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ABSTRACT 
 
 
 

5-HYDROXYMETHYLCYTOSINE AND ENDONUCLEASE G AS REGULATORS OF 

HOMOLOGOUS RECOMBINATION 

 
 

Homologous recombination (HR) is a necessary biological process for all living organisms, and 

it is especially important for repairing damaged DNA.  Improper HR results in DNA damage-

related diseases, notably increased likelihood of cancer when HR regulators, such as the human 

BRCA1 gene, are impaired.  HR is also a tool for biotechnology, giving scientists the power to 

easily delete or mutate genes and study the effects of those modifications.  Recently, the 

epigenetically modified nucleotide 5-hydroxymethylcytosine (5hmC) was found to regulate 

vertebrate HR via interaction with the protein endonuclease G (EndoG).  In this dissertation, I 

use biochemical/biophysical methods to elucidate the interaction between 5hmC and EndoG, thus 

working towards understanding their roles as regulators of recombination.  I find that 5hmC forms 

a unique hydrogen bond to stabilize Holliday junctions, the four-stranded DNA intermediate in 

HR.  5hmC also induces a global structure change to the junction, increasing protein access to the 

junction crossover and providing potential for either direct or indirect readout of 5hmC.  Further 

connecting EndoG with recombination, we present the first evidence that EndoG preferentially 

binds and cleaves Holliday junction DNA, implicating a role for EndoG as a resolvase.  I 

demonstrate that EndoG recognizes 5hmC in the junction context and observe unique cleavage 

products from EndoG interaction with 5hmC-junctions.  These results suggest that EndoG may 

have a previously unrecognized junction resolvase function and, in this way, play a more direct 

role in recombination than simply creating double-stranded breaks in duplex DNA to initiate the 
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HR mechanism.  Finally, I present a unique structural feature of vertebrate EndoG that we 

hypothesize is the basis for 5hmC recognition.  I present the structure of mouse EndoG and 

propose that a two amino acid deletion, conserved in vertebrate EndoG sequences, is associated 

with unraveling of an α-helix. This structural perturbation positions amino acid side chains to 

confer 5hmC-sensing ability to all vertebrate EndoG. I expect that these deletion mutations and 

resulting structural effects co-evolved with the appearance of 5hmC in vertebrate genomes to give 

EndoG an additional function of recognizing 5hmC in the cell.  Overall this work is building onto 

the understanding of 5hmC and EndoG as markers and regulators of recombination.  
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CHAPTER 1 
 
 
 

INTRODUCTION 
 
 
 
1.1 Significance and Background  

 Homologous recombination (HR) is the process of exchanging genetic information 

between two separate pieces of DNA, and it is a natural phenomenon in all living organisms and 

viruses.  HR is used in the cell to repair damaged DNA1, thus preventing DNA lesions from 

incorrectly replicating and potentially becoming cancerous.  In meiosis, DNA undergoes HR to 

recombine genetic information to generate offspring diversity during reproduction2.  HR is also 

implicated in the restart of stalled DNA replication forks3.  When DNA replication is erroneous, 

the cell invokes HR to remove the incorrect sequence and replace it with the proper nucleotides.  

Finally, HR is naturally involved in horizontal gene transfer as one organism transfers portions 

of its genetic information to another4.   

 Deficiencies in HR cause diseases in humans.  One classic example is related to the 

breast cancer related genes BRCA1 and BRCA2.  The protein products of these genes are 

responsible for promoting proper HR, and when they are mutated or deleted the result is a higher 

likelihood of cancer 5.  Another regulator of recombination is the protein RecQ and its absence 

results in excessive cellular HR, leading to cancer-related diseases such as Bloom’s syndrome, 

Werner’s syndrome, and Rothmund-Thomson syndrome6,7.  Insufficient recombination during 

meiosis results in incorrect chromosome separation in sex cells, ultimately leading to Down 

syndrome8.   
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 Aside from promoting healthy cellular behavior, HR is also a useful tool to recombine 

genetic information in laboratory research.  Jack Szostak first developed HR technology using 

plasmids to induce recombination in yeast9.  In 2007, Mario Capecchi, Martin Evans and Oliver 

Smithies won the Nobel Prize in Physiology or Medicine for the development of mouse 

embryonic gene targeting technology via HR10.  HR is commonly used in the lab to introduce a 

genetic change, and gives scientist the power to study the effects of particular gene mutations, 

deletions, and insertions.  HR is an essential biological process and a powerful tool for scientific 

research, so it is crucial that we gain a complete understanding of HR regulation in the cell.  In 

this dissertation, I present original structural and biophysical studies that clarify the roles of the 

epigenetic DNA marker 5-hydroxymethylcytosine (5hmC) and the enzyme Endonuclease G 

(EndoG) in HR.   

 Mechanistically, HR is initiated by a double-strand break on one of the participating 

DNA duplexes.  The 5’ ends of the broken strands are degraded, and one of the remaining 3’ 

ends invades an unbroken homologous double stranded DNA partner.  The strands of the 

homologous DNA partner separate and instead cross over to anneal with the respective single 

strand ends of the broken partner.  The DNA forms a 4-stranded intermediate structure, the 

Holliday junction11, which enables the crossover and exchange of genetic information.  In a 

process called branch migration, DNA nucleotides break away from their original partners and 

instead cross over to pair with their homologous neighbor.  Branch migration will continue to 

move the Holliday junction through the needed amount of base pairs until it has reached its 

destination to complete the desired task (gene transfer, lesion repair, etc.).  Branch migration 

halts, and DNA-cutting proteins (resolvases) will bind and resolve the junction crossover back 

into two separate pieces of DNA.12  
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 Holliday junctions exist in two main conformations:  open-X and stacked-X 

structures13,14.  The junction takes the open-X structure as it migrates through the DNA sequence 

during HR.  The open-X junction is not thermodynamically stable, and the only published crystal 

structures of the open-X junction are with assisted stabilization from a bound protein.  This 

structure is, however, more optimized for junction migration because it is able to isoenergetically 

break and form new base pairs.  In contrast, the stacked-X junction is topologically trapped, but 

quite thermodynamically stable with key structural stabilization elements determined via 

crystallography15.  The stacked-X junction is stabilized by essential hydrogen bonds at the 

junction crossover between cytosine amines and oxygens in the phosphate backbone.  The 

necessity for these hydrogen bonds incurs sequence specificity at the core of the junction – 

sequences with a RYC trinucleotide (where R is a purine, Y is a pyrimidine) junction core are the 

most stable16.  The biological interplay between open-X and stacked-X junctions is not fully 

understood, but one thought is that stacked-X junctions provide a stable substrate for protein 

binding17.  The hypothesis is that the open-X junction will migrate through the desired crossover 

region until an RYC motif passes into the junction.  The stabilizing RYC core will convert the 

junction to a stacked-X conformation, thus halting migration and providing a stable substrate for 

resolvases to bind.  Cytosines are commonly subjected to epigenetic modification, and so one 

question is whether epigenetically modified cytosines are also able to stabilize a stacked-X 

junction core?  This is particularly interesting in light of 5hmC, the recently rediscovered 

epigenetic modification that has been linked to recombination.    

 5hmC is an epigenetic modifier present on up to one percent of cytosines in the 

mammalian genome18.  Although 5hmC DNA is not present in all eukaryotes, it seems to be a 

conserved feature of vertebrate organisms19–21.  Natural occurrence of 5hmC is achieved through 



 4 

oxidative conversion from 5-methylcytosine (5mC) via the ten-eleven translocation (Tet) family 

of proteins22.  The Tet enzymes also catalyze further oxidation to formyl- and carboxyl-cytosines, 

which can be returned to canonical cytosine via removal of fully oxidized species23.  In 2009, 

5hmC was rediscovered as an important mammalian epigenetic modification when Heintz et al. 

found significant levels of 5hmC present in Purkinje neurons24.  Breakthroughs in sequencing 

technology have revealed 5hmC is present at varying concentrations in a plethora of tissue types25, 

even dynamically appearing in DNA to play a role in embryonic development26,27.  Aside from 

regulating Purkinje neuron development, 5hmC has since been implicated in a variety of functions 

including 5-methylcytosine metabolism28, transcription regulation26,29,30, and DNA 

recombination.  The recombination role was first suggested after a high number of 

hydroxymethylated cytosines were found in G/C rich recombination hotspots, suggesting the 

5hmC was perhaps a marker for recombination26.  Robertson et al. established a more direct link 

when they discovered that 5hmC promotes recombination via interaction with the protein EndoG31.  

The current model is that EndoG specifically binds the sequence 5’-GGGG5hmCCAG-3’/5’-

CTGGCCCC-3’ to create double-strand breaks that will initiate homologous recombination (Fig. 

1.1).  This finding was quite unexpected as EndoG was previously only thought to bind and 

cleave G/C rich regions with no particular sequence specificity.   

 EndoG was first discovered in mammals as a non-specific endonuclease with a 

preference to cleave G/C rich DNA sequences32–34.  Later, EndoG was found as a conserved 

protein in all eukaryotes35 and determined to function via a NHN motif found in many 

nucleases36,37.  Mitochondrial EndoG is thought to promote mtDNA replication by cleaving 

RNA/DNA hybrids to generate primers for replication39, although this function is still debated.  

In healthy cells the bulk of EndoG remains in the mitochondria38, but mass quantities of EndoG  
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Figure 1.1:  Model for 5hmC and EndoG in homologous recombination.  As originally proposed 
by Robertson et al., EndoG generates double stranded breaks via recognition of 5hmC in a 
sequence specific context.  Double strand breaks promote strand invasion into a homologous 
DNA neighbor, which initiates the junction crossover.  The Holliday junction migrates through 
the desired length of DNA, and resolvases cleave the junction back into separate DNA strands.  
Broken and damages strands are finally repaired with ligases and polymerases.  In this 
dissertation we present a structure of mouse EndoG that accounts for 5hmC recognition.  We also 
propose an additional role for EndoG and 5hmC in recombination that invokes Holliday junction 
recognition.    

Adapted from Robertson et al., Nucleic Acids Research, 2014; 42(21): p. 13280-13293.  

migration migration 

resolvases + ligases 
5hmC cleavage 

strand invasion 
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5hm 
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are trafficked to the nucleus to degrade DNA during apoptosis40, recognizing chromatin as a 

substrate41.  Under non-apoptotic conditions, however, a basal level of EndoG is found regularly 

present in the nucleus42.  EndoG has been implicated in several recombination scenarios 

including Herpes Simplex Virus43, myeloid/lymphoid leukemia break point clusters44, 

immunoglobulins45, transfected plasmid recombination46, and genome maintenance through 

HR47. The assumption is that EndoG binds to G/C rich double stranded DNA and creates double 

stranded breaks to initiate these recombination events.   

