice as active as the chlorinated analog and less sensitive 
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to deactivation by the metal chelator ethylenediamine tetra-acetic acid (EDTA) than wildtype 

implicated the XB as replacing the catalytic function of the essential Mg2+. The XB potential 

shown to be increased by an asparagine (Asn103) that served as an HB bridge to communicate 

the protonation and charge state of a histidine (His104) to the XTyr. Thus, this catalytic XB 

enzyme (or cX-Zyme) is dependent on an HBeXB as an intermediary to transmit the properties 

of the protein environment to the XB catalyst.  

The objective of the current study is to identify distinctive properties of HB donors to 

halogen substituents that may affect the geometries and potential energies of XBs by surveying 

the PDB for HBeXB interactions. A prior survey of the Cambridge Structural Database 

(CSD) had shown HBeXBs are prevalent in small molecule complexes and that this type 

of ncNC can be distinguished from purely HB interactions11. The protein environment is 

dominated by HB donors and acceptors, making it much more complicated than that of small 

molecule complexes. A study by Han, et al. 32, had shown that HBs to fluorine substituents of 

ligands can induce an electropositive s-hole, which in analogous fashion to 

the HBeXB, generate a hydrogen bond-induced fluorine bonding (HBiFB) interaction. Their 

survey of the PDB showed that ~11% of fluorine atoms of ligands with “XB-like” geometries 

have the potential to form an HBiFB and that such interactions could provide up to 1 kcal/mol of 

interaction energy with its protein target. Our current study focuses on the heavier halogens (Cl, 

Br and I), with the goal of determining whether and how this synergistic interaction potentially 

affects the geometries and energies of XBs in the protein environment as initial steps towards 

applying HBeXBs for the molecular design of inhibitors against therapeutic targets and of 

biomolecular systems with novel functions.   
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4.3. Materials and Methods 

Construction of the biological halogen bond (XB) data set: The dataset of XBs was 

constructed by surveying the 2023 release of the RCSB-PDB12 using a locally written program 

that opens PDB files, searches for the occurrence of halogen atom codifiers (Cl, Br or I) in the 

ATOMS fields, identifies the atom(s) that the halogen is covalently attached to (to ensure that it 

is a halogen substituent), identifies all electron-rich atoms within 140% of the sum of their 

respective van der Waals radii (∑RvdW) from the halogen as potential XB acceptors and identifies 

all oxygen, nitrogen, or sulfur atoms within 140% of the sum of their respective van der Waals 

radii (∑RvdW) from the halogen as potential HB donors. A filter is applied to retain only crystal 

structures at resolutions reported to be at or better than 3Å. The dataset catalogs the halogen type 

as XB donors, potential XB acceptors (atom name, atom number, residue name, residue number), 

XB donor to acceptor distances (R(X···A) in Å and as the fraction of the sum of the respective van 

der Waals radii, f∑RvdW) and angles (q1 and q2, see Figure 1a) and potential HB donors (atom 

name, atom number, residue name, residue number), HB donor to acceptor distances (R(X···D)) and 

angles (h1 and h2, see Figure 1a). The data was subsequently filtered to define interactions as 

XBs using the standard criteria of R(X···A) ≤ 1.05 of f∑RvdW. Subsequent analyses of the dataset 

further restrict XBs to q1 ≥ 120°. To minimize overrepresentation of any specific type of 

interaction, the dataset was manually filtered for redundant representations of identical or near 

identical XB interactions. In cases where a ligand is present multiple times within a PDB 

structure (e.g., as symmetry related subunits), the geometries of interactions are averaged and 

only the averaged parameters are retained. In cases where there are multiple entries of identical 

structures at different resolutions, only the parameters from the highest resolution structure 

are retained. 
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Construction of the hydrogen bond enhanced halogen bond (HBeXB) dataset: Construction 

of the HBeXBs dataset started with the XB data and identifying all interactions with potential 

HB donors within R(X···D) ≤ 1.05 of f∑RvdW are included. Analysis of the R(X···A) versus HB donor 

to acceptor distances (R(D···A)) showed that there are two distinct populations of 

potential HBeXBs (Figure 1c). Prior analysis of structures from a survey of HBeXBs in the 

Cambridge Structural Database (CSD) 11 had found a similar pattern, with the distribution at 

lower R(D···A) values being more properly classified as HB interactions with a halogen incidentally 

nearby but not a significant contributor to the interaction. We interpreted 

the R(X···A) versus R(D···A) results similarly and set a threshold of R(D···A) ≥ 1.1 f∑RvdW as the criterion 

for potential HBeXBs (Figure 1d). Finally, we needed to ensure that the potential HB donor for 

the HBeXB has its hydrogen aligned towards the halogen. Hydrogens are not 

typically observed in crystal structures in the PDB but the h2-angle can serve as a proxy for this 

H–X alignment. Although HBs are not as directional as XBs, we considered a limit of h2 ≥ 90° to 

be reasonable. 

Construction of the XB-Only dataset: The XB-Only dataset was constructed from the 

overall XB data after interactions that fit the criteria for HBeXBs were removed. 

Distribution analyses of XB and HBeXB geometries: The interactions in each of the 

individual datasets were grouped into bins of 0.2(f∑RvdW) for all distance measurements and bins 

of 5° for all angle measurements to construct distribution maps. MATPLOTLIB33 was used to 

construct heatmaps for interactions clustered as geometric pairs using the binned data. 

Quantum mechanical (QM) electrostatic surface potential (ESP) calculations for hydrogen 

bonded halogen substituents: Models for ESP calculations were constructed starting with 

halogenated benzene as a model for the halogenated ligand. Amino acid side chains of HB 
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donors identified from the PDB survey were modeled as methanethiol for Cys, methanol for Ser 

and Thr, phenol for Tyr, methyl amide for Gln, methylimidazole for His and methylguanidine for 

Arg. Each HB complex was constructed using the average geometries for each type of 

interaction observed in the PDB survey.  

 The ESP for each complex was calculated using GAUSSIAN09 program34 and 

applying Møller-Plesset second-order (MP2) theory. Calculations for chlorine and bromine 

interactions were conducted with the 6-311+g(d) basis set and with a dielectric constant of 

2 (scrf=cyclohexane), the accepted solvent model for the environment of a ligand binding pocket 

in proteins35. Iodine interactions applied the aug-cc–PVTZ-PP basis set from the EMSL Basis 

Set Exchange36. The ESP value of the s-hole was determined at the surface point from the 

halogen at q1 = 180°. 

QM calculations of charged HB donors on energies for X···O (carbonyl) 

interactions. Trimolecular models to probe the influence of charged HB donors on XBs centered 

on effects that His (unprotonated and uncharged versus protonated and charged) as an HB donor 

has on Br as an XB donor to the carbonyl oxygen (the most frequent XB acceptor found from the 

PDB survey). The His sidechain in these complexes is modeled by 4-methylimidazole (labeled 

“D” as the HB donor), the XB donor by a bromobenzene (labeled “X”) and the carbonyl oxygen 

XB acceptor by formaldehyde (labeled “A”).  

The conformations for these model complexes started with “ideal” geometries, with the 

carbonyl oxygen placed at 0.95 of f∑RvdW from and aligned at q1 and q2 = 180° from the halogen 

of bromobenzene. The initial geometries of the HB donors relative to the bromobenzene were 

similarly set at ideal distances (0.95 of f∑RvdW) and angles (h1 = 180° and h2 = 129°). These 

starting models were then geometry optimized using GAUSSIAN09 program34 and applying 
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MP2 theory, with the 6-311+g(d) basis set and a dielectric constant set D = 2. To ensure that the 

components do not deviate significantly from the expected geometries for HBs and XBs, the 

specific carbon atoms were held fixed (the methyl of the 4-methylimidazole, C4 carbon of the 

benzene ring of the bromobenzene and the carbon of the formaldehyde models) during the 

optimization calculations. Optimizations were performed separately with the unprotonated and 

uncharged His (labeled optHis) and with the protonated and positively charged 

His+ (labeled optHis+). In addition, a model for the protonated His+ in the unprotonated 

conformation of the HBeXB complex was constructed by adding a proton to the optHis model 

(unoptHis+) and a model for the unprotonated His in the protonated conformation of 

the HBeXB complex was constructed by removing the proton to the optHis+ model (unoptHis).  

A thermodynamic cycle for the changes in the interaction energies for optHis+ 

to unoptHis (deprotonation) to optHis (conformational rearrangement) to unoptHis+ 

(protonation) to optHis (conformational rearrangement) was constructed by calculating the MP2 

energies of each model, with basis set superposition error corrected using counterpoise of 

three37 and subtracting the energies of the individual components from each model (Eq. 1). These 

calculations were replicated using density functional theory (DFT) wB97XD method with cc-

pVTZ basis set and corrected using counterpoise=3.  

Eint = EXDA – EX – ED - EA Eq. 1 

where Eint is the net interaction energy of interest, EXDA is the QM calculated energy of the three-

component complex (see Fig. 1a for the definitions X, D and A), EX is the QM energy of the XB 

donor component (X), ED is the QM energy of the HB donor component (D) and EA is the QM 

energy of the XB acceptor component (A). 
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To estimate the impact of the positively charged HB to the HBeXB for individual 

interactions, the interaction energy (Eint) was calculated by treating two components as a single 

paired assembly (e.g., X and D as a preassembled X-D HBed complex), leaving the third (in this 

example, the component A) as a monomer component (Eq. 2).  

Eint = Eij – Ei – Ej Eq. 2 

where i = D and A, and j = X,i = A and X, and j = D or i = X and D, and j = A 

These calculations were replicated using DFT wB97XD method with cc-pVTZ basis set. 

 

 

4.4. Results 

4.4.1. Datasets from the survey of the PDB 

In this study, we surveyed the 2023 release of the RCSB-PDB12 to construct a list of 

biomolecular structures that included covalent halogen molecular substituents (Cl, Br or I) as 

potential XB donors that were positioned close (initially within 140% of the sum of their 

respective van der Waals radii, ∑RvdW) to an electronegative atom (O, N or S) as XB acceptors. 

This master list of over 19,000 halogen structures ignored F as potential XB donors, since 

fluorine very seldom is found in this class of ncNC interactions in biological systems. The 

dataset was further filtered by applying both the distance (as a fractional ratio to the sum of the 

respective van der Waals radii, or f∑RvdW = 1.05) and angle of acceptor to halogen approach 

(q1 ≥ 120°), criteria that are recognized as characteristic of XBs (Figure 1b). Finally, redundant 

entries were manually identified and removed to minimize biases resulting from multiple 

identical or near identical structures in the PDB.  

The final dataset (Supplemental Table 1) that was used for all subsequent analyses included 

821 XB interactions and is nearly entirely structures with halogenated ligands interacting with 
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proteins. Thus, the remainder of the discussions will focus only on ligand-protein interactions. 

As consistent with all previous surveys of XBs, the set is dominated by chlorine as the donor and 

carbonyl oxygens (labeled “=O”) as the acceptor. The average f∑RvdW distances and q1-angles 

trend towards shorter and more linearly aligned XB interactions going from Cl to Br to I, as 

predicted by the s-hole theory. However, we note that the distributions of these two geometric 

parameters are skewed as a result of the distance and angle cutoffs. Consequently, the standard 

deviations reported here should be interpreted only as an indication of the size of the spread in 

the data and not a true measure of population statistics.  

In addition, we must recognize that there are limitations associated with geometries derived 

from crystal structures. First, although the crystal structures in the dataset would be considered to 

be at or near “atomic resolution” 38, the uncertainty in the atomic coordinates could range from 

0.1 Å for the highest resolution structures to upwards of 0.3 Å (or near 10% of the van der Waals 

radius of chlorine and oxygen) for the lowest resolution structures 39. In addition to the inherent 

uncertainties associated with resolution, we further note that the models reported in the PDB 

were constructed with additional constraints outside of the X-ray data, including restraints to 

relative atomic positions to libraries of geometric parameters, particularly of covalently bound 

atoms. Finally, we note that any structure that has been solved and refined using energy 

forcefields as restraints would necessarily be biased against XB-type interactions, given the 

limitations of classical forcefields to model such interactions. The standard deviations listed in 

these and subsequent tables do not reflect these experimental coordinate errors. 

The distribution of atom types that serve as XB acceptors follow generally 

their occurrences in proteins, with the exception of the higher representation than expected 

occurrence of sulfur in the Br-XB dataset. The approach of the halogen towards the XB acceptor 
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(q2-angle) indicates that these interactions are towards the nonbonding electrons of the oxygen 

and sulfur atoms. However, the halogens approach the nitrogen acceptors at a sharper q2-angle, 

suggesting these XBs are pointed perpendicular and primarily to the π-electron system of peptide 

bonds in proteins. This overall XB dataset was then segregated into a group consisting of 

interactions in which an oxygen, nitrogen or sulfur potential HB donor is localized within 110% 

of the f∑RvdW of the halogen substituent (the starting HBeXB dataset) and a separate group with 

interactions that lack these potential HBs (the XB-Only set).  

We repeated the RD···A versus RX···A analysis from the CSD survey11 on the 

PDB HBeXB data and found again that there are two distinct populations, the first with RD···A ≤ 

1.1 of f∑RvdW and the second with RD···A ≥ 1.1 of f∑RvdW (Figure 1c). As with the CSD analysis, 

this first group was interpreted as being primarily HB interactions, with the halogen being not the 

primary but perhaps an ancillary interaction partner. This set of interactions were removed from 

further analysis in all datasets. The remaining interactions we interpret as being primarily driven 

by the XB and were used for further analysis. We next reassigned to the XB-Only group any 

interaction where the angle of approach of the HB donor to the halogen (h1-angle, Figure 1d) is 

outside the range of 60° – 120°, thereby removing HBs that are not pointed towards the 

electronegative waist of the halogen. The resulting filtered data constitutes the 

final HBeXB dataset for further analyses. 

 

4.4.2. Analyses of the HBeXB dataset 

The HBeXB dataset represents ~45% of the total XBs in this study, reflecting the 

prevalence and significance of this class of interactions in protein-ligand interactions. The 

geometric properties and distribution of XB acceptor types in both the XB-Only 
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and HBeXB data mirror those of the overall XB set (Supplemental Tables S2 and S3). Thus, 

unlike HBeXB in small molecules11, the HB apparently does not generally affect the geometries 

of the XBs in protein environments. This lack of effect is likely due to the XB being only one of 

several noncovalent interactions, including HBs, π-π stacking and hydrophobic interactions that 

define how ligands bind in protein pockets, regardless of the strength of the halogen’s s-hole. 

The HBeXB dataset was further dissected according to the halogen serving as the XB 

donor, the acceptor for each donor class (O, N, or S) and finally the type of HB donor to those 

acceptors (Supplemental Tables S4-S6). We distinguished between nitrogenous HB donors that 

are neutral (amides of the peptide bond and sidechains of Asn, Gln and Trp) from those 

that likely carry a formal positive charge in the binding pocket (side chains of Arg, His and Lys). 

Overall, the majority of HB donors to HBeXBs are –OH groups (sidechains of Ser, Thr, and 

Tyr), followed by the uncharged –NH, the positively charged –NH+ and finally –SH (from Cys). 

However, we find that this distribution of HB donors is dependent on the XB halogen type, with 

the Cl-XBs dominating the statistics (constituting >61% of the HBeXBs). For Br-XBs and 

even more so for I-XBs, –NH+ donors are as prevalent as –OH, indicating that positively 

charged nitrogens need to be considered when analyzing the properties of HBeXBs.  

The angle at which the HB donor aligns with the C–X bond of the halogen is ideally h1 = 

90° (towards the most electronegative potential of the halogen substituent’s waist). The actual h1-

values for all donors are indeed centered at ~100° (Figure 2a). However, the h1-distribution for –

OH and –SH donors appear to peak at ~75° and ~130° (Figure 2b). This 25°-30° deviation away 

from the overall data and from the ideal value can be attributed to the analysis of h1 being to the 

heavy atom of the donors, since hydrogens are not observed in most crystal structures. Thus, 

although the hydrogen may indeed be pointed to the electronegative waist of the halogen, 
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the h1 analysis in this manner may not reflect that. The h1-distribution for nitrogen HB donors 

(Figure 2c) are centered at ~100° but there are two wings both below and above this value that 

are similar to those in the O/S distribution. After more detailed analyses of the actual HB donors 

in each population, we conclude that the amino acids contributing to the central h1 ≈ 100° 

population are primarily sp2-hybrid type nitrogens (Arg, Asn, Gln and His), while those 

with h1 at ~75° and ~130° are primarily sp3-hybrid type donors (Lys, Ser, Thr and Tyr). 

  

Figure 2: Distribution of HBeXB interactions 
according to their h1-angles for HB 
donors. a. Distribution of h1-angle for all HB 
donors. b. Distribution of h1-angles for oxygen 
(Ser, Thr, and Tyr) and sulfur (Cys) HB 
donors. c. Distribution of h1-angles for 
nitrogenous HB donors (from Asn, Arg, Gln, His, 
Lys, Trp amino acid side chains and the amino 
group of the peptide backbone).  

 

Surveys of XBs typically start with an analysis of the relationship between q1 and RX···A. In 

this study, these angle-distance analyses are presented as contour heat maps showing the 

occurrence of interactions distributed across the two primary geometric measures (Figure 3). 

The data presented in this manner, as opposed to a radial plot, allows us to visualize and analyze 

geometric trends across the entire population of interactions. For the dominant X···O interactions 
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in the full XB datasets (Figure 3a), the most populated clusters trend towards slightly shorter and 

more linear (q1 approaching 180°) geometries as the halogen size increases (Cl < Br < I 

for RX···A). This trend generally continues in the HBeXB dataset (Figure 3b), although not as 

pronounced for the smaller I-HBeXB dataset.  

  
Figure 3: Contour heat maps of q1-angles and RX···A-distances for distributions for numbers of 
X···O XB (a) and HBeXB (b) interactions. The color scales for the numbers of interactions are 
shown on the right.  