The work of Robertson et al. was the first instance of EndoG recognizing a specific 

sequence feature, and the first discovery of interactions between 5hmC and EndoG.  5hmC is only 

present in vertebrates while EndoG is conserved in all eukaryotes, which begs the question of 

whether vertebrate EndoG has a unique structural feature to specifically recognize 5hmC?  

Furthermore, despite the thematic appearance of EndoG in DNA recombination, it is unknown 

whether EndoG recognizes Holliday junctions as a DNA substrate.  Finally, we wanted to 

explore how 5hmC might impact Holliday junctions to serve as a structural or energetic marker for 

recombination, and whether EndoG recognizes 5hmC in the junction context. 

1.2 Aims of this Project  

In this work, we aim to understand how 5hmC promotes recombination via EndoG by 

asking these specific questions: 

• Does 5hmC impact Holliday junction structure and stability and can it serve as a marker in 

HR? 

• Does EndoG cleave Holliday junctions as a method to promote recombination and does 

EndoG recognize 5hmC in the junction context?    
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• Is there a structural feature conserved among vertebrates that allows EndoG to recognize 

5hmC DNA?    

 

The first objective was to establish the Holliday junction as a system to study energies of 

molecular interactions at the junction core.  This analysis would allow direct comparison of the 

structure and stability of C- vs. 5hmC-stabilized Holliday junctions.  Furthermore, I provide 

evidence of continuity between crystallographic structure and solution state energies for the 

Holliday junction system.  In chapter 2, I discuss Holliday junction cores stabilized by halogen 

bonds (X-bonds), weak intermolecular interactions analogous to hydrogen bonds.  The X-bond is 

a short electrostatic interaction between a negative acceptor and the positive crown of a polarized 

covalently bound halogen.  In this case the positive halogen crown on a halogenated uracil acts 

as the donor, replacing the positive amine of a cytosine that typically stabilizes junctions.  In this 

work I use crystallography and differential scanning calorimetry (DSC) to measure the energy of 

the X-bond stabilized junction compared to the H-bond stabilized junction.  Furthermore we 

isolate specific energies that describe the relative H-bond and X-bond strengths.  We show that 

the junction crystal structures are representative of the solution state energies determined by 

DSC.  The methodology established for halogen bonds in this chapter is shown to be applicable 

to probe epigenetic effects on junction stability.   

In chapter 3, we ask how 5hmC impacts junction structure and stability.  We present the 

crystal structure of a junction with 5hmC in the core, showing that 5hmC forms specific H-bonds to 

replace the typical bonds formed by canonical cytosine at the core.  5hmC also confers global 

structure shape and broadens the angle relating the two arms of the junction.  We apply the 

differential scanning calorimetry method established in chapter 2 to learn about how 5hmC 
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thermodynamically impacts junction stability.  We find that 5hmC is more enthalpically stable, 

although it suffers an entropic penalty and, as a result, the net change in free energy is very small 

compared to C-stabilized junctions.  We conclude that 5hmC incorporation into junctions is stable, 

and potentially provides a mechanism for protein recognition via either direct or indirect readout.    

The next question was whether EndoG recognizes junctions to promote recombination, 

and whether 5hmC plays a role in that recognition.  In chapter 4, we find that EndoG does indeed 

recognize junctions, and they are a preferred substrate over duplex DNA.  5hmC is not needed for 

junction recognition, but does induce a unique cleavage profile.  These results together suggest a 

role for 5hmC as a marker in EndoG-mediated recombination.  Finally, we present the crystal 

structure of mouse EndoG and discover a helix to loop transition relative to invertebrate EndoG 

structures; we believe this structural change is the source of vertebrate EndoG preference for 

5hmC DNA.  The loop structure is caused by a two amino acid deletion that is conserved for all 

vertebrate species, suggesting all vertebrates are capable of recognizing 5hmC via EndoG.  5hmC is 

only found in vertebrate species, thus we propose that EndoG co-evolved to accommodate the 

presence of 5hmC.   

 Overall this work supplies necessary information to understand how 5hmC and EndoG 

work together to promote DNA recombination and expands on the original model presented by 

Robertson et al.  This exciting avenue of research elucidates a new role for both EndoG and 5hmC 

and is pioneering an unexplored aspect of HR.  A mechanistic understanding of this process is 

the foundation to correct erroneous HR in disease and develop better biotechnology.  We work 

towards a complete understanding of 5hmC as a marker for HR with hopes to eventually 

manipulate HR in a more targeted and specific way.      
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CHAPTER 2 
 
 
 

DETERMINING THERMODYNAMIC PROPERTIES OF MOLECULAR INTERACTIONS 
FROM SINGLE CRYSTAL STUDIES1  

 
 
 

The concept of single crystals of macromolecules as thermodynamic systems is not a 

common one. However, it should be possible to derive thermodynamic properties from single 

crystal structures, if the process of crystallization follows thermodynamic rules. We review here 

an example of how the stabilizing potentials of molecular interactions can be measured from 

studying the properties of DNA crystals. In this example, we describe an assay based on the four-

stranded DNA junction to determine the stabilizing potentials of halogen bonds, a class of 

electrostatic interactions, analogous to hydrogen bonds, that are becoming increasing recognized 

as important for conferring specificity in protein–ligand complexes. The system demonstrates 

how crystallographic studies, when coupled with calorimetric methods, allow the geometries at 

the atomic level to be directly correlated with the stabilizing energies of molecular interactions. 

The approach can be generally applied to study the effects of DNA sequence and modifications 

of the thermodynamic stability of the Holliday junction and, by inference, on recombination and 

recombination dependent processes. 

2.1 Introduction  

‘‘A picture is worth a thousand words’’. Although the origin of this phrase remains 

unresolved (being variously attributed to a Japanese philosopher or as an old Chinese proverb, 

commonly ascribed to Confucius), it has become the mantra in macromolecular 

crystallography—the ‘‘picture’’ or structure of a protein or nucleic acid, or complex among or 
																																																								
1 Previously published as:  “Determining thermodynamic properties of molecular interactions from single crystal 
studies” Vander Zanden, C.M., Carter, M., Ho, P.S. Methods 64 (2013) 12-18.  
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between them can tell us so much about function. Of course, the absolute requirement of a 

crystal in crystallography immediately limits the picture to be a static one, at least for those parts 

that we can see (parts that are truly dynamic are invisible to our X-ray vision). This has lead to 

the general perception that one cannot learn anything about thermodynamics from 

crystallographic studies on single crystals. A crystal is a solid that is assembled by regularly 

repeating the same molecule over- and-over again into a well-defined crystal lattice. This does 

not mean, however, that every molecule or even the atoms of the molecule are identical in every 

way, or even held entirely static. We review here an example of an approach to quantitatively 

determine the energies of halogen bonds, exploiting the isomerization of a DNA junction in the 

assay. As a result, we show that indeed crystallography can tell us much about the energies of 

molecular inter- actions that are important for the assembly and stability of nucleic acids. 

2.2 Structure-energy relationships of biological halogen bonds  

In this case study, we will characterize the stabilizing potentials of halogen bonds and 

their correlations with specific geometries in a biological system. Halogen bonds (X-bonds), 

formerly known as charge-transfer bonds1, are analogous to H-bonds2 in that they are directional, 

primarily electrostatically driven molecular interactions that help to define the specificity of 

ligands against their protein targets3–8 and to drive macromolecular conformation9. The X-bond 

is formed when the electropositive crown of a polarizable halogen (as a consequence of 

depopulating the pz-atomic orbital when forming a covalent σ-bond to, for example, a carbon10) 

interacts with an electron-rich acceptor, such as an oxygen, nitrogen, or sulfur. The stabilizing 

potential of the X-bond depends on the degree of polarization of the halogen (I > Br > Cl > F), 

the electron withdrawing ability of the molecule that is halogenated, the electronegative potential 

of the acceptor atom, and the distance and angle of approach of the acceptor to the halogen (Fig. 
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2.1). In order to develop empirical models that can be accurately applied to predict the 

electrostatic behavior of halogens, including the existence of X-bonds, we must determine how 

the energies of interaction are related to the geometry of the interacting atoms. For this assay, we 

will describe how a Holliday junction construct (Fig. 2.2) can be designed to determine the 

geometries of X-bonds from single crystal studies, and their associated energies of stabilization 

relative to a competing H-bond in crystals9,11 and in solution11,12. 

For this set of studies, we developed a DNA Holliday junction as the model system to 

compete an X-bond against an H-bond in defining the stability and the isomer conformation 

(conformer) of the four-stranded complex. The form of the Holliday junction under physiological 

salt concentrations is the stacked-X form13, in which the four helical arms are paired-up and 

stacked to form essentially two near continuous columns of standard B-form DNA, interrupted 

by the cross-over of one strand from each duplex to the adjacent duplex (Fig. 2.2). The cross-

over strands form a tight U-turn, which topologically locks the junction in place. The cross-over 

is stabilized by a set of intrastrand interactions localized at the N6Py7C8 trinucleotide core of the 

general sequence motif 5’- CCG3Pu4N5N6Py7C8GG-3’ (where Py is a pyrimidine (C or T), Pu is 

a purine (G or A), and G3Pu4N5 are nucleotides that maintain the inverted repeat symmetry of the 

overall sequence)14,15. In particular, an H-bond from the cytosine of C8 to the phosphate of Py7 is 

essential, while an electrostatic interaction (including an H-bond) from Py7 to N6 is important for 

bending the phosphodeoxyribose backbone into the U-turn of the crossing strands and specifying 

the sequence dependent stability of the junction in the crystal (Fig. 2.2)14,16 and in solution17. 

 

 
 

 



"&!