 

We next addressed the question of how the HB donor interaction affects the geometry of 

the XB in the HBeXB data. One trend for the Cl-HBeXBs that stood out was that the q1-angle 

becomes more linear as the halogen to HB donor distance (RX···D) becomes shorter for the most 

highly populated clusters of interactions (#Interactions > 2, Figure 4a). This inverse relationship 
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appears also for the Br-HBeXBs but not as prominently. To determine whether this relationship 

is statistically significant, we started by plotting out the occurrence of Br-HBeXB interactions as 

a function of q1 and observed that there were two distinct populations (colored as blue and red in 

the top graph Figure 4b, with p-values < 10-4 for the population means). We 

then replotted the interactions now according to their RX···D values, keeping track of each 

interaction’s initial q1-grouping (bottom graph Figure 4b). The p-values for the blue versus red 

categories had a p-value < 0.01 based on the RX···D value means, indicating that 

they remained statistically distinct populations. This analysis was repeated starting by grouping 

interactions according to RX···D values, then replotting against q1 (Figure 4c). Again, replotting the 

groupings resulted in a p-value < 0.01, indicating that 

they remained statistically distinctive populations. Thus, for both Cl- and Br-

HBeXB interactions, shorter and presumably stronger HBs result in more linear interactions of 

the halogen XB donors to their respective acceptors. Unfortunately, the data for I- HBeXBs is 

too limited for a similar analysis.   
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Figure 4: Relationship between q1-angles and RX···D HB distances for numbers of 
X···O HBeXB interactions. a. Contour heatmaps for Cl···O, Br···O, and I···O. The color scales 
for the numbers of interactions (#Interactions) are shown on the right. Open arrows connect high 
occurrence populations in the Cl···O (#Interactions ≥ 3) and Br···O (#Interactions = 
2).  b. Distributions of Br···O HBeXBs grouped by q1 (top panel) and 
redistributed by their RX···D (lower panel). The two distinct distributions according to q1-angles are 
colored blue and red. These colors for the q1-angles groups are maintained in the bottom panel 
after redistribution according to RX···D. The redistributed blue and red interactions in the lower 
panel are distinctive, with p-value < 0.01.  c. Distributions of Br···O HBeXBs grouped 
by RX···D (top panel) and redistributed by their q1-angles (lower panel). The two distinct 
distributions according to RX···D are colored blue and red. These colors for the RX···D groups 
are maintained in the bottom panel after redistribution according to q1-angles. The redistributed 
blue and red in the lower panel are distinctive, with p-value < 0.01.  
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4.4.3. Analyses of HB effects on XB energies 

We next address the question of whether the effects of HBs on the XB geometries have any 

bearing on the HBeXB interaction energies. For these analyses, we apply quantum mechanical 

(QM) calculations to determine how various HB donors contribute to the electrostatic surface 

potentials (ESPs) of the halogen s-hole and how these ESP values may affect the overall 

interaction energies of halogenated ligands into protein pockets with available XB acceptor and 

HB donor functions (Figure 5a). 

  
Figure 5: Quantum mechanical (QM) electrostatic surface potential (ESP) calculations of X in 
models for HBeXB interactions. A. ESP of bromobenzene model for a XB donor with neutral 
unprotonated (top) and charged protonated (bottom) 4-methylimidazole models for His and His+, 
respectively. The energy scales for each ESP calculation are shown under each surface. 
Arrows indicate the surface points where the ESPs for the s-holes of each halogen are 
calculated. B. ESP calculated at the s-holes for chlorobenzene (green bars), bromobenzene (red 
bars) or iodobenzene (violet bars), with various amino acid side chains as HB donors as found in 
the HBeXB dataset. The geometries for the models for HBeXB interactions.  

 
Models for the ESP calculations were constructed starting with a halogenated 

benzene representing chlorinated, brominated or iodinated ligands (Figure 5b). These model 

ligands were then placed in geometries with average h1, h2 and RX···D values for the HB 

components as determined from the PDB survey of –OH, –SH, neutral –NH and positively 
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charged –NH+ donors for each halogen type. Results from these calculations show that –OH and 

–NH HB donors significantly increase the electropositive ESP of the s-hole (by 2 to 10 kcal/mol) 

for all halogens over having no HB or –SH as the HB donor. The most dramatic effects come 

from the protonated and positively charged –NH+ donors, with the His+ and Arg+ sidechains 

increasing the electropositive potential by 50 – 60 kcal/mol.  

At this point, we can ask how this very large increase in the electropositive potential of 

the s-hole from the positively charged HB donors could affect the interaction energies of the 

ligand to its protein target (Eint). We address this question by constructing trimolecular 

complexes that model a ligand sitting in a protein binding pocket (Figure 6). Each complex 

contains a bromobenzene molecule serving as a model halogenated ligand, formaldehyde as a 

model XB acceptor and 4-methylimidazole as a model for a His side chain as an HB donor that 

can be unprotonated (neutral His model) or protonated (positively charge His+ model), with each 

component placed in “ideal” geometries for XB (q1 ≈ 180°, q2 ≈ 120° and RX···A at 0.95∑RvdW) 

and HB (h1 ≈ 90° and RX···D at 0.9∑RvdW). The trimolecular complexes were subjected to QM 

geometry optimization with either a neutral His or protonated His+ as an HB donor.  

The difference in Eint between the optimized His+ (Eopt-His+) and optimized neutral His 

complexes (Eopt-His) is ∆EHis+–His or ∆Eint = -5.6 to -5.9 kcal/mol. We note that the absolute energy 

values depend on the method used in their calculation, with DFT energies being about 1 kcal/mol 

more negative than their MP2 calculated counterparts. However, the differences when 

comparing among different protonation and/or conformational states are very small. With these 

optimized charged and neutral complexes, we constructed a thermodynamic cycle 

to determine how this difference in Eint arises from protonation of the HB donor in different 

conformations of the binding pocket (Fig. 6). We start with the energetically most favorable 
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model, which is the optimized His+ complex. Deprotonating the 

His+ without additional geometry optimization results in a loss of 6.3 kcal/mol of interaction 

energy (Eunopt-His). Optimizing the geometry of this unprotonated complex results in the 

optimized neutral His complex (Eopt-His+) that regains a small 0.6 kcal/mol energy. Thus, this leg 

of the cycle indicates that the proton of His+ with the ligand in the pocket is greatly 

stabilizing within the His+ conformation, but that once deprotonated the XB and HB geometries 

will readjust to a slightly more stable uncharged conformation. 

Starting with the optimized neutral His complex, the second leg of the cycle indicates that 

protonation of this neutral configuration (Eunopt-His+) results in reduction of the Eint by ~5.5 

kcal/mol. Optimization of this protonated complex provides an additional 0.1 kcal/mol of 

stabilizing energy to Eint. The overall result is that there is ~1.8 kcal/mol difference in interaction 

energy between the optimized uncharged His and optimized His+.  

In the calculations for this thermodynamic cycle, the XB and HB donors and acceptors 

were each treated as separate components, resulting in interaction energies that reflect an 

artificial situation where these components starting at infinite distances are brought together in 

concerted fashion into completed assemblies (Figure 7, panels labeled X:A:D). The issue with 

this type of analysis is that ligands do not bind to proteins in this manner. In addition, we cannot 

from this type of analysis disentangle the effects of charge on the XB from that on the HB, 

because of the non-additive effects that the HB and XB have on the polarization of the halogen, 

on that of the HB donor and on the XB acceptor. 
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Figure 6: QM thermodynamic cycle analysis focusing on effects of charge and conformation of 
HB donors on interaction energies of an HBeXB. Trimolecular complexes composed of 
bromobenzene as a XB donor and HB acceptor (mimicking a brominated ligand), formaldehyde 
as a XB acceptor (mimicking a carbonyl oxygen of the peptide backbone) and imidazole as an 
HB donor (mimicking the sidechain of a His amino acid) was assembled as model systems 
of HBeXB interaction systems. The geometry optimized system with a protonated and positively 
charged 4-methylimidazole (leading to the Eopt-His+ energy) and geometry optimized system with 
an unprotonated and uncharged imidazole (leading to the Eopt-His energy) are shown in 
boxes a and b, respectively. Removing the proton and charge from the imidazole in a results in 
an unprotonated complex in the charged optimized conformation (c, the Eunopt-His energy), with the 
difference between Eopt-His+ and Eunopt-His terms representing the effect of the charge on the energy of 
the complex in the optimized charged conformation. The difference in energy between Eunopt-

His and Eopt-His represents the difference in energy between the charge optimized and uncharged 
optimized conformations for an uncharged complex. Adding a proton and charge to the 
imidazole in b results in an protonated complex in the uncharged optimized conformation (d and 
the Eunopt-His+ energy), with the difference between Eopt-His and Eunopt-His+ terms representing the effect 
of the charge on the energy of the complex in the optimized uncharged conformation. The 
difference in energy between Eunopt-His+ and Eopt-His+ represents the difference in energy between the 
charge optimized and uncharged optimized conformations for a charged complex. Energies 
calculated from both MP2 and DFT methods are listed for comparison.  
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Figure 7: Analysis of energies for HBeXB models with protonated and charged (a) or 
unprotonated and uncharged (b) HB donors, with various components treated as associated 
pairs. The X:A:D assemblies and energies in a are the same as those in Figure 6a and c, 
while X:A:D assemblies and energies in b are those in Figure 6b and d. X is the XB donor and 
HB acceptor, A is the XB acceptor and D is the HB donor component of the HBeXB models. 
The X:(A-D) complexes treat A and D as an associated pair (highlighted by the blue “glow” 
around the components) in the energy calculations, with X as the “binding” independent ligand 
(highlighted by the red “glow” around that molecule). The A:(X-D) complexes treat X and D as 
an associated pair, with A as the “binding” independent ligand. The D:(X-A) complexes treat X 
and A as an associated pair, with D as the “binding” independent ligand. The differences in the 
calculated energies (∆E) reflect the effect of adding a proton and positive charge to the HB 
donor (D) in either the charge optimized conformations (upper assemblies a) or the uncharged 
optimized geometries (lower assemblies b). Energies calculated from both MP2 and DFT 
methods are listed for comparison.  

 

To address these issues, we used the same molecular models but reanalyzed the interaction 

energies by pairing two of the three components into a single assembly (allowing the calculation 

to account for the properties such as basis set correction of the paired assembly31), leaving the 

third as its own entity. In this manner, we can recalculate and interpret the resulting Eint as the 

binding of this third individual component to a preassembled complex. For example, in Fig 7 

panel labeled X:(A-D), the XB acceptor (A) and HB donor (D) are treated as an assembled pair 

and the XB donor (X) treated individually. The interpretation is that the resulting interaction 
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energy is for X binding to a pre-established A-D complex, which is a more relevant model for 

how a halogenated ligand binds to the environment of a protein pocket. For these pair-wise 

calculations, we can again compare the Eint energies of conformations that have been 

geometry optimized with the protonated and charged His+ (Figure 7a) and that of the 

unprotonated and uncharged His (Figure 7b). The differences in these energies allow us to 

estimate the effect of placing a charge on the HB donor for the conformation that has been 

geometry optimized for the charged state (∆E(optHis+ - unoptHis)) or the uncharged state and 

(∆E(unoptHis+ - optHis)). 

The resulting analyses of the X:(A-D) complexes indicate that the halogenated ligand 

placed in a charged pocket has an interaction energy that is 3.6 kcal/mol (∆E(unoptHis+ - optHis)) to 

4.2 kcal/mol (∆E(optHis+ - unoptHis)) more favorable than in an uncharged pocket and that the 

difference in this charge effect depends on whether the A-D pair is optimized for the charged or 

uncharged conformation (similar to the conclusion drawn from the thermodynamic cycle in Fig. 

6). However, this set of pair-wise interaction energies still does not provide any insights into how 

the charge affects the XB versus the HB. 

The A:(X-D) complex is seen as bringing an XB acceptor towards the XB donor into a pre-

established HBed halogen. There is a surprising consistency in the interaction energy in terms of 

the uncharged and charged HB donor in the (X-D) pair, regardless of how its geometry 

was optimized (charged or uncharged). The effect of the charge is interpreted as reflecting ~2 

kcal/mol energy attributed primarily to the stabilization of the XB interaction. 

Finally, analyses of the D:(X-A) complexes shows that bringing the HB donor towards the 

halogen that is already involved in a XB interaction is highly dependent on the relative 

conformation of the HB donor. In this case, the effect of the positively charged HB donor on the 
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interaction energies are seen to be ~5.5 kcal/mol (∆E(unoptHis+ - optHis)) or 6.3 kcal/mol 

(∆E(optHis+ - unoptHis)), indicating that the primary conformational effects are harbored in the HB to 

the halogen.  

 

4.5. Discussion 

Both HB and XB interactions are recognized as strong potential contributors to molecular 

recognition but there is now a greater appreciation that how each relates to the other is important, 

particularly in the design of inhibitors against clinically important protein targets. Their 

interrelationships can range from competitive to mere indifference8. However, it is more 

interesting to consider how XBs and HBs work cooperatively, such as in HBeXBs5, 11, to 

enhance ligand selectivity and/or affinity. The environment of a binding site within a protein is 

replete with both HB donors and XB acceptors available to establish these types of synergistic 

interactions. In this study, we surveyed the PDB to better understand how HBs would affect the 

geometric and energetic properties of XBs. We note that this study applied very stringent criteria 

for what constitutes an HBeXB. As with the prior CSD survey, it was clear that not all halogen 

substituents that were in close proximity to both XB acceptors and HB donors would or should 

be categorized in this way. A large number of interactions from the initial screen were eventually 

found to be primarily HBs to HB acceptors (as defined by their relative geometries), with the 

halogen being close by but likely not the primary driver of the interactions. Still, nearly 

half (~45%) of halogenated ligands that participate in XB interactions were identified as 

legitimate HBeXBs. Thus, the HBeXB has a significant presence in protein-ligand complexes.  

Taken in aggregate, the XB-Only and HBeXB datasets look very similar, with the number 

of interactions both following the trend Cl > Br > I. In addition, the primary XB acceptors are the 
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carbonyl oxygens of the polypeptide backbone in both sets. Further analyses of the two types of 

interactions showed no significant differences in the overall geometries of the XB interactions. 

The XB-Only interactions tend towards slightly shorter distances (RX···A) relative to their 

respective van der Waals radii and very slightly more linear approach of the XB acceptors to the 

halogen s-holes (q1-angles) going from Cl to Br to I, following the trend of a deeper s-hole as the 

halogen becomes larger and more polarizable. The XB donor-acceptor distances tend to be 

indistinguishable within the error and the angle of approach becomes less linear in 

the HBeXB set. This lack of general effect of HBs on XBs is likely due to the large number of 

molecular interactions in a protein pocket, leaving XBs as one of several contributing rather than 

the dominant factor that defines the geometry of a bound ligand. However, distinct relationships 

and trends become apparent when delving into the details of specific sets of parameters.  

We can ask what are the amino acids that serve as HB donors to the HBeXB. Looking at 

the dataset as a whole, it is clear that the most common HB donors are hydroxyl groups from 

Ser, Thr and Tyr residues. In general, finding that –OH (50%) > –NH+ (25%) > –NH (9%) > –

SH (6%) as HB donors generally follows the relative occurrence of each of these classes of 

amino acid in proteins (15.6% –OH, 13.2% –NH+, 9% –NH and 1.4% –SH). It should be noted 

that the representation of –NH as HB donors should be larger, since the polypeptide backbone 

has one NH for each amino acid. However, the HBeXB data found that backbone NHs very 

rarely form HBs to ligands probably because backbone amino groups are typically already 

involved in HBs to peptide carbonyl oxygens of the backbone. Unlike HB acceptors such as the 

carbonyl oxygen, –NH as a donor typically makes a single HB, precluding it from bifurcated 

interactions with the peptide backbone and a halogen substituent. 
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Diving into the HBeXB data more deeply, it is clear that the prevalence of –OH HB 

donors is skewed by the larger Cl data. For the Br and I data, the positively charged –NH+ donors 

from Arg, His and Lys are as common as the –OH donors. It is unclear from this analysis why 

the Cl-HBeXB data is skewed in this way. The higher occurrence of –NH+ in the Br and 

I sets could reflect the preference for Arg and His, along with Trp and Tyr in protein binding 

pockets40.  

One immediate observation from a more detailed consideration of the HBeXB geometries 

is that the q1-angles for both Cl and Br become more linear (approaching 180°) as the HB donor 

to halogen acceptor distance becomes shorter (RX···D), suggesting that a stronger HB results in the 

halogen becoming a more linearly aligned and possibly stronger XB interaction. This trend is 

less apparent with iodine probably because of the small size of the HBeXB dataset for this 

halogen. Thus, there is an apparent effect of the HB geometry on that of the associated XB 

interaction.  

Does the HB in the protein environment actually affect the XB energy? To address this 

question, we first analyzed the ESP of the halogen s-hole in the absence and presence of each 

type of HB donor found in the HBeXB dataset. The models for these calculations were 

constructed around the average conformational geometries observed in the data. Not 

surprisingly, the uncharged –OH and –NH HBs increased the ESP values by 3 to 8 kcal/mol. 

However, the –SH donor had very little effect. Apparently, the type of HB donor significantly 

affects the XB potential of halogen substituents. 

Protonation and adding a positive charge to an Arg or His residue increases the ESP values 

by 60 to 65 kcal/mol, but does this translate to significantly higher ligand interaction 

energies?  From this thermodynamic cycle, we can conclude first that the neutral His complex is 
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conformationally more stable when ignoring the charge but that protonating the HB donor 

provides sufficient electrostatic potential to pull the complex towards the less favorable 

His+ conformation. Thus, if the ligand enters a protein pocket with a preprotonated HB donor, 

deprotonation results in a large loss in electrostatic potential, followed by a small structural 

rearrangement to a slightly more favorable conformation. Similarly, if the ligand enters a protein 

pocket that starts with a neutral HB donor, protonation of the donor provides near equal 

favorable electrostatic potential and the subsequent conformational rearrangements to account 

for the positive charge results in a near negligible change in conformational energy. The overall 

effect, taking both electrostatic and conformational changes into account is ~5.6 to 5.9 kcal/mol 

stabilization of the complex resulting from protonation and associated positive charge of the HB 

donor. 

Finally, we addressed the question of whether the effect of charge is primarily on the XB or 

the HB terms of the interaction energies by analyzing the three-component system as series of 

pairwise interactions between one component (either X, A or D) and a bimolecular complex 

of the remaining two components (A-D, X-D or X-A). The result of this analysis showed that the 

positive charge has a fairly consistent ~2 kcal/mol effect in increasing the strengths of the XB 

regardless of the conformation of the X-D pair, while the effect on the HB is strongly dependent 

on the conformation of the HB donor relative to the halogen. The halogenated ligand entering a 

protein pocket that is already predisposed to a charged HB donor that forms an HBeXB will 

experience greater than 5 kcal/mol increased interaction energy (equivalent to increasing the 

affinity by upwards of three orders of magnitude) than one entering a pocket with an HB donor 

uncharged.  
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We temper these discussions for how ncNC interaction energies may translate to overall 

binding affinities by recognizing that ligand binding cannot be considered in such simple, 

isolated constructs. Forming a ligand-protein complex requires desolvation of both the ligand 

and the protein pocket. The protein pocket in its “empty” form will be filled with solvent41 that 

will partner with potential XB acceptors and HB donors for the halogen substituent. 

Furthermore, the halogens of the ligand in the unbound state will interact with the bulk solvent42. 

Finally, although we tend to think about a protein’s binding pocket as being fairly rigid, the 

absence of a ligand may allow the HB donating sidechain to seek other acceptors. Thus, for 

the HBeXB to form upon binding, there may also need to be some conformational readjustment 

to set the HB donor and the XB acceptor to accommodate these ncNC interactions. How the 

energies and entropies associated with the halogen/protein interactions are balanced with that 

of desolvation and conformational rearrangement of both components will have the final say on 

how any HBeXB contributes to overall affinity of a halogenated ligand. 

How could these structure and energy analyses facilitate the design of inhibitors to a 

protein target? It is clear that the protein environment, particularly the HB 

donors immediately around the halogen substituent affect both the geometries and, specifically 

for the positively charged donors, interaction energies of the XBs. However, XBs are only one of 

several intermolecular interactions that define how a ligand binds in the pocket and is unlikely to 

significantly affect the overall conformation of the complex.  