Figure 2.1: Halogen polarization and halogen bonding. Halogen bonds (X-bonds) can be ascribed 
as the generation of a positive crown (a !-hole) resulting from the formation of a covalent (!) 
bond and the subsequent depopulation of the halogen’s pZ-orbital10. The !-hole is pronounced 
with larger, more polarizable halogens (F < Cl < Br < I), and is enhanced when the halogen is 
attached to more electron withdrawing groups (in this case, a uracil base). Looking from the 
halogen down the axis of the C-X bond, electrostatic potential is shown mapped onto the surface 
of each halogenated uracil using a color scale ranging from + 25 kcal/mol (blue) to -25 kcal/mol 
(red)3. 
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Figure 2.2: Molecular interactions that stabilize DNA junctions. DNA Holliday junctions in 
inverted repeat sequences of the type 5’-CCG3Pu4N5N6Py7C8GG-3’ are stabilized by electrostatic 
interactions. In particular, an H-bond from C8 to the preceding phosphate is essential, while an 
H-bond or X-bond from Py7 to its preceding phosphate group is important for forcing the DNA 
backbone to form the tight U-turn at the inside strand of the stacked-X form of the junction14,16.  
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An important component of these crystals in relationship to the X-bond assay is that the 

lattice is stabilized primarily by end-to-end stacking of the stacked B-DNA duplex arms of the 

junctions, forming essentially a continuous sheet of DNAs in the b–c plane of the C2 unit cell14. 

The interactions between sheets are mediated by cations that bridge across the backbones of the 

DNAs. Consequently, the important intrastrand interactions that stabilize the junction are well 

away from the lattice interactions, while the lattice interactions are largely independent of DNA 

sequence, as long as the terminal base pairs remain the same. Thus, this study assumes that the 

lattice interactions will be identical for all constructs, and that the population of conformations 

observed in the crystals will reflect their distributions in solution (i.e., there will be no crystal 

dependent discrimination among different conformers). 

For the current assay, a junction was constructed from two different, non-inverted repeat DNA 

strands, with both strands including the H-bond that is essential at the C8 position.  The strands 

differ primarily at the Py7 nucleotide (and the associated Pu3), with the standard C7 at this 

position to provide an H-bond, while the complementary strand places a halogenated uracil base 

(XU) at this position to potentially form an X-bond to the DNA backbone9,11, where X is any of 

the common halogens (F, Cl, Br, or I, Table 2.1). In this mixed sequence construct, the junction 

can adopt one of two conformers, one that is stabilized by the H-bond (H-isomer) and the 

alternative that is stabilized by the X-bond (X-isomer) (Fig. 2.3). Aside from these stabilizing 

interactions, the two isomers are completely isoenergetic, so in effect, the isomer form is 

determined explicitly by the relative strengths of the two competing interactions. For example, if 

the two competing interactions had the same energy, the population would occupy both isomers 

equally; however, if the two energies differ significantly, then the junction will be seen in one 

form or the other, or as a weighted average of the two forms.
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Table 2.1:  List of DNA constructs to study X-bonding interactions. The DNA constructs are 
named according to the number of halogenated uracil (XU) containing strands (X-strand) relative 
to cytosine H-bonding strands (H-strands) that form a junction. The potential X-bonding and H-
bonding nucleotides (italics) results in defined molar ratios of X-bonding halogenated uracil and 
H-bonding cytosine bases (X:H). 

 

DNA construct Sequences X:H 

F2J 
H-Strand: (CCGGTACCGG)2 
X-Strand: (CCGGTAFUCGG)2 2:2 

Cl1J H-Strand: (CCGGTACCGG)2 
X-Strand: (CCGGTAClUCGG + CCGGTAUCGG) 

1:2 

Cl2J H-Strand: (CCGGTACCGG)2 
X-Strand: (CCGGTAClUCGG)2 

2:2 

Br1J H-Strand: (CCGGTACCGG)2 
X-Strand: (CCGGTABrUCGG + CCGGTAUCGG) 

1:2 

Br2J H-Strand: (CCGGTACCGG)2 
X-Strand: (CCGGTABrUCGG)2 

2:2 

I1J H-Strand: (CCGGTACCGG)2 
X-Strand: (CCGGTIlUCGG + CCGGTAUCGG) 

1:2 

I2J H-Strand: (CCGGTACCGG)2 
X-Strand: (CCGGTAIUCGG)2 

2:2 

H2J H-Strand: (CCGGTACCGG)2 
X-Strand: (CCGGTAUCGG)2 

0:2 
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Figure 2.3: H-bond and X-bond driven isomerization of DNA junctions. A junction to assay the 
energy of an X-bond relative to a competing H-bond was constructed from two DNA sequences, 
one that contains a cytosine at the Py7 position, while the complementary strand contains a 
halogenated uracil (XU7) at this position. The competing interactions direct the junction to adopt 
either the isomer form that is stabilized by standard H-bonds (H-isomer) or by X-bonds (X-
isomer). Aside from these specific interactions, the H- and X-isomers are isoenergetic, allowing 
free isomerization between the two forms, thus creating an energetic competition between the H-
bond and X-bond for control of the overall junction conformation. 
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An example of an X-bond that is nearly identical in its stability to the competing H-bond 

is that of the chlorine X-bond (Cl-bond)11. Chlorine is intermediate in its polarizability and, 

therefore, is expect to be intermediate in its X-bonding potential. The position of the chlorine, 

either on the inside crossing strand (labeled ClU7) or outside strand (labeled ClU’7, where the 

prime is used to indicate that this is at the outside strand position) specifies whether the junction 

is in the X- or H-isomer form, respectively. Thus, the isomeric form, and the stabilizing 

interaction, can be determined crystallographically by ClU7 in the X- or ClU’7 in the H-isomer. In 

doing so, we can estimate the difference in energy between the Cl-bond and the competing H-

bond by analyzing the distribution of isomeric forms, since only the Py7 of the trinucleotide core 

is varied. 

For this analysis, we can define the difference in energy of the X- vs H-isomer form 

(ΔEIsoX–IsoH) according to Eq. (1)—this energy is not explicitly that of the molecular interactions.  

Eq. (1)    ∆𝐸!"#$!!"#$ = −𝑅𝑇 ln %!"#$
%!"#$

 

Again, the assumption here is that the population distribution of isomers in the crystal mirrors the 

distribution in solution, since we do not expect any differences in the crystal lattice energies. 

The isomer form (H- or X-isomer) can be distinguished in the crystal structures of the 

two constructs by analyzing the electron density maps from the single crystal structures at the 

Py7 nucleotide positions of the outside and the inside strands, along with the Pu4 position of the 

complementary strands of the junction. In this analysis, the structures are initially refined with 

ambiguous base pairs at the Py7•Pu4 positions (essentially as U•A base pairs). The 2Fo-Fc 

density (Fig. 2.4) and Fo-Fc difference density maps are then analyzed to determine whether 

there is residual positive density ~1.5 Å from the C5 carbon of the Py7 pyrimidine base (evidence 

for a halogenated uracil base) and from the C2 carbon of the Pu4 purine base (evidence for an N2 
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Figure 2.4: Electron density maps of chlorinated base pairs in the Cl1J and Cl2J DNA junctions. 
2Fo-Fc electron density maps are shown for the potentially chlorinated nucleotides and their base 
pairs, where 100% H-isomer would have the halogen completely occupying the outside position 
(green box) and 100% X-isomer would have it in the inside position (orange box) forming an X-
bond and stabilizing the overall structure. The maps show more chlorine density on the outside 
for the Cl1J structure (one X-bond competing against two H-bonds) than for the Cl2J structure 
(two X-bonds and two H-bonds). 
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amino group of a guanine base). The presence of the excess density at Py7 and the absence of 

excess density at Pu4 would indicate that this is a ClU7•A4 base pair, while the absence of excess 

density at Py7 and presence of density at Pu4 would indicate that this is a C7•G4 base pair. The X-

isomer would place the ClU of the ClU7•A4 base pair at the inside crossing strand, while the H-

isomer places the halogenated uracil on the outside strand. The structures can then be refined as 

fully either the X- or H-isomer form, and the electron density maps reanalyzed to determine 

whether there is residual positive or negative difference density, indicating a mixture of isomers 

in the crystal structure. 

We designed two DNA constructs in which one potential X-bond competes against two 

H-bond (Cl1J construct) or two X-bonds competes against two H-bonds (Cl2J construct). 

Analysis of the electron density maps indicated that the Cl1J construct was primarily H-isomer, 

while the Cl2J junction was primarily X-isomer. This suggested that the Cl-bond is only slightly 

more stabilizing than the H-bond, out competing the H-bond in a one-to-one competition, but not 

capable of winning in a one-to-two competition. 

2.2.1 Quantitative conformer analysis by crystallographic occupancy titration 

 In order to estimate the actual stabilization energy of the Cl- bond relative to the H-bond, 

we need to accurately quantify the percent composition of each isomer through an occupancy 

titration procedure11. The initial step for this quantitation is to refine the structure of the junction 

using a model containing all the nucleotides that are common to both conformers, but with the 

four Py7•Pu4 base pairs that are unique to each isomer left as ambiguous (i.e., as unhalogenated 

U•A base pairs). Once the structure of this ambiguous model has been fully refined, with solvent 

added around the common nucleotides and maximum-likelihood convergence, the next step is to 

apply isomer-specific modeling and attempt to determine the percent of each isomer in the 
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overall composition of the structure, which is the percent occupancy of the X- and H-isomers 

(%IsoX and %IsoH) in Eq. (1). 

To determine %IsoX and %IsoH of a construct, the re! ned ambiguous structure is used to 

construct two models, one with the halogenated uracils of the XU7•A4 base pairs at the inside 

crossing strand (X-isomer) and the other with the halogenated uracils on the outside strand (H-

isomer).  One approach to calculating the %IsoX and %IsoH at this point might be to re! ne the 

partial occupancies of the all atoms in the Py7•Pu4 base pairs, or of just the halogens and the N2 

amino of the purines in each model; however, we found that this approach resulted in very large 

variations in occupancies, and with results that were often times incomprehensible (for example, 

where the sum of the occupancies for the two models were signi! cant higher or lower than 

100%). We, therefore, needed to develop a more robust approach to determining the %IsoX and 

%IsoH for the DNA junction system. 