The second observation is that the HB to the halogen has some effect on both the geometry 

and interaction energy of the XB. Figure 8 compares the XB and HB geometries of five different 

inhibitor/protein complexes with Br-HBeXBs to the carbonyl oxygens of the peptide backbone 

and different HB donors, selected on the basis that their respective distances and angles are close 
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to the ideal HBeXB geometries. For this set of inhibitors across ~10-fold differences in 

IC50 values, we observe a trend that lower IC50’s are associated with h1 values that are closer to 

the ideal 90° from the s-hole. Thus, as with the energy calculations in Figures 6 and 7, the 

geometry of the HB donor to the halogen has the most significant influence on the HBeXB and 

its effects on ligand binding. The sample size for this IC50 trend is small and these associations 

may not hold for tightly bound inhibitors, where the influence of the HBeXB may be diminished 

by presence of many more and potentially stronger classical noncovalent interactions (other HBs, 

π-stacking, etc.).  

  
Figure 8: Selected examples of Br···O HBeXB interactions from the PDB 
survey representing a broad range of IC50 values for their respective inhibitors. In each example, 
the XB acceptor is the carbonyl oxygen of the peptide backbone. The PDB codes (a. 2WP543, b. 
7GDX44, c. 2QLQ45, d. 7END46 and e. 2XO847), associated protein targets and amino acids 
serving as HB donors are listed, with hydroxyl type donors in red and nitrogenous donors in blue 
fonts. The distance parameters for the XB and HB interactions (RX···A and RX···D) are listed as the 
fraction of the sums of the van der Waals radii (f∑RvdW) for the respective heavy atoms. Angle 
parameters are listed deviations from their ideal values for XBs (q1 = 180°, q2 = 120°) and HBs 
(h1 = 90° and h2 = 109.5° for OH, 129° for His and 120° for GLN and ARG HB donors). Figures 
for the protein-inhibitor complexes were created using PYMOL48.  
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4.6. Conclusion 

Since a halogenated ligand designed de novo would not have any predetermined geometry 

for the components of the HBeXB interaction in protein binding pocket, it would be difficult to a 

priori predict what the conformation and energies of the interaction could be. However, if the 

structure of ligand in its target binding pocket is available, the results from this study could be 

used to help identify potential sites for adding a halogen substituent to optimize its potential as a 

XB donor and just as important, as an HB acceptor to maximize its ability to serve as an 

inhibitor. Artificial intelligence is helping to predict biomolecular interactions, including 

XBs49 and the type of data presented here will further facilitate the application of these methods 

for structure-based inhibitor and drug design. 

One limitation of this study is that we have surveyed and analyzed the charge effects of 

only the first shell HB donors to halogen substituents. We had already seen with the cX-Zyme 

construct with mEndoG that the charge of an HB donor from the second shell can have profound 

effects, in this case, the catalytic activities of a XB7. In addition, it has been shown 

that waters can serve as bridges between an XB donor and acceptor50. Thus, a more 

comprehensive study of second shell HBs, particularly in regard to charged species, would 

provide a more complete view of how the complex environment of a binding pocket in a protein 

structure affects the ncNC interaction that is so dominant in drug design and emergent in 

biomolecular engineering 
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CHAPTER 5 

DISCUSSION 

 
 
 

The studies in this thesis aimed to explore HBeXB interactions, from engineering XB 

dependent enzymatic catalysts to examining protein-ligand binding energies. The state of the 

field of nonclassical noncovalent interactions in protein engineering, as described in chapter 2, 

had just begun to explore the HBeXB as a tool for enhancing protein stability. In this work, we 

demonstrate a closer look at the importance of protein environmental context, specifically HB 

donors, when incorporating XBs for functional and structural purposes. Studying the HBeXB as 

an enzymatic catalyst exhibits the functional opportunities and limitations of using this 

interaction in the active site. Surveying the PDB for existing HBeXBs in protein-ligand binding 

interactions provides a comprehensive look at conformational and energetic impacts of HB 

enhancement. In examining HBeXBs in both the catalytic active site and the ligand binding site, 

we have illustrated the utility and advantages with incorporating networks of ncNC interactions 

in structure-guided design.  

 

5.1. HBeXB dependent catalysis of DNA-cleavage  

By incorporating a halo-tyrosine in the metal-chelating position of mouse endonuclease 

G, we have demonstrated how a XB can functionally substitute for magnesium in DNA-cleavage 

catalysis. Evidence for XB dependence in the cX-Zyme includes reduced metal dependence and 

an inverse pH dependence to that of the wildtype mEndoG. The bridging HBeXB interaction 

from a bridging asparagine-histidine network demonstrates the importance of protein 
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environmental context and exploring primary but also secondary influences on the XB s-hole. 

The hypothesis describing the bridging HBeXB as responsible for the XB-dependent DNA-

cleavage catalysis was validated by the s-hole analysis with a protonated HBeXB bridge, further 

emphasizing the importance of finding or designing the optimal environment for the engineered 

XB, especially for purposes as ambitious as enzymatic catalysis.  

 

5.2. HBeXB impact on XB binding energies and s-hole in protein ligand binding 

From a survey of existing XBs and HBeXBs, we have observed the prevalence and 

geometric parameters for these interactions in protein-ligand binding. The presence of a HB can 

impact the XB, potentially contributing to inhibitor potency, by increasing the s-hole ESP, 

stabilizing conformation, and enhancing binding energies.  

A unique aspect of this study was the exploration of the impact on the XB s-hole with 

various amino acid HB donors, demonstrating the variability and tunability of HBeXB 

interactions using nature’s building blocks. Utilizing models built from the geometric parameters 

collected from the PDB survey, the result of accepting a HB on the X atom’s  s-hole for various 

HB donor types (-SH, -OH, -NH, -NH+) is calculated to be from no change (-SH) to up 60-65 

kcal/mol increase in ESP (-NH+).  

While s-hole size is difficult to translate exactly to XB strength, it can impact angle of 

approach for XB interactions. Furthermore, we do observe how HB donation from -NH+ donors 

can contribute to s-hole size as well as HBeXB binding energy compared to -NH donors. 

Calculating the impact of positively charged 4-methylimidazole on the HBeXB’s binding 

energies, we can approximate ~2 kcal/mol increase in favorable energy with protonation, 
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ultimately demonstrating that HB enhancement does impact XB interaction strength. 

Additionally, the conformation of the binding pocket plays a large role with up to ~4 kcal/mol of 

favorable energy if the binding pocket is adapted for protonation of the HBeXB.   

  

5.3. HBeXB limitations in protein engineering 

These findings further establish the HBeXB as a tool for structure-based design. While 

demonstrating the HBeXB’s value in enzymes as well as protein-ligand binding, we have also 

examined its complexity.  

In the cX-Zyme, the HBeXB is crucial to XB-dependent catalysis but also renders the 

enzyme more pH dependent than its wildtype. Additionally, it was not originally considered that 

the HB donor would come from an indirect interaction. This XB-dependent endonuclease is a 

prime example that secondary interactions, such as a bridging HB donor across multiple 

residues, should be considered in engineering nontraditional noncovalent interactions in protein 

systems. The exceptional difference the secondary interaction made for XB-dependent catalysis 

appears to be a rate contributing factor which strengthens the claim that the HB enhancement 

increases XB strength.  

Through the survey analysis and computation, the HBeXB is shown to be impacted 

greatly by the conformation of the binding pocket, a complication that is not present in small 

molecule catalytic HBeXBs in solution. It is difficult to predict the exact conformation when 

engineering proteins and adds a measure of uncertainty if a network like the HBeXB will 

function as envisioned. Additionally, protein environments are complex, offering a variety of 

other interactions that contribute to both catalysis and protein-ligand binding which could 

conflict with or support the HBeXB. These are considerations needed for including the HBeXB 
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and other nontraditional noncovalent interactions in design applications. Another limitation for 

using this interaction in design of biomolecules is the small dataset of existing interactions. As 

drug development grows in in silico AI/ML methods, the accuracy of those calculations does 

heavily rely on the training sets available.  

 

5.4. Final remarks 

Besides its novelty, why might XB dependent proteins be useful? With the creation of the 

cX-Zyme, the next question becomes whether this functional capability extends past DNA 

hydrolysis. Given the proposed mechanism, that the HBeXB stabilizes the electrophilic DNA 

phosphate backbone for nucleophilic attack, it is reasonable to inquire whether the HBeXB can 

participate in catalyzing similar reactions.  

One future application would be to harness the enzymatic active site for chemical 

synthesis. A unique property of enzymes is that their active site is built to promote the reaction’s 

transition state, lowering the activation energy and producing stereospecific products. Given the 

XB’s use in small molecule catalysis, utilizing this interaction in a protein pocket built for 

stereospecific products could be a rational design choice for biomanufacturing industry. Upon 

further optimizing the cX-Zyme for catalyzing DNA cleavage, is metal-free DNA cleavage 

catalysis possible? Perhaps the cX-Zyme could be utilized for de novo design of enzymes, 

especially if the intent is to engineer an enzyme that does not entirely depend on metal cofactors. 

Essentially, the creation of the cX-Zyme demonstrates that our knowledge of XB applications in 

enzyme function is not complete. There is more we can use this ncNC interaction for.  
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While many noncovalent interactions are involved in protein-ligand binding, the 

understanding of how HB enhancement can impact biological XBs better equips us for 

intentional engineering of the HBeXB for improved binding affinity and stability in protein-

binding pockets. This thesis has thoroughly explored the variety of ways to tune XBs with 

different HB donors, protonation and geometric constraints involved in binding sites. What else 

can be tuned or enhanced or strengthened? Intentional engineering of the HBeXB in protein 

pockets could inspire other cooperative noncovalent networks worth building, expanding the 

design toolkit using ncNC interactions such as s-hole interactions, p-interactions, etc. 