Our alternative approach makes the assumption that the sum of %IsoX and %IsoH will be 

100% (this is a standard coupled occupancy analysis), and that the true ratio of conformers will 

be re" ected in the statistics of the crystallographic re! nement, in particular the Rfree value18. In 

this analysis, a combined model that includes the two isomer forms in their entirety are re! ned, 

starting with the occupancies of all atoms, including solvent, of the X-isomer component set at 

99% and those of the H-isomer set at 1%. The combined model is fully re! ned and the Rfree-

value recorded (Fig. 2.5). This re! ned model is then used in the next step, with the occupancy of 

the X-isomer reduced by 2% to 97% and the H-isomer increased accordingly, and the new 

composite model re! ned. This ‘‘titration’’ of the occupancy is repeated until we reach the end 

point of 1% X- and 99% H-isomers (Fig. 2.5A). To account for any effects of the re! nement 

process on Rfree, an equivalent number of re! nements was performed on a 99% X- and 1% H-  
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Figure 2.5:  Occupancy titration and background correction for Cl2J junction. A. The occupancy  
titration (closed circles) and mock titration (open squares). For the occupancy titration, the DNA 
construct starts with 99% of the junction in the X-isomer and 1% as the H-isomer (Fig. 2.3), with 
the % X-isomer reduced by 2% and H-isomer increased by 2% at each titration point. The 
composite isomer models are refined and the Rfree values recorded for each titration point. To 
account for the effect of refinement on the Rfree values, the initial model is refined without 
changing the 99% X-isomer/1% H-isomer compositions for the same number of refinement 
cycles as the actual occupancy titration. This mock titration serves as the background associated 
with the effect of the refinement process on Rfree. B. Background corrected occupancy titration. 
The Rfree values from the mock background titration are subtracted from the occupancy titration 
data in A. The resulting minimum !Rfree at each %X-isomer indicates the optimum contribution 
of the X-isomer to the structure in the crystal. The linear regions of the data on both sides of the 
minimum are fit by linear regression analysis (lines), and the intersection of the two fitted lines is 
used to quantify the X-isomer to H-isomer ratio. 
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isomer model, but with no change in the actual occupancies. The Rfree values from this ‘‘mock’’ 

titration subtracted from the experimental values (Fig. 2.5B). To account for any potential 

hysteretic effects, the titration was repeated in the opposite direction starting with 99% H-	isomer 

and decreasing the occupancy to 1% H-isomer (Fig.  2.6). The results for the chlorinated 

junctions show clear minima for Rfree-values of both sets of titrations when plotted as a function 

of % X-isomer, with minimum sitting below 50% X-isomer for the Cl1J and above 50% X-

isomer for the Cl2J constructs, consistent with what was observed in the electron density maps. 

To determine the actual observed %X-isomer (%IsoXobs), the linear portions of the 

titration data on either side of the minima were fitted with simple linear models using the 

KaleidaGraph program, and solving for the point of intersection for the equations of the two lines 

on either side of the Rfree minimum (Fig. 2.6). The corresponding %H-isomer observed 

(%IsoHobs) was taken as 100%–%IsoXobs. The uncertainty in each %IsoXobs was estimated by 

propagating the errors on the slopes and y-intercepts of the linear equations used to fit the 

titration curves. 

2.2.2 Estimating energy of Cl-bonds 

 With the %IsoXobs and %IsoHobs now determined, the ΔEIsoX–IsoH can be estimated for 

each DNA junction11 according to Eq. (1). From ΔEIsoX–IsoH and the ratio of Cl-bonds to H-bonds 

in the Cl1J and Cl2J constructs, we derived an approach to explicitly determine the absolute 

energies of the Cl-bond and the competing H-bond. This analysis starts with the assumption that 

the Cl-bonds in both constructs are nearly identical in structure and energy.   

The structures are indeed nearly identical (Cl•••O distances differ by <2.5% and C–Cl•••O 

angles differ by ~4% from each other). We can, therefore, define the observed ΔEIsoX–IsoH in  

 



('!

 

Figure 2.6:  Occupancy titrations of Cl1J and Cl2J DNA constructs. The titrations show minima 
for !Rfree values as a function of % X-isomer (note: the % X-isomer scale of this figure is 
reversed and the !Rfree values normalized between 0 and 1 relative to that in Fig. 2.5). The % X-
isomer at the !Rfree minima of the two isomers of were determined by least squares fitting of the 
linear portions of each titration curve (red symbols represent % X-isomer values < !Rfree 
minimum shown as, blue symbols for those > minimum, and black symbols for values not used 
in the calculations). The actual % X-isomer value of each construct was calculated from the 
slopes and y-intercepts of the two lines. The titrations repeated in the ascending (from 0% to 
100% X-isomer, circles) and descending (from 100% to 0%, triangles) directions. 
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terms of  the contributions of Cl-bonds and H-bonds for the Cl1J (ΔEIsoX–IsoH(Cl1J), Eq. (2)) and 

Cl2J (ΔEIsoX–IsoH(Cl2J), Eq. (3)) constructs. 

Eq. (2)    ∆𝐸!"#$!!"#$(!"!!) = 𝐸!"!!"#$ − 2𝐸!!!"#$ 

Eq. (3)  ∆𝐸!"#$!!"#$(!"!!) = 2𝐸!"!!"#$ − 2𝐸!!!"#$ 

It is now a simple matter to solve for the two unknowns (ECl-bond and EH-bond) using the 

two simultaneous Eqs. (2) and (3). At this point, you recognize the flaw in this simple setup, 

which is that %IsoXobs likely does not reflect the actual % X-isomer for the singly chlorinated 

junction in the Cl1J construct. That is because the junction, when annealed from two H-bonding 

strands, one potential Cl-bond forming ClU7 containing strand, and one nonhalogenated U7 

containing strand would statistically form three different species: the completely unchlorinated 

junction that can only form two H- bonds (H2J), the fully chlorinated junction that is identical to 

Cl2J, and the singly chlorinated Cl1J junction, in ratios of 1:1:2. If we normalize the statistical 

ratios, we see that the H2J:Cl1J:Cl2J components contribute in 0.25:0.5:0.25 fractional ratios to 

the overall percent of X-isomer observed (%IsoXobs) for the Cl1J construct Eq. (4). The resulting 

contributions to the observed energy difference between the X- and H-isomers will also be 

defined by these fractional ratios Eq. (5). 

Eq. (4)   %𝐼𝑠𝑜𝑋!"# = 0.25 %𝑋!"!! + 0.5 %𝑋!"!! + 0.25 %𝑋!!!  

Eq. (5)  ∆𝐸!"#$!!"#$(!"!!) = 0.25 ∆𝐸!"#$!!"#$(!"!!) + 0.5 ∆𝐸!"#$!!"#$(!"!!) +

                                                              0.25 ∆𝐸!"#$!!"#$(!!!)                  

 = 0.25 2𝐸!"!!"#! − 2𝐸!!!"#$ + 0.5 𝐸!"!!"#$ −   2𝐸!!!"#$ + 0.25 0− 2𝐸!!!"#$  

 Eq. (5) reduces to exactly Eq. (2), which means that we were in fact correct in assuming 

that values for ECl-bond and EH-bond could be solved using the two simultaneous equations of 2 and 
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3. The resulting values for ECl-bond and EH-bond of -0.79 ± 0.12 kcal/mol and -0.64 ± 0.07 kcal/mol, 

respectively, indicate that the Cl-bond is very similar in energy to that of the competing H-bond, 

yet slightly more negative as expected from analysis of the electron density maps. 

2.2.3 Estimating energies of F-bonds, Br-bonds, and I-bonds 

 With the energy of the H-bond determined, we can use the %IsoXobs/%IsoHobs and 

resulting ΔEIsoX-IsoH for each of the other halogens to determine their X-bonding potential. Using 

the equivalent of Eq. (1), the stabilizing energies were estimated to be -0.52 ± 0.06 kcal/mol for 

the F-bond, -2.28 ± 0.11 kcal/mol for the Br-bond in the Br1J construct, and at least -2.1 

kcal/mol for the I-bond in the I1J construct11. We could not estimate the energy of the shorter Br-

bond of Br2J nor the I-bond in I2J, because their %IsoXobs was ≥95% or, within the error of the 

method, essentially entirely X-isomer9,11. To determine these values, and as a validation of the 

assumptions and energies from the crystallographic assay, we developed a differential scanning 

calorimetry (DSC) method to determine the Br-bond and I-bond energies in solution from the 

Br2J and I2J constructs. 

 The DSC assay compares the thermodynamics of melting the DNA constructs in their 

four-stranded junction form relative to their duplex forms. The assumption is that this 

comparison eliminates the contributions of base stacking along the DNA helical arms, and 

localizes the observed differences in energy between junction and duplex (ΔEJ-D) to the 

stabilizing interactions at the N6Py7C8-trinucleotide core of the junction.  The ΔEJ-D for the H- 

bonded H2J junction construct is subtracted from the ΔEJ-D for the Br2J and I2J junctions, which 

further eliminates the contributions from the N6 and C8 nucleotides of the core, localizing the 

differences in the observed energies to specifically the interactions at Py7. Since the H2J does not 

have the potential for any stabilizing X-bond interactions at Py7, the resulting energies can be 
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attributed specifically to the Br-bond and I-bond of the Br2J and I2J constructs. We recognize 

that the halogens may also affect the base stacking interactions at Py7; however, the halogens in 

these structures extend beyond the neighboring stacks and, therefore, should not be a dominant 

factor. In addition, these two large halogens are also known to be hydrophobic. To estimate the 

contribution of solvent effects on the solution-state energies, we calculated the solvent free 

energies (SFE) from the solvent accessible surfaces and atomic solvation parameters19–21 for each 

halogen in models built for the X- and H-isomeric forms9,11. The resulting SFE indicates that 

burying the bromine or iodine into their respective junctions would contribute on average -0.4 

kcal/mol to the stabilization of the X-isomers11. Thus, the DSC assay should provide a 

reasonable estimate for the thermodynamic terms responsible for the stabilizing potentials of the 

Br-bond and I-bond in solution. 

 The DSC melting profiles were measured using a TA Instruments Nano DSC with the 

pressure held constant at 3.0 atm; thus, the energy measured is the enthalpies of melting (ΔHm). 

Each DNA sample was run against buffer in a heating cycle from 0°C to 90°C at a scanning rate 

of 1°C/min with an equilibrium time of 900 s. The analyses were repeated at least three times for 

each sample. Data were analyzed using the NanoAnalyze software from TA Instruments (TA 

Instruments, New Castle, DE) in the same manner as previously published12, with the best fit 

determined according to the standard deviation of the fit. 

Each DNA construct was analyzed at multiple DNA concentrations. At low DNA concentrations, 

DSC profiles were fit using a standard single-component, two-state model for a duplex melting to 

single-stranded DNA (Fig. 2.7A). As the DNA concentration increased, the profiles became 

broader and shifted to higher melting temperature (Tm), indicating the formation of the 

junction—this is consistent with the concentration dependent formation of junctions for this type 
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of sequence in solution12,17. The high concentration profiles were best fit applying a two-

component, two-state model (Fig. 2.7B). The lower Tm component was similar to that of the 

DNA duplex, indicating that, for these constructs the duplex and junction forms coexist, and the 

equilibrium between the forms is slow17 compared to the rate of melting. The ΔHm for melting 

the duplex form of each construct was taken as the average ΔHm for DNA concentrations from 

15 to 20 µM along the low temperature component from the two component analysis of data at 

[DNA] >100 µM (Table 2.2). The ΔHm of the junction form of each construct was taken as the 

average of the higher temperature component of the analyses. 

The ΔHm at the associated Tm allowed calculation of the ΔSm at the Tm according to the 

Eq. (6), assuming that ΔGm = 0 at the melting temperature. All ΔHm and ΔSm were extrapolated to 

a reference temperature of 25°C (ΔH25C and ΔS25C) using the heat capacities for each melting 

profile. This then allowed the calculation of ΔG25C. 

Eq. (6)    ∆𝑆! = ∆!!
!!

 

The energy differences between the junction and duplex forms at the reference temperature (ΔHJ-

D
25°C, ΔSJ-D

25°C, ΔGJ-D
25°C) were simply calculated by subtracting the associated energy values of 

the duplex from the junction forms, normalized to molar concentrations of duplex. For each 

construct analyzed (H2J, Br2J, and I2J), the trinucleotide core of the junction was seen to be 

highly stabilizing in terms of the enthalpy, but these interactions resulted in significant loss of 

entropy, as one would expect from the concept of enthalpy–entropy compensation. 

When the ΔHJ-D
25°C, ΔSJ-D

25°C, ΔGJ-D
25°C of the non-X-bonding H2J construct are 

subtracted from those of the Br-bond stabilized Br2J and I-bond stabilized I2J constructs, we can  
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Figure 2.7: Differential scanning calorimetry (DSC) traces for melting of Br2J construct as a 
function of DNA concentration. A. Duplex melting at low DNA concentration. The Br2J 
construct, annealed at a concentration of 40 µM, is melted and the heat capacity under constant 3 
atm pressure (Cp) monitored as a function of temperature (dotted black line). The DSC trace can 
be fit to a single component, two-state transition model (red curve), with a melting temperature 
(Tm) at 51.7°C and !Hm = 42.2 kJ/mol (!Hm values are normalized per mole of DNA duplex). 
This was interpreted as the melting of the DNA as a duplex to single-strands. The residual (Res.) 
between the data and the fitted curve is shown in the panel below. B. Duplex and junction 
melting at high DNA concentration. The DSC trace of the Br2J construct, annealed at a 
concentration of 300 µM, is best fit by a two component, two-state transition model. The first 
component of this model (red curve) has a Tm = 53.8°C and !Hm = 43.5 kJ/mol, and therefore 
was interpreted as the melting of the duplex DNA. The second component (green curve) has a 
higher Tm = 59.8°C and !Hm = 65.3 kcal/mol, and was interpreted as the melting of the junction 
form of the DNA. The residual (Res.) between the data and the composite of the two component 
fitted curves (blue curve) is shown in the panel below. 
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Table 2.2:  Thermodynamics of melting X- and H-bonded DNA junctions. The melting of each 
DNA construct was monitored by DSC for the melting temperature (Tm) and the enthalpy of 
melting (ΔHm), with the entropy of melting (ΔSm) calculated from ΔHm and the Tm. The low Tm 
parameters were assigned to the duplex and high Tm component to the junction forms of the 
DNA, and each parameter normalized to the molar concentration of duplex DNA. The melting 
enthalpy and entropy are extrapolated to the reference temperature of 25°C applying the heat 
capacity of each construct to determine the difference in enthalpy (ΔH(J–D)

25°C) and entropy (ΔS(J–

D)
25°C) between the junction and duplex forms, and the associated Gibb’s free energy (ΔG(J–

D)
25°C). The parameters for the stability (ΔΔH(X-H)

25°C, ΔΔS(X-H)
25°C, and ΔΔG(X-H)

25°C) of the X-
bonds in the Br2J and I2J constructs were determined by subtracting the melting parameters for 
each from those of H2J. 
 

Construct H2J Br2J I2J 

Thermodynamic parameters for melting of duplex and junction forms 
Tm (Duplex) 49.9 ± 0.3°C 50.5 ± 0.2°C 52.7 ± 0.3°C 
Tm (Junction) 56.5 ± 0.2°C 58.3 ± 0.3°C 58.6 ± 0.1°C 
ΔH(J–D)

25°C (kcal/mol) 13.1 ± 0.9 16.7 ± 0.9 19.0 ± 0.6 
ΔS(J–D)

25°C (cal/mol K) 43 ± 3 39 ± 3 55 ± 2 
ΔG(J–D)

25°C (kcal/mol) 0.3 ± 1.3 5.1 ± 1.3 -2.6 ± 0.8 

Thermodynamic stability of X-bonds versus H-bonds (normalized) 
ΔΔH(X-H)

25°C (kcal/mol) NA -3.6 ± 1.3 -5.9 ± 1.1 
ΔΔS(X-H)

25°C (cal/mol K) NA 4.2 ± 4 -12.0 ± 4 
ΔΔG(X-H)

25°C (kcal/mol) NA -4.9 ± 1.8 -2.3 ± 1.6 
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estimate the thermodynamic terms of each X-bond type. For the I-bond, the resulting ΔΔGX-H
25°C 

of -2.3 kcal/mol is very similar to the energy of stabilization EX-bond ≤ -2.1 kcal/mol estimated 

from the crystallographic assay. The ΔΔGX-H
25°C of -4.8 kcal/mol for the Br-bond in solution is 

about twice that of the EX-bond ≤ -2.28 kcal/mol in the crystal system; however, we must recall 

that the EX-bond from the crystal assay was for the longer X-bond of the Br1J construct, while the 

solution studies assayed the shorter X-bond of the Br2J construct. This shorter Br-bond was 

expected to be about twice as stabilizing, which is what is observed when comparing the two 

assays. Thus, we can conclude that the energies determined from the crystallographic analyses 

reflect the free energies of these X-bonds in solution. 

2.3 Concluding remarks  

 We presented here descriptions of a system where energies of interactions can be derived 

from X-ray diffraction studies on single crystals. In this setup, we exploit a DNA system to 

determine the geometries and the associated energies of halogen bonds. The power of this assay 

is that they uniquely provide a direct link between the atomic level structures and their associated 

energies of the molecular interactions—no other approach provides such a concerted 

characterization of structure-energy relationships in biomolecules. 

We started with the statement that one ‘‘cannot derive thermodynamic properties from 

crystal structures.’’ From the X-bond study, we see that the thermodynamic properties of DNA 

junctions determined in crystals reflect the free energies of interaction in solution. Thus, we have 

validated our assumption that the distribution of conformations in a crystal mirrors that of the 

crystallization solution. Furthermore, the initial statement certainly cannot be an absolute truism, 

specifically for systems where conformations are discrete and when the molecular interactions 

that confer these conformations are distant from and thus unaffected by crystal lattice contacts. 
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This differs from an earlier study, where we had taken advantage of the crystal lattice contacts to 

determine the structures and relative stabilities of reverse base pairs in DNA22. The two studies 

together (on the energetics of reverse base pairs and of halogen bonds), however, demonstrate 

that one can, in fact, derive thermodynamic properties of a macromolecule from single crystal X-

ray diffraction studies. 

We do not, however, claim here that every crystal system can be used to characterize 

energetic properties. The thermodynamic questions must be very well defined and focused. In 

our studies, we designed experiments that took advantage of the physicochemical features that 

were unique to their respective crystal systems. In short, we took what the systems gave us, and 

no more. The method presented here emphasizes the complementary nature of crystallography 

with various other solid-state or solution-state techniques. In short, when the experiments are 

properly designed, such crystallographic/thermodynamic studies can be very revealing, and have 

been instrumental in helping us to develop and test empirical force fields for various classes of 

molecular interactions23. 

Finally, the specific DNA junction system described here could further be adapted to 

study effects that would be directly related to the Holliday junction and recombination. The 

additional applications could include, for example, the effects of sequence16, epigenetic markers 

such as methylation24, and miss-pairs on the stability of the junction25. 
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CHAPTER 3 
 
 
 

EFFECT OF HYDROXYMETHYLCYTOSINE ON THE STRUCTURE AND STABILITY 
OF HOLLIDAY JUNCTIONS21  

 
 
 

5-Hydroxymethylcytosine (5hmC) is an epigenetic marker that has recently been shown 

to promote homologous recombination (HR). In this study, we determine the effects of 5hmC 

on the structure, thermodynamics, and conformational dynamics of the Holliday junction (the 

four-stranded DNA intermediate associated with HR) in its native stacked-X form. The 

hydroxymethyl and the control methyl substituents are placed in the context of an 

amphimorphic GxCC trinucleotide core sequence (where xC is C, 5hmC, or the methylated 

5mC), which is part of a sequence also recognized by endonuclease G to promote HR. The 

hydroxymethyl group of the 5hmC junction adopts two distinct rotational conformations, with 

an in-base-plane form being dominant over the competing out-of-plane rotamer that has 

typically been seen in duplex structures. The in-plane rotamer is stabilized by a more stable 

intramolecular hydrogen bond to the junction backbone. Stabilizing hydrogen bonds (H-

bonds) formed by the hydroxyl substituent in 5hmC or from a bridging water in the 5mC 

structure provide approximately 1.5−2 kcal/mol per interaction of stability to the junction, 

which is mostly off set by entropy compensation, thereby leaving the overall stability of the 

G5hmCC and G5mCC constructs similar to that of the GCC core. Thus, both methyl and 

hydroxymethyl modifications are accommodated without disrupting the structure or stability 

of the Holliday junction. Both 5hmC and 5mC are shown to open the structure to make the 

                                                        
21 Previously published as:  “Effect of Hydroxymethylcytosine on the Structure and Stability of Holliday 
Junctions” Vander Zanden, C.M., Rowe, R.K., Broad, A.J., Robertson, A.B., Ho, P.S. Biochemistry 55 (2016) 
5781-9.  
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junction core more accessible. The overall consequences of incorporating 5hmC into a DNA 

junction are thus discussed in the context of the specificity in protein recognition of the 

hydroxymethyl substituent through direct and indirect readout mechanisms. 