How do we realistically incorporate this knowledge in design applications for proteins or 

small molecule drugs alike? One thought would be to integrate these interactions in 

computational ligand docking and structure predictions methods for structure-based or ligand-

based drug design. Given their geometric constraints, it would be beneficial to have a program 

that could identify and calculate potential networks of noncovalent interactions in biomolecular 

structure, in this case, HBeXBs, especially including secondary and tertiary HB donors. Having 

identified possible HB donors for enhancing the target of interest, the impact on binding energy 

could be approximated and further inform how this design choice might influence the structure 

activity relationship of the molecule of interest.  

Using a combination of existing techniques, such as molecular dynamics (MD) 

simulations, Quantum Theory of Atoms in Molecules (QTAIM)/Natural Bond Order (NBO) and 

Symmetry Adapted Perturbation Theory (SAPT) calculations, one could also identify ncNC 

interactions and calculate their impact on binding energies. However, these are computationally 

expensive methods and require rigorous quantum mechanical calculations.  
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Within the last year, there has been movement towards utilizing QM/MM binding energy 

calculations for training machine learning systems for protein-ligand binding purposes1. For 

nontraditional noncovalent interactions specifically, recent work has demonstrated integration of 

QM calculations with machine learning training to assess halogen-p interactions and predict 

interaction energies for use in molecular recognition and drug development2. The anisotropic 

nature of these interactions can be a complication when using classical molecular mechanics 

(MM) techniques3-4. Therefore, the QM/AI approach makes major steps towards more efficient 

methods of studying s-hole and other ncNC interactions in biomolecular engineering by 

integrating computational efficiency and speed with biochemical accuracy.  

In theory, training a neural network to recognize ncNC networks, especially indirect, 

based on their geometric and energetic constraints, like those found in these studies, to 

accomplish the same goal as the techniques described above could potentially streamline efforts 

for understanding mechanism of action. Having observed just how impactful an indirect HB 

donor was in the cX-Zyme and how much influence HB donation has on XB binding energies, it 

is apparent that indirect (secondary, tertiary, etc.) and network interactions are important 

considerations for structure-based design.  

In the case of drug design, with protein targets, the smallest differences in protein 

environment can impact activity amongst tissue or species isoforms. It is the little differences, 

such as noncovalent interactions, direct or indirect, that can impact structure activity 

relationships and help determine potency of these developed drugs. A method for detecting or 

predicting how networks, like the HBeXB, contribute to binding could help piece together the 

puzzle that is structure activity relationship, especially amongst enantiomers and isoforms with 
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varying resulting activities. Based on these studies, we are now better informed for tuning 

existing HBeXB protein-ligand interactions to achieve more favorable binding energies.  

Ultimately, this examination of HBeXBs provides structural biologists with a 

foundational understanding of the potential value of incorporating noncovalent interaction 

networks by demonstrating this unique ncNC network in two crucial steps of biological 

reactions: binding and catalysis. With this knowledge, we can further explore engineering 

cooperative nontraditional noncovalent networks in biomolecules efficiently and advantageously.  
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APPENDIX 

 
 
 

Supplemental Material (Walker, M.G., Mendez, C.G., Ho, A.N., Czarny, R.S., and Ho, P.S.)4 

1. Supplemental Figure S3.1. DNA cutting activity of the nonhalogenated E136Y mEndoG 

construct compared to the enzyme with E136 replaced by a para-iodophenylalanine (IF-

mEndoG). 

2. Supplemental Figure S3.2. Fluorescence polarization titration to determine dissociation 

constants (KD) of the meta-iodotyrosyl mouse endonuclease G (mIY-mEndoG) construct. 

3. Supplemental Table S3.1. Dissociation constants (KD) of wild type (WT) and various 

halogenated and unhalogenated mouse endonuclease G (mEndoG) constructs with DNA 

Holliday junctions, as determined by fluorescence polarization assays. 

4. Supplemental Figure S3.3. Effect of the metal chelator ethylenediaminetetraacetic acid 

(EDTA) on DNA cutting activity of mIY-mEndoG versus WT-mEndoG under basic 

conditions. 

5. Supplemental Figure S3.4. pH Dependence of DNA cleavage rates for mIY-mEndoG.  

6. Supplemental Figure S3.5. Denaturing PAGE gel analysis on effects of EDTA (0 mM, 1 

mM and 2 mM concentrations) on DNA cutting activity of WT-mEndoG and mXY-mEndoG 

(X = I or Cl) under neutral (pH = 7.0) conditions 

7. Supplemental Figure S3.6. Quantum mechanical (QM) analysis of electrostatic potentials 

(ESP) of models for WT- and mXY-mEndoG active site residues. 

 
4 The supplementary figures in this section are from the research article published in PNAS.  

M.G. Walker, C.G. Mendez, A.N. Ho, R.S. Czarny, A.K. Rappé, & P.S. Ho, Design of a halogen bond catalyzed 

DNA endonuclease, Proc. Natl. Acad. Sci. U.S.A. 122 (14) 

e2500099122, https://doi.org/10.1073/pnas.2500099122 (2025). 

https://doi.org/10.1073/pnas.2500099122
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Supplemental Material (Walker, M.G., Ho, E.N., Govindarajan, V., Rappé, A.K., and Ho, P.S.)5 

1. Supplemental Table S4.1. Statistics of all bXB interactions, including number of 

interactions, and averages and standard deviations (in parentheses) for fraction of the sum 

of the van der Waals radii of the interacting atoms [f(∑RvdW)] and interaction angles (see 

Figure 1) from the survey of the PDB. 

2. Supplemental Table S4.2. Statistics for bXB acceptors in the bXB-Only dataset, 

including number of interactions, and averages and standard deviations (in parentheses) 

for fraction of the sum of the van der Waals radii of the interacting atoms [f(∑RvdW)] and 

interaction angles (see Figure 1) from the survey of the PDB. 

3. Supplemental Table S4.3. Statistics for XB acceptors in the HBeXB dataset, including 

number of interactions, and averages and standard deviations (in parentheses) for fraction 

of the sum of the van der Waals radii of the interacting atoms [f(∑RvdW)] and interaction 

angles (see Figure 1) from the survey of the PDB. 

4. Supplemental Table S4.4. Statistics for HB donors in the Cl-HBeXB dataset , including 

number of interactions, and averages and standard deviations for fraction of the sum of 

the van der Waals radii of the interacting atoms [f(∑RvdW)] and interaction angles (see 

Figure 1) from the survey of the PDB. 

5. Supplemental Table S4.5. Statistics for HB donors in the Br-HBeXB dataset, including 

number of interactions, and averages and standard deviations for fraction of the sum of 

the van der Waals radii of the interacting atoms [f(∑RvdW)] and interaction angles (see 

Figure 1) from the survey of the PDB. 

 
5
 The tables in this section were written, formatted, and submitted as a research article from Chapter 4.  
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6. Supplemental Table S4.6. Statistics for HB donors in the I-HBeXB dataset, including 

number of interactions, and averages and standard deviations for fraction of the sum of 

the van der Waals radii of the interacting atoms [f(∑RvdW)] and interaction angles (see 

Figure 1) from the survey of the PDB. 
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Supplemental Figure S3.1. DNA cutting activity of the nonhalogenated E136Y-mEndoG 
construct compared to the enzyme with E136 replaced by a para-iodophenylalanine (IF-
mEndoG). Left-hand panel shows junction construct for the assay, showing the DNA strands 
labeled with the Cy5 (red star) or fluorescene (FITC, blue star). The DNA cleavage products 
were analyzed by a denaturing polyacrylamide gel after 90 minutes of reaction at pH6.5. 
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Supplemental Figure S3.2. Fluorescence polarization titration to determine dissociation 
constants (KD) of the meta-iodotyrosyl mouse endonuclease G (mIY-mEndoG) construct. 
See Materials and Methods section of main text for conditions. 
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Supplemental Table S3.1. Dissociation constants (KD) of wild type (WT) and various 
halogenated and unhalogenated mouse endonuclease G (mEndoG) constructs with DNA Holliday 
junctions, as determined by fluorescence polarization assays. 

Construct KD (nM) 

WT-mEndoG 57 ± 9 

Y-mEndoG 490 ± 75 

mIY-mEndoG 980 ± 191 

mClY-mEndoG 390 ± 124 
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Supplemental Figure S3.3. Effect of the metal chelator ethylenediaminetetraacetic acid 
(EDTA at 0 mM, 1 mM and 2 mM concentrations) on DNA cutting activity after 2 hours 
incubation with WT-mEndoG or mIY-mEndoG under basic (pH 8.5) conditions. Normalized 
intensity (<Intensity>) profiles of the PAGE analyses for WT-mEndoG (blue lines) and mIY-
mEndoG (magenta lines) are shown in the two right-hand panels. Black dashed lines are the 
profiles from the DNA only (far left, no enzyme) lane of the gel. 
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Supplemental Figure S3.4. pH Dependence of DNA cleavage rates for mIY-mEndoG. Data 
from one example titration experiment to determine kAPP for mIY-mEndoG. Scans of intensities 
from gels with no enzyme (representing the 0 time point) and after 5, 10, 20 and 30 minutes of 
reaction (left panels) are normalized and plotted as fractions as substrate (red circles) and products 
(blue squares) for each time period (right panels). The fractions for each time period were treated 
as pseudo-first-order reactions to determine the kAPP values at each pH. 
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Supplemental Figure S3.5. Denaturing PAGE gel analysis on effects of EDTA (0 mM, 1 mM and 
2 mM concentrations) on DNA cutting activity of WT-mEndoG and mXY-mEndoG (X = I or Cl) 
under neutral (pH = 7.0) conditions. The slow migrating bands in the 0 mM WT-mEndoG and mXY-
mEndoG Cy5 lanes of the PAGE gel are small fragments that migrate anomalously due to the 
positive charge of the Cy5 label (Killelea, et al., Anomalous electrophoretic migration of short 
oligodeoxynucleotides labelled with 5′-terminal Cy5 dyes, Electrophoresis, 35(14): 1938–1946, 
2014). 
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Supplemental Figure S3.6. Quantum mechanical (QM) analysis of electrostatic potentials (ESP) 
of models for WT- and mXY-mEndoG active site residues. In this analysis, the top lighter colored 
bar associated with the ESP calculation for each mXY-mEndoG model shows the additional energy 
associated with the tyrosyl OH rotated towards and H-bonded to the halogen. Comparison of ESP 
values for the Mg2+ cofactor in WT-mEndoG to those of the halogens in models for the mIY-
mEndoG active site (see main text for description for how each model was constructed). The 
complex included either all four waters from the crystal structure (cyan bar), or with waters 
removed (leaving 2 or 3 coordinated solvent molecules, blue bar) that would allow coordination 
of the Mg2+ to the phosphate oxygens of the DNA substrate. ESP were calculated for models of 
mClY (green bars) and mIY (magenta bars) residues alone, in complex with the carbonyl oxygen 
(N=O) or the amino group (NH2) of acetamide (model for the N103 side chain) pointed towards 
the halogen, with neutral imidazole (model for the H104 side chain, labeled H) or protonated 
imidazole (H+) in the network. Values were plotted for the most positive point on the respective 
ESP surfaces. 
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Supplemental Table S4.1. Statistics of all bXB interactions, including number of interactions, 

and averages and standard deviations (in parentheses) for fraction of the sum of the van der 

Waals radii of the interacting atoms [f(∑RvdW)] and interaction angles (see Figure 1) from the 

survey of the PDB. 

XB 

Donor  

XB 

Acceptor  

# XB Interactions 

 

(821 Total) 

Average XB 

f(∑RvdW)  

(0.96) 

Average 

q1 

(148.3°) 

Average 

q2 

(116.0°) 

Cl Total: 521 0.97 (0.06) 147.6° (14.7°) 114.8° (20.1°) 

 =O 229 0.97 (0.06) 151.4° (14.4°) 114.0° (16.6°) 

 O(H) 70 0.92 (0.08) 146.1° (15.4°) 126.4° (19.8°) 

 N 154 0.99 (0.05) 143.3° (12.9°) 108.1° (21.2°) 

 S 68 0.97 (0.07) 145.9° (15.7°) 120.6° (22.1°) 

Br Total: 193 0.96 (0.06) 148.6° (15.3°) 117.3° (21.4°) 

 =O 101 0.96 (0.05) 153.3° (14.5°) 120.6° (18.1°) 

 O(H) 21 0.97 (0.06) 152.9° (8.3°) 102.8° (14.1°) 

 N 34 0.98 (0.04) 140.5° (13.6°) 104.5° (14.1°) 

 S 38 0.94 (0.07) 141.2° (14.5°) 127.5° (28.2°) 

I Total: 107 0.93 (0.06) 151.3° (16.0°) 119.8° (15.8°) 

 =O 69 0.92 (0.05) 154.5° (16.2°) 120.7° (15.4°) 

 O(H) 17 0.93 (0.05) 149.6° (14.6°) 125.3° (13.7°) 

 N 15 0.94 (0.06) 139.7° (13.9°) 106.9° (11.1°) 

 S 6 0.98 (0.02) 148.7° (6.0°) 125.2° (19.6°) 

XB acceptors labeled as “=O” are carbonyl oxygens, primarily from the peptide backbone and to 
a lesser extent  from the side chains of Asp, Asn, Glu and Gln. The “O(H)” acceptors are the 
hydroxyl sidechains of Ser, Thr and Tyr, “N” are the amino and imino nitrogens of the peptide 
backbone and various nitrogen containing amino acid side chains, while “S” are to the sulfur 
atoms in the side chains of Cys and Met. 
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Supplemental Table S4.2. Statistics for bXB acceptors in the bXB-Only dataset, including 
number of interactions, and averages and standard deviations (in parentheses) for fraction of the 
sum of the van der Waals radii of the interacting atoms [f(∑RvdW)] and interaction angles (see 
Figure 1) from the survey of the PDB. 

XB-Only 

Donor  

XB-Only 

Acceptor  

#XB-Only 

Interactions 

(419) 

Average XB 

f(∑RvdW)  

(0.97) 

Average 

q1 

(148.9°) 

Average 

q2 

(112.8°) 

Cl Total: 277 0.97 (0.07) 147.9° (15.4°) 111.0° (21.2 °) 

 =O 103 0.99 (0.06) 154.2° (14.8°) 113.5° (18.8°) 

 O(H) 35 0.92 (0.08) 146.5° (15.6°) 122.2° (22.8°) 
 N 97 0.99 (0.05) 141.6° (13.0°) 102.7° (20.4°) 

 S 39 0.97 (0.07) 148.6° (16.4°) 116.6° (20.4°) 

Br Total: 64 0.98 (0.04) 149.0° (15.0°) 113.0° (20.6°) 

 =O 40 0.97 (0.04) 155.4° (13.5°) 119.0° (18.6°) 

 O(H) 0 – – – 

 N 14 1.00 (0.03) 142.8° (12.0°) 103.0° (10.5°) 

 S 10 0.99 (0.03) 132.4° (6.2°) 102.9° (29.4°) 

I Total: 78 0.94 (0.06) 152.4° (15.7°) 118.9° (16.4°) 

 =O 54 0.92 (0.05) 154.3° (15.9°) 120.1° (15.4°) 

 O(H) 10 0.94 (0.04) 150.8° (17.6°) 125.3° (16.8°) 

 N 10 0.93 (0.08) 143.2° (15.4°) 104.3° (11.1°) 

 S 5 0.98 (0.02) 149.7° (6.2°) 123.6° (21.5°) 

XB acceptors labeled as “=O” are carbonyl oxygens, primarily from the peptide backbone and to 
a lesser extent  from the side chains of Asp, Asn, Glu and Gln. The “O(H)” acceptors are the 
hydroxyl sidechains of Ser, Thr and Tyr, “N” are the amino and imino nitrogens of the peptide 
backbone and various nitrogen containing amino acid side chains, while “S” are the sulfurs in the 
side chains of Cys and Met. 
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Supplemental Table S4.3. Statistics for XB acceptors in the HBeXB dataset, including number 
of interactions, and averages and standard deviations (in parentheses) for fraction of the sum of 
the van der Waals radii of the interacting atoms [f(∑RvdW)] and interaction angles (see Figure 1) 
from the survey of the PDB. 

bXB-

Only 

Donor  

bXB-Only 

Acceptor  

#bXB-Only 

Interactions 

(402 total) 

Average XB 

f(∑RvdW)  

(0.96) 

Average 

q1 

(147.7°) 

Average 

q2 

(119.4°) 

Cl Total: 244 0.97 (0.06) 147.2° (13.8°) 119.1° (17.9 °) 

 =O 126 0.97 (0.05) 149.1° (13.6°) 114.3° (14.8°) 

 O(H) 35 0.92 (0.07) 145.8° (15.4°) 130.6° (15.5°) 
 N 57 0.99 (0.05) 146.2° (12.3°) 117.4° (19.4°) 

 S 26 0.97 (0.06) 142.3° (14.8°) 130.5° (20.4°) 

Br Total: 129 0.96 (0.06) 148.4° (15.1°) 119.4° (21.5°) 

 =O 80 0.96 (0.05) 152.1° (13.8°) 116.9° (19.0°) 

 O(H) 19 0.89 (0.06) 151.3° (12.7°) 130.4° (19.2°) 

 N 21 0.97 (0.05) 139.7° (14.9°) 106.3° (16.2°) 

 S 10 0.98 (0.06) 131.6° (10.3°) 145.7° (24.5°) 

I Total: 29 0.92 (0.05) 148.3° (16.4°) 122.0° (13.8°) 

 =O 16 0.92 (0.05) 153.5° (18.4°) 122.8° (15.1°) 

 O(H) 7 0.91 (0.06) 148.0° (10.0°) 125.4° (8.9°) 

 N 5 0.94 (0.04) 132.7° (7.2°) 112.1° (13.6°) 

 S 1 0.97 143.7° 133.4° 

XB acceptors labeled as “=O” are carbonyl oxygens, primarily from the peptide backbone and to 
a lesser extent  from the side chains of Asp, Asn, Glu and Gln. The “O(H)” acceptors are the 
hydroxyl sidechains of Ser, Thr and Tyr, “N” are the amino and imino nitrogens of the peptide 
backbone and various nitrogen containing amino acid side chains, while “S” are the side chains 
of Cys and Met. 
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Supplemental Table S4.4. Statistics for HB donors in the Cl-HBeXB dataset , including number 
of interactions, and averages and standard deviations for fraction of the sum of the van der Waals 
radii of the interacting atoms [f(∑RvdW)] and interaction angles (see Figure 1) from the survey of 
the PDB. 