3.1 Introduction  

Epigenetic modifications to DNA are now recognized as a complementary mechanism 

for expanding and regulating genomic information. For example, 5-methylcytosine (5mC) 

serves as a mark to target gene silencing in eukaryotes:  misregulation of specific gene 

silencing events can be hugely detrimental, even fatal, to an organism’s development1. A 

complex system of proteins help to regulate 5mC levels, including modifying the DNA de 

novo in response to an external stimulus2 and maintenance inheritance of the methylation 

fingerprint from a previous generation of cells3. Although other DNA modifications, adenine 

methylation4 and N4-methylcytosine5, are found in genomes6, most of the epigenetic research 

on the mammalian genome has been focused on determining the effects and regulatory 

mechanisms of 5mC. We show here that 5-hydroxymethylcytosine (5hmC), an epigenetic 

marker recently shown to promote recombination7, affects the structure and stability of the 

DNA Holliday junction. 

 5-Hydroxymethylcytosine (5hmC) is a modified base that was first reported in animal 

cells in 19728, but it has recently seen renewed interest when Heintz observed its presence in 

Purkinje neurons9. The ten-eleven translocation (Tet) family of dioxygenases generates 5hmC 

in the cell by oxidizing 5-methylcytosine (5mC)10, which can further convert 5hmC to 

increasingly oxidized formyl- and carboxyl-cytosines11. Standard bisulfite sequencing 

analysis cannot distinguish between 5hmC and 5mC12. New methods, including Tet-assisted 

bisulfite sequencing and others, have allowed 5hmC to be mapped in genomic and 

physiological contexts13–17, which has resulted in a new surge of interest in the effects of 5hmC 
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on biological processes (∼ 94% of all 5hmC-related papers have been published since 2009, 

according to the Web of Science18). The initial mapping of 5hmC onto specific genomic 

regions, tissue types, and development stages in both normal and cancerous cells19–24 has 

implicated 5hmC’s involvement in gene regulation25–27, in brain development19,28,29, in 

regulation of 5mC levels30, in embryonic development10,21,26, and potentially in regulating 

homologous recombination (HR) events7,26. 

 The evidence of its role in HR came initially from the observation that 5hmC’s were 

enriched with GC-rich regions26, which are associated with recombination hot spots15,31.  This 

theory was further strengthened recently by the studies of Robertson et al.7, which 

demonstrated that 5hmC promotes homologous recombination in a sequence-dependent 

manner. This effect was seen to be mediated by endonuclease G (EndoG), specifically 

through recognition and binding of the sequence 5′-GGGG5hmCCAG-3′ / 5′ -CTGGCCCC-3′ 

to induce double-strand breaks that then trigger the actions of the cell’s recombination 

machinery. The question we raise here is whether and how 5hmC affects the structure and 

stability of the Holliday junction, the four-stranded DNA structure that is the intermediate 

formed during homologous recombination events32. 

 The formation of Holliday junctions has been shown to be sequence-dependent in 

crystals33 and in solution34.  Junctions exist in two functional forms:  the open-X and stacked-

X structures35.  The open-X form takes a classical “cruciform DNA”  shape and allows the 

junction to isoenergetically migrate along stretches of DNA sequence during HR. This form 

of the junction is seen under low-salt conditions in DNA only constructs, or in complex with 

proteins that require migration of the junction to locate a specific recombination site (as in the 

RuvABC DNA repair system36).  
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 The stacked-X junction is essentially two continuous duplexes interrupted by the 

crossovers that connect the adjacent duplexes. The stacked-X form is observed in DNAs 

under high-salt conditions and, because it is topologically locked and cannot migrate, is seen 

in complexes with sequence independent resolvases (such as the T7 bacteriophage 

endonuclease I37 or the T4 bacteriophage endonuclease VII38). The crystal structures of DNA 

only constructs have revealed that the stacked-X junction is stabilized by a trinucleotide core, 

a three-nucleotide sequence that defines the crossover point between adjacent duplexes of the 

junction. The sequence preference within this trinucleotide core is A > G > C at the first 

position, C > T at the second, and C required at the third33. The specificity at the second and 

third positions is attributed to a unique set of hydrogen bonds (H-bonds) that form between 

the amino group of the cytosine bases and oxygens from the adjacent residue’s backbone 

phosphate group, helping to mitigate the inter-phosphate electrostatic repulsion along the 

DNA backbone as it makes the tight U-turn that connects the two adjoining duplexes of the 

junction. 

It was interesting to us that the Endo G recognition sequence identified by Robertson 

et al.7 contained the sequence motif G5hmCC, a 5hmC-modified version of the GCC 

trinucleotide core shown previously to stabilize junctions33. This hydroxymethyl group is 

potentially positioned to displace the H-bond that stabilizes the stacked-X junction 

structure39. The question we posed is whether the hydroxymethyl group introduced at this 

position would sterically interfere with this important interaction or, because it is an H-bond 

donor itself, supplant this interaction, and how these perturbations would affect the 

conformation and stability of the junction as a whole. As a control, we compare the effects of 

5hmC with the methylated variant (5mC), which would have similar steric effects but cannot 

form an H-bond. 
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3.2 Methods  

Oligonucleotides:  DNAs were designed as self-complementary decanucleotide 

sequences in the 5′ -CCGGCGXCGG- 3′ motif (X is C, 5mC, or 5hmC), previously shown to 

form junctions in the presence of monovalent and divalent cations33.  

Oligonucleotides were purchased from Midland Certified Reagent Co. with the 5′-

dimethoxytrityl (DMT) protecting group intact and remaining attached to the CPG solid 

support bead to facilitate purification. The CPG was removed by suspension in ammonium 

hydroxide, and the full-length products were isolated by reverse phase high-performance 

liquid chromatography on a C18 column, taking advantage of the additional hydrophobicity 

of the 5′-DMT. The DMT group was cleaved by resuspending the oligos in 3% acetic acid 

and the final product desalted by size exclusion chromatography off a Sephadex G-25 

column. 

Crystallography and Structure Analysis:  Crystals were grown in sitting drop trays, 

with 8−10 μL sample volumes containing 0.78 mM DNA (not annealed), 25 mM sodium 

cacodylate (pH 7.0), calcium chloride (ranging from 1 to 15 mM), and spermine (ranging 

from 0.1 to 2.0 mM), and equilibrated against a reservoir solution of 25% 2-methyl-2,4-

pentanediol (MPD). These crystallization drop conditions were chosen for screening because 

of their propensity to yield both duplex and junction DNA crystals33. 

Data were collected using a Rigaku Compact Home Lab equipped with a PILATUS 

detector; HLK300040 was used to index, integrate, and scale the data. The structures were 

determined by molecular replacement [using the GCC core junction as the starting search 

model, Protein Data Bank (PDB) 1P4Y33] and subsequently refined using Phenix41. Standard 

Phenix occupancy refinement routines were used to determine the occupancy of each rotamer 

for the 5hmC hydroxyl group (deposited under PDB entries 5DSA and 5DSB for the 5mC and 
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5hmC structures, respectively). DNA structure measurements (rise, twist, slide, etc.) were 

performed with the CURVES+ DNA structure analysis program42, and junction structure 

parameters (Jroll  and Jtwist) were calculated according to the methods described by Watson et 

al43. 

Melting Profiles Determined by Differential Scanning Calorimetry (DSC):  DSC 

samples were prepared by annealing 25 μM DNA in 15 mM calcium chloride and 50 mM 

sodium cacodylate (pH 7.0) at 90 °C for 20 min and allowed to slowly cool over 2h. The 

DNA melting data were collected using a TA Instruments Nano DSC apparatus with 

equilibration for 900s and scanning from 5 to 105 °C at a rate of 1 °C/min at a constant 

pressure of 3.0 atm. Melting temperatures (Tm) and enthalpies of melting (ΔHm) were 

determined by fitting the data with TA Nano Analyze software using a two-component 

(junction and duplex), two-state scaled model. Each construct was measured through at least 

18 replicates. Melting energies were extrapolated to a standard temperature of 25 °C, and the 

duplex melting energies were subtracted from the junction to determine the stabilization 

energy of the junction core44,45. 

Quantum Mechanical (QM) Calculations:  QM calculations were performed using 

Gaussian0946 at the Møller−Plesset 2 (MP2) level, using the 6-31++G** basis set. 

Cyclohexane (ε = 2) was chosen as the solvent to mimic the semi-sequestered and 

hydrophobic environment of the junction core, and a counterpoise (BSSE) correction was 

applied from a gas phase calculation. Geometry scanning calculations (5° increments) were 

first performed on the in-context dinucleotide (G6-5hmC7) to determine the minimum energy 

orientation of the hydrogen from the 5hmC’ s hydroxyl group for each isomer resolved in the 

crystal structure. To determine the relative rotamer stability of the crystallographic structures, 

energy calculations were performed on the isolated 5hmC bases, including the optimized 
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hydrogen positions for the in-context crystal structure (Fig. 3). Dimethyl phosphate was 

chosen to mimic the DNA backbone in the calculation to determine the Phos6
5hmC7 

hydrogen bond (H-bond) energy for each 5hmC rotamer. 

3.3 Results and Discussion  

The initial premise of this study is that the hydroxyl group of 5hmC could form an H-

bond to supplant or supplement an interaction that had previously been shown to stabilize 

and, thus, infer sequence specificity to the four-stranded Holliday junction. We have 

determined the structural effects of this epigenetic modification by determining the 

crystallographic structure of 5hmC in the self-complementary sequence 

d(CCGGCG5hmCCGG). We designed this sequence motif around a GCC trinucleotide core 

(in bold italics), which had previously been shown to be amphimorphic (capable of forming 

either B-DNA duplexes or four-stranded HJs, depending on cations)33; thus, this sequence, as 

opposed to a strictly junction-forming ACC core, would be very sensitive to any destabilizing 

effects of the substituents on the junction. In addition, we apply differential scanning 

calorimetry to correlate the structural effects on the overall stability of the junction and 

interpret these energies in terms of contributions of the molecular interactions on the 

enthalpic and entropic effects locally and globally. A parallel study of the methylated 

sequence d(CCGGCG5mCCGG) allowed us to distinguish between contributions from steric 

and hydrogen bonding interactions.  

3.3.1 5hmC and 5mC modifications are structurally accommodated in the Holliday junction 

core. 