XB 

Donor  

XB 

Acceptor  

HB 

Donor 

#HBeXB 

Interactions 

(339 total) 

Average 

XB 

f(∑RvdW) 

Average 

q1 

Average 

q2 

Average 

HB 

f(∑RvdW) 

Average 

h1 

Average 

h2 

Cl Total  244 0.97 

(0.06) 

147.2° 

(13.8°) 

119.1° 

(17.9 °) 

0.92 

(0.07) 

86.8° 

(16.3°) 

117.9° 

(23.0°) 

 O Total 161 0.96 

(0.06) 

148.4° 

(14.0°) 

117.9° 

(16.4°) 

0.91 

(0.07) 

88.6° 

(16.2°) 

115.3° 

(20.8°) 

  –O(H) 94 0.95 

(0.06) 

148.1° 

(15.1°) 

118.7° 

(18.3°) 

0.92 

(0.07) 

89.4° 

(14.9°) 

115.4° 

(16.8°) 

  –S(H) 2 (to same 

acceptor) 

1.02  

- 

166.8°  

- 

125.1° 

- 

0.85 

(0.05) 

98.2° 

(16.1°) 

136.6° 

(10.2°) 

  –N(H) 37 0.97 

(0.06) 

143.5° 

(11.8°) 

116.4° 

(13.9°) 

0.88 

(0.07) 

82.4° 

(16.2°) 

105.5° 

(23.3°) 

  –

N(H)+ 

28 1.00 

(0.04) 

154.6° 

(9.7°) 

116.4° 

(12.3°) 

0.90 

(0.07) 

93.3° 

(15.5°) 

126.5° 

(23.3°) 

 N Total 58 0.99 

(0.05) 

146.2° 

(12.4°) 

117.4° 

(19.4°) 

0.93 

(0.08) 

78.1° 

(15.0°) 

127.5° 

(24.1°) 

  –O(H) 37 1.00 

(0.03) 

148.8° 

(13.7°) 

118.5° 

(18.6°) 

0.94 

(0.08) 

76.0° 

(13.8°) 

131.4° 

(15.2°) 

  –S(H) 1 0.96  

- 

167.1°  

- 

115.4°  

- 

0.98  

- 

75.7°  

- 

143.2° 

- 

  –N(H) 14 0.95 

(0.06) 

142.5° 

(6.7°) 

113.0° 

(20.4°) 

0.95 

(0.08) 

72.0° 

(6.5°) 

125.3° 

(31.8°) 

  –
N(H)+ 

6 0.98 
(0.06) 

138.4° 
(9.0°) 

120.7° 
(23.3°) 

0.89 
(0.04) 

105.2° 
(4.0°) 

108.5° 
(40.7°) 

 S Total 26 0.97 

(0.06) 

142.3° 

(14.8°) 

130.5° 

(20.4°) 

0.92 

(0.07) 

94.7° 

(16.1°) 

112.6° 

(28.3°) 

  –O(H) 7 0.99 

(0.03) 

154.7° 

(8.5°) 

119.3° 

(11.0) 

0.94 

(0.05) 

105.9° 

(14.7°) 

98.9° 

(15.0°) 

  –S(H) 5 0.91 

(0.04) 

129.1° 

(10.2°) 

143.0° 

(13.3°) 

0.90 

(0.02) 

99.6° 

(22.6°) 

118.7° 

(21.0°) 

  –N(H) 5 0.97 

(0.07) 

153.2° 

(5.7°) 

123.4° 

(7.0°) 

0.83 

(0.03) 

83.6° 

(5.1°) 

149.9° 

38.0°) 

  –

N(H)+ 

9 0.98 

(0.07) 

133.7° 

(13.0°) 

136.2° 

(28.5°) 

0.98 

(0.06) 

89.5° 

(12.0°) 

99.2° 

(11.6°) 

HB donating amino acids include some or all of the following in for each type of halogen XB 
donor: -O(H): Ser, Thr, Tyr; -S(H): Cys; -N(H): peptide backbone, Asn, Gln, Trp; -N(H)+: Arg, 
His, Lys. 
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Supplemental Table S4.5. Statistics for HB donors in the Br-HBeXB dataset, including number 
of interactions, and averages and standard deviations for fraction of the sum of the van der Waals 
radii of the interacting atoms [f(∑RvdW)] and interaction angles (see Figure 1) from the survey of 
the PDB. 

XB 

Donor  

XB 

Acceptor  

HB 

Donor 

#HBeXB 

Interactions 

 

Average 

XB 

f(∑RvdW) 

Average 

q1 

Average 

q2 

Average 

HB 

f(∑RvdW) 

Average 

h1 

Average 

h2 

Br Total  66 0.957 

(0.067) 

150.8° 

(12.8°) 

115.9° 

(21.1°) 

0.879 

(0.135) 

94.6° 

(16.6°) 

120.4° 

(25.4°) 

 O Total 100 0.96 

(0.06) 

153.0° 

(13.5°) 

119.3° 

(19.3°) 

0.867 

(0.148) 

94.5° 

(16.0°) 

119.7° 

(25.3°) 

  –O(H) 39 0.95 

(0.05) 

154.7° 

(15.9°) 

119.7° 

(19.0°) 

0.93 

(0.09) 

90.8° 

(19.5°) 

113.0° 

(24.1°) 

  –S(H) 12 0.90 

(0.06) 

150.9° 

(9.6°) 

127.2° 

(9.0°) 

0.98 

(0.05) 

98.8° 

(7.1°) 

130.0° 

(17.7°) 

  –N(H) 16 0.96 

(0.06) 

145.0° 

(8.7°) 

122.9° 

(21.7°) 

0.95 

(0.11) 

97.5° 

(18.2°) 

112.1° 

(26.4°) 

  –N(H)+ 33 0.97 

(0.05) 

151.8° 

(12.8°) 

114.9° 

(21.5°) 

0.91 

(0.09) 

93.4° 

(16.5°) 

118.2° 

(22.7°) 

 N Total 16 

 

0.97 

(0.05) 

138.9° 

(14.7°) 

105.6° 

(16.3°) 

0.93 

(0.07) 

91.4° 

(17.8°) 

116.9° 

(26.5°) 

  –O(H) 4 0.97 

(0.05) 

130.7° 

(4.6°) 

109.5° 

(13.2°) 

0.88 

(0.09) 

86.2° 

(18.3°) 

116.5° 

(19.4°) 

  –S(H) 0 – – – – – – 

  –N(H) 2 0.90 

(0.02) 

144.7° 

(26.4°) 

116.1° 

(7.8°) 

0.96  

- 

117.3  

- 

146.0° 

- 

  –N(H)+ 10 0.97 

(0.06) 

144.9° 

(16.3°) 

100.4° 

(18.8°) 

0.95 

(0.05) 

90.4° 

(15.3°) 

109.3° 

(30.6°) 

 S Total 9 0.99 
(0.06) 

129.7° 
(8.9°) 

148.75° 
(24.0°) 

1.00 
(0.09) 

75.8° 
(19.3°) 

120.4° 
(28.2°) 

  –O(H) 8 1.00 

(0.04) 

127.3° 

(5.5°) 

150.9° 

(24.7°) 

1.02 

(0.08) 

72.9° 

(19.0°) 

124.5° 

(27.2°) 

  –S(H) 0 – – – – – – 

  –N(H) 0 – – – – – – 

  –N(H)+ 1 0.84 149.1° 131.0° 0.85 98.8° 87.7° 

HB donating amino acids include some or all of the following in for each type of halogen XB 
donor: -O(H): Ser, Thr, Tyr; -S(H): Cys; -N(H): peptide backbone, Asn, Gln, Trp; -N(H)+: Arg, 
His, Lys. 
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Supplemental Table S4.6. Statistics for HB donors in the I-HBeXB dataset, including number of 
interactions, and averages and standard deviations for fraction of the sum of the van der Waals 
radii of the interacting atoms [f(∑RvdW)] and interaction angles (see Figure 1) from the survey of 
the PDB. 

XB 

Donor  

XB 

Acceptor  

HB 

Donor 

#HBeXB 

Interactions 

 

Average 

XB 

f(∑RvdW) 

Average 

q1 

Average 

q2 

Average 

HB 

f(∑RvdW) 

Average 

h1 

Average 

h2 

I Total   29 0.92 

(0.05) 

148.3° 

(16.4°) 

122.0° 

(13.8°) 

0.93 

(0.08) 

89.0° 

(17.5°) 

125.3° 

(21.2°) 

 O Total 23 0.92 

(0.05) 

151.8° 

(16.3°) 

123.6° 

(13.4°) 

0.92 

(0.08) 

86.9° 

(17.3°) 

128.5° 

(19.5°) 

  –O(H) 8 0.90 

(0.05) 

136.3° 

(15.2°) 

119.0° 

(8.3°) 

0.91 

(0.08) 

87.5° 

(20.6°) 

123.6° 

(14.3°) 

  –S(H) 5 0.88 

(0.06) 

163.0° 

(9.0°) 

127.7° 

(5.6°) 

0.93 

(0.08) 

88.9° 

(21.5°) 

120.3° 

(9.2°) 

  –N(H) 0 – – – – – – 

  –N(H)+ 10 0.95 

(0.04) 

158.7° 

(9.9°) 

125.3° 

(18.4°) 

0.92 

(0.09) 

85.3° 

(13.9°) 

136.4° 

(24.6°) 

 N Total 5 0.94 

(0.04) 

132.7° 

(7.2°) 

112.1° 

(13.6°) 

0.95 

(0.05) 

96.4° 

(18.1°) 

114.2° 

(27.5°) 

  –O(H) 3 0.94 

(0.04) 

134.9° 

(9.2°) 

108.5° 

(16.8°) 

0.97 

(0.06) 

84.0° 

(7.6°) 

114.2° 

(20.9°) 

  –S(H) 0 – – – – – – 

  –N(H) 0 – – – – – – 

  –N(H)+ 2 0.95 

(0.04) 

129.5° 

(1.1°) 

117.5° 

(9.0°) 

0.93 

(0.06) 

115.1° 

(5.2°) 

114.4° 

(46.3°) 

 S Total 0 – – – – – – 

  –O(H) 0 – – – – – – 

  –S(H) 0 – – – – – – 

  –N(H) 0 – – – – – – 

  –N(H)+ 0 – – – – – – 

HB donating amino acids include some or all of the following in for each type of halogen XB 
donor: -O(H): Ser, Thr, Tyr; -S(H): Cys; -N(H): peptide backbone, Asn, Gln, Trp; -N(H)+: Arg, 
His, Lys. 

 

 