 The first observation from the overall crystal structures of d-(CCGGCG5hmCCGG) 

and d(CCGGCG5mCCGG) is that both the bulky methyl and hydroxymethyl substituent 
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groups are accommodated at the key stabilization trinucleotide of the stacked-X form of the 

HJ (Table 1 and Fig. 3.1). Both sequences conform to the overall conformation of the 

stacked-X junction as seen in previous crystal structures33, with the DNA forming two sets of 

nearly continuous double helices, interrupted by the crossing of the phosphodiester bond at 

nucleotide 6, which connects the helices to form the four-stranded junction (Fig. 3.1). The 

assembly of these self-complementary sequences results in junctions in which the methyl or 

hydroxymethyl modifications sit at two unique nucleotide positions and, thus, experience two 

unique structural environments. In each structure, either a 5mC or a 5hmC base sits on a 

continuous strand of an uninterrupted B-type duplex region, while the second similarly 

modified base sits at the crossing strand that joins the two duplexes of a junction. The two 

positions allow us to compare and contrast the effects of each modification in the 

conformation of the HJ relative to that of a standard B-DNA duplex within the same 

structure. 

The global structures of HJs are described by the geometric relationships between the 

two sets of interconnected double helices (Table 2, where Jtwist and Jroll define the angular 

relationships of the helical axes and in the plane perpendicular to their axes, respectively)43,  

which reflect the accessibility of the junction crossover to the environment. A comparison of 

G5hmCC and G5mCC to the parent GCC33 sequences (referring to the core trinucleotide of 

each sequence) shows progressively larger Jtwist and Jroll values as the size of the substituent 

group (H to CH3 to CH2OH) increases, resulting in a more open and potentially more 

accessible overall structure of the junction. 

A more detailed analysis of the crystal structures (Table 2) shows that the methylated 

and hydroxymethylated bases at the N7 position adopt geometries associated with more 

“ideal” B-DNA double helices than that of the unmodified junction. In particular, the 5hmC·G 



 49 

 
 
Table 3.1:  Crystallographic parameters and refinement statistics for G5hmCC and G5mCC core 
Holliday junction structures.   
 
 
 
 
 
 

G5hmCC Core Junction G5mCC Core Junction 
Crystallographic Parameters 
PDB Entry 5DSB 5DSA 
Wavelength (Å) 1.5418 1.5418 
Resolution range (Å) * 30.67  - 1.50 (1.55  - 1.50) 30.59  - 1.69 (1.75  - 1.69) 
Space group C2 C2 
Unit cell dimensions     
     a (Å) 66.07 65.97 
     b (Å) 24.77 24.54 
     c (Å) 38.06 37.99 
     β (deg) 111.82 111.98 
Total reflections 366673 260245 
Unique reflections * 9344 (863) 6158 (511) 
Multiplicity 6.7 (2.2) 6.0 (2.1) 
Completeness (%) * 98 (91) 93.82 (88) 
Mean I/σ(I) * 23.47 (2.04) 51.00 (3.781) 
Wilson B-factor 19.65 20.53 
Rmerge * 0.029 (0.418) 0.068 (0.245) 
Rpim * 0.036 (0.478) 0.023 (0.173) 
Rmeas * 0.041 (0.592) 0.072 (0.302) 
CC1/2 0.999 0.952 
CC* 1 0.988 
Refinement Statistics 
Reflections used for R-free 4.99% 4.85% 
Rcryst *Ŧ 0.2506 (0.4023) 0.2480 (0.3408) 
Rfree *Ŧ 0.2883 (0.4302) 0.2775 (0.3648) 
Number non-hydrogen atoms 507 495 
RMSD for bond lengths (Å) 0.011 0.009 
RMSD for bond angles (deg) 1.28 1.19 
Average B-factor 25.33 27.31 
     Macromolecules 24.37 26.42 
     Solvent 29.70 31.56 

*Values for the highest-resolution shell are given in parentheses 
ŦValues for Rcryst and Rfree for the current structures are within 1 standard deviation of 
published B-type duplex and junction DNA structures (Hays, et al., 2005, Proc. Natl. Acad. 
Sci., 102: 7157-7162).  
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Figure 3.1: Comparison of the structures of 5-hydroxymethylcytosine (5hmC) and 5-
methylcytosine (5mC) in DNA Holliday junctions. (A) Crystal structure of the 
hydroxymethylated sequence d- (CCGGCG6

5hmC7C8GG) with the DNA backbones traced as 
ribbons (colored gold for the outside continuous strands and green for the junction-crossing 
strands). The 5hmC bases, along with the phosphate groups to which they are H-bonded, are 
rendered as ball-and-stick models, with the carbon atoms of the nucleotides along the 
continuous strand colored gold and those at the junction colored green. The 5hmC bases on the 
crossover strands have hydroxyl groups that occupy two rotamer conformations, both shown 
in the image. (B) DNA backbone of the methylated sequence d(CCGGCG6

5mC7C8GG) traced 
as ribbons (gray along the outside continuous strands and blue along the junction-crossing 
strands). The ball-and-stick models of the 5mC bases are colored gray on the continuous 
strands and blue on the junction-crossing strands. 
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Table 3.2: Structural parameters of GCC, G5mCC, and G5hmCC core Holliday Junctions. 
Parameters that describe the helical structure42 around the modified C7 cytosine of the 
crossover GCC trinucleotide core are listed. The standard values for these parameters in B-
DNA are shown in parentheses33. The overall conformation of the junction is reflected in the 
parameters Jroll and Jtwist (schematics for these two are shown below, adapted from ref 43). 
 
 

DNA Core: GCC G5mCC G5hmCC 

Rotational Parameters (deg) 

Helical Twist (34.7) 37.3 34.5 34.4 

Propeller Twist (-12.0) -20.1 -17.6 -14.2 

Tilt (-0.62) -0.7 4.9 5.0 

Roll (1.74) -2.7 0.9 3.6 

Buckle (-0.23) 4.8 -0.8 5.3 

Opening 1.6 1.6 0.2 

Translational Parameters (Å) 

Rise (3.30) 3.52  3.49  3.41  

Slide (0.66) 0.84  0.38  0.51  

Shear 0.14  -0.10  -0.03  

Stretch 0.08 -0.08  -0.07  

Stagger 0.24  0.23  0.42  

Shift -0.43  0.75  0.82  

Junction Parameters (deg) 

Jroll 135.31 143.04 150.46 

Jtwist 39.95 40.81 41.10 
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pair shows reduced shear, propeller twist, and opening of the base pair (Table 2), and both the 

methylated and hydroxymethylated base pairs show helical twists that are typical of an ∼10.4 

bp/turn repeat as compared to those of the overwound 9.7 bp/turn repeat for the unmodified 

structure. These analyses suggest that the direct H-bonding from C7 to the phosphate of G6 

that stabilizes the unmodified GCC structure33 (Fig. 3.2A) induces distortions to the natural 

geometric tendencies of stacked B-DNA base pairs, and that methylation or 

hydroxymethylation at this base helps to relieve some of the local conformational stress by 

breaking the direct H-bonding interaction of the amine. 

In the 5mC structure, the direct N4-amino to phosphate oxygen H-bond is now 

displaced by the methyl group and is replaced by a water-mediated interaction (Fig. 3.2B). In 

the G5hmCC structure, the hydroxymethyl substituent was seen to occupy two distinct rotamer 

conformations (Fig. 3.2C). The major rotamer form (R1, representing approximately two-

thirds of the structure) sits in the plane of the cytosine base and is H-bonded to O5′ of 

nucleotide G6. The minor rotamer (R2, which accounts for one-third of the structure) is 

rotated 112° out of plane, in a position similar to the conformation of 5hmC on the outside 

continuous strand (Fig. 3.2D) and to previous rotamers seen in B-DNA duplexes47,48. In the 

R2 rotamer, the OH forms an H-bond to the non-linkage oxygen of the G6 phosphate and is 

bridged to the N4 amino group of the cytosine base by a water. Similar waters are seen 

coordinated to the N4 amine and hydroxyl on the continuous strand 5hmC residue. Thus, both 

rotamer forms of 5hmC place the OH in position to form an H-bond that replaces the standard 

interaction of the N4 amine. The question is what factors determine which conformation is 

dominant. 
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Figure 3.2: Structures of (A) GCC, (B) G5mCC, and (C and D) G5hmCC trinucleotide cores of 
DNA junctions. (A) GCC core structure (PDB entry 1P4Y33) stabilized by an H-bond from 
the N4-amine of the C7 base to the neighboring G6 phosphate. No waters are observed within 
H-bonding distance of the bases (waters in subsequent panels shown as red spheres). (B) The 
methyl of 5mC7 sterically interferes with the amine’s direct H-bond, which is replaced by an 
H-bonded water that bridges the amine and the phosphate. The methyl group is within H-
bonding distance of the phosphate, likely indicating a weak attractive force. (C) 5hmC7 
stabilizes the junction core by displacing the amine to allow the hydroxyl group to H-bond 
with the G6 phosphate. The hydroxyl group is observed in two orientations, with the 
dominant rotamer in the plane of the base and the minor rotamer 112° out of plane. The 
rotamers interact with two different oxygens on the phosphate. A water is held in place by H-
bonds to the hydroxyl and amine in the minor form. (D) 5hmC on the continuous (not junction-
stabilizing) strand adopts an out-of-plane hydroxyl position, similar to those seen in previous 
B-DNA structures. Two waters are within H-bonding distance of the base.
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3.3.2 Hydroxymethyl rotamers in the 5hmC junction 

 It is clear from previous structures of 5hmCs in duplex DNAs47,48 that there is a 

rotational bias to position the hydroxyl substituent in an out-of-plane geometry. From 

quantum mechanical studies47, the perpendicular out-of-plane rotamer is the global energy 

minimum and is ∼2 kcal/mol more stable than an in-plane form, which sits at a local 

minimum (Fig. 3.3). This torsional preference explains why the 5hmC along the continuous 

strand of the junction is in the out-of-plane geometry, as seen in the structures of the DNA 

duplexes (Table 3). Spingler et al.47 suggested that the bridging waters add very little to the 

preference of this torsionally preferred rotamer. 

 The relatively small difference in occupancy between R1 and R2 at the junction’s 

crossover in the current structure suggests that additional interactions, in this case H-bonds to 

the phosphate group, could readily shift the rotamer preference. We therefore applied an MP2 

calculation on the two rotamer forms of 5hmC at the H-bonding geometries seen in the crystal 

structures, using a dimethyl phosphate as a model for the H-bond acceptor of the junction 

backbone (Fig. 3.4), to compare their H-bonding energies (EH-Bond). From this calculation, 

we estimate an ~3.5 kcal/mol difference in EH-Bond that favors the R1 rotamer over the R2 

rotamer. The two contributing energies (intrinsic torsional energy vs H-bonding energy) 

oppose each other, resulting in an overall preference for R1 of ∼1.5 kcal/ mol, which would 

explain the approximate 2-fold preference for this rotamer in the crystal structure. 

3.3.3  Energetic effects of hydroxymethyl and methyl substituents in solution 

 With the atomic details elucidated, we then asked whether and how the various 

interactions observed in the crystal structures (the direct hydroxyl H-bonds in G5hmCC and 

the water-mediated H-bond seen in the G5mCC structures) confer stability to the HJ in  
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Figure 3.3:  Energies for rotational isomers (rotamers) of an isolated 5-
hydroxymethylcytosine (5hmC, inset). Quantum mechanical energies at the MP2 level were 
calculated as the hydroxymethyl substituent is rotated around the C5-C5A bond (the C6-C5-
C5A-O5 torsion angle labeled along the horizontal axis). Torsion angles for rotamers 
observed in the crystal DNA junction structure are shown as red circles. The dominant R1 
rotamer (-12.0°) falls into a calculated local energy minimum, while the minor R2 rotamer 
(111.4°) falls in a global energy minimum well that is close to the lowest energy rotation (at 
119°). 
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Table 3.3:  Torsion angles (degrees) relating atoms C6, C5, C5A, O5 of the 5hmC bases in 
crossover and continuous strands in the current junction structure, and in B-DNA duplexes 
from the literature.  A torsion angle of 0° indicates the hydroxyl is in plane with the base and 
pointed towards the glycosidic bond, while a 180° angle points the hydroxyl towards the N4 
amine group.  Positive angles place the hydroxyl above the plane of the base in the 5’ 
direction and negative angles are in the 3’ direction. 
 

Junction DNA (PDB entry 5DSB) 

Crossover Strand (R1) -12.0 

Crossover Strand (R2) 111.4 

Continuous Strand 92.3 

Published out of plane rotamers 

4HLIa 132.8 

4GLCa 126.9 

4GLCa 96.1 

4GLHa 115.7 

4GLHa 109.8 

4I9Vb 111.0 

4I9Vb 112.1 

Average (Standard Deviation) 114.9 (12.0) 

Published rotamer outliers 

4HLIa 72.6 

4I9Vb 24.7 
aRenciuk, D. et al. Nucleic Acids Res. 2013 (ref 47) 
bSzulik, M.W. et al., Biochemistry 2015 (ref 48) 
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Figure 3.4: Comparison of H-bond energies (ΔEH-Bond) and rotamer energies (ΔERotamer) 
between  
the major (R1, bottom) and minor (R2, top) conformations of the hydroxymethyl substituent 
in the 5hmC structure. Quantum mechanical (QM) energies were calculated on small molecule 
models of the junction core (5hmC and dimethyl phosphate), constructed from atomic 
coordinates taken from the crystal structure. The isolated 5hmC base has a 2.0 kcal/mol energy 
preference for the R2 rotamer (112°) in bond rotation energy. However, the H-bonding 
interaction energy was calculated to favor the R1 rotamer (−12°) by −3.6 kcal/mol (signs of 
the energy terms are defined as the difference ER1 − ER2). In summation, the dominant R1 
rotamer is favored by an overall energy (ΔETotal = ΔERotamer + ΔEH‑Bond) of −1.6 kcal/mol. 
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solution. We had previously shown that the sequence-dependent formation of HJs identified 

in crystals translates well to the stability of junctions in solution34. In the study presented 

here, we can directly apply differential scanning calorimetry (DSC) to determine the effects 

of these molecular interactions on the melting energies and, thus, tease out their effects on the 

stabilization of the four-stranded junction45,49. 

 To determine the effects of hydroxymethyl or methyl modifications on the DSC 

energies, we take advantage of the concentration dependence for the formation of four-

stranded junctions by self-complementary decanucleotides, in which DNAs at lower 

concentrations show melting parameters of duplexes and at higher concentrations reflect 

those of junctions44. We chose a DNA concentration for our DSC studies that showed both 

duplex and junctions in solution, thereby allowing us to measure the energies of the DNA 

species simultaneously (Fig. 3.5). Because the stacked-X junction is essentially composed of 

two duplexes and the interruption of the crossover region, the difference between junction 

and duplex DSC energies (scaled per two strands of DNA) isolates the stabilization energy 

associated with just the interactions at the junction core. In this way, we were able to 

determine the energetic contributions (ΔH, ΔS, and ΔG) of the core trinucleotides to junction 

stabilization. Furthermore, by subtracting the thermodynamic values for GCC from those of 

either G5hmCC or G5mCC, we can specifically determine the effect of each substituent at the 

C7 nucleobase on the stability of the junction. 

 DSC melting profiles for each construct were best fit using a two-component analysis, 

indicating the presence of both duplex and junction DNA in each sample. An analysis of the 

melting temperatures shows that cytosine methylation has an overall effect of stabilizing the 

duplex [increased Tm (Table 4)] relative to the unmodified DNA, while hydroxymethylation 

slightly destabilizes the duplex. We see very similar effects of the substituents on the Tm  
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Figure 3.5:  Representative DSC melting profile showing the melting data (gray) is fit with a 
two-component analysis indicating the presence of both junction (red) and duplex (green) 
DNA. A two-state scaled model was used, which incorporated a weighting term to account 
for differences in concentration between the duplex and junction populations. The composite 
fit (black dashes) modeling both junction and duplex melting events shows good agreement 
with the raw data (standard deviation around fit = 0.1225), and the residuals plot (bottom 
panel) is randomly distributed around zero. In contrast, fitting the raw data with a single peak 
resulted in larger and less random distribution of residuals and a 0.3469 standard deviation 
around the fit, indicating the melting event is indeed best modeled with a two-component fit. 
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Table 3.4:  Melting temperatures (Tm) and melting enthalpies (ΔHm) measured by DSC of GCC, G5mCC, and G5hmCC core DNA 
constructs in solution.  The entropy of melting (ΔSm) for each construct is calculated from the Tm and ΔHm by the equation ΔSm = 
ΔHm/Tm, with the assumption that at the melting temperature, the concentrations of folded and denatured DNA are equal and, thus, 
ΔGm = 050. 
 
 

 
Duplex Junction 

dTm (J-D) C 
J–D 

DNA Core: Tm (°C) ΔHm (kcal/mol) ΔSm (cal/mol) Tm (°C) ΔHm (kcal/mol) ΔSm (cal/mol) ΔTm (°C) 

GCC 68.01 ± 0.11 81.7 ± 0.7 196.9 ± 1.7 73.50  ± 0.08 109.5 ± 1.4 283 ± 2 5.49  ± 0.14 

G5mCC 70.06  ± 0.10 68.1 ± 1.0 193 ± 3 75.20  ± 0.06 98.7 ± 1.0 285 ± 3 5.14  ± 0.12 

G5hmCC 65.03  ± 0.09 66.7 ± 0.5 239 ± 2 70.60 ± 0.05 97.3 ± 0.7 316 ± 4 5.57  ± 0.10 
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values for the junction, where the methyl group is associated with the highest Tm and the 

hydroxymethyl with the lowest. However, when we subtract the Tms of each duplex from 

those of the junctions, we see that the methylcytosine results in a smaller difference in ΔTm 

compared to that of the native GCC sequence, suggesting that methylation has a destabilizing 

effect on the junction. In contrast, this analysis of ΔTm suggests that hydroxymethylation 

would have a slightly stabilizing effect on the Holliday junction relative to its duplex. This is 

consistent with the hydroxyl groups forming additional stabilizing H-bonds to the junction 

core. The magnitude of the difference in ΔHm between the junction and duplex forms of the 

hydroxymethylated G5hmCC construct (ΔΔHm = 30.6 kcal/mol) is indeed larger than that of 

the parent GCC (27.8 kcal/mol). 

We find that the G5mCC DNA constructs are the most thermally stable (highest Tm) of 

the species studied. At the Tm, GCC stabilization was the most enthalpically driven, in 

contrast to the stronger entropic stabilization of G5hmCC. The duplex and junction constructs 

follow similar trends with respect to their relative melting parameters (Table 4), suggesting 

the energetic effects of the modified bases are similar in both duplex and junction. 

A better measure of the effect of each substituent on the energetics of the junction is 

to determine the ΔΔG° relative to the duplex at a standard temperature (25°C). To determine 

the interaction energies of each substituent group in the DNA junction45,49, we first 

extrapolate the DSC energies to a  common reference temperature (25°C) using the standard 

relationship (Eqs. 1 and 2 ). Following those extrapolations, the duplex energies were 

subtracted from those of the junctions, leaving only the junction core stabilization energy. 

Finally, the GCC core energy was subtracted from those of the modified cores (G5mCC and 

G5hmCC), reported as ΔΔH25°C, ΔΔS25°C, and ΔΔG25°C, to narrow the analysis to the specific 



 62 

interaction energies associated with each modification [methylation or hydroxymethylation 

(Table 5)]. 

Eq. (1)    ∆𝐻𝑟𝑒𝑓 = ∆𝐻𝑚 + ∆𝐶𝑝(𝑇𝑟𝑒𝑓 − 𝑇𝑚) 

Eq. (2)     ∆𝑆𝑟𝑒𝑓 = ∆𝑆𝑚 + ∆𝐶𝑝 ln (
𝑇𝑟𝑒𝑓

𝑇𝑚
) 

 The most immediate observation is that methylation or hydroxymethylation has little 

effect on the overall free energies (ΔΔG25°C ≈ 0), indicating that the modified bases cause 

minimal disruption to the stability of the Holliday junction. However, we observed 

compensatory enthalpic and entropic effects, which contribute to these very small ΔΔG25°C 

values. G5hmCC and G5mCC gain 1.5 and 2.0 kcal/mol of enthalpic energy, respectively 

(calculated per interaction, meaning twice this energy is stabilizing the whole junction), 

which suggests either stronger core H-bond stabilization or reduction in the level of 

conformational strain on the residue 7 base pair (Table 2). 

The stabilizing enthalpies are compensated by unfavorable energy from entropic 

terms (−5 or −6 cal mol−1 K−1, equivalent to ∼1.5 kcal/mol of unfavorable energy at 25 °C) in 

the modified constructs. We had seen this type of enthalpy−entropy compensation previously 

in a DNA junction that is stabilized through halogen bonds49. In this latter case, we attributed 

the loss of entropic stabilization to reduced dynamics, as reflected in the smaller B factors 

associated with the nucleotide bases and phosphates that were involved in the stronger 

molecular interaction. A similar B factor analysis of these structures, however, showed that 

restriction of the conformational dynamics from stronger molecular interactions is not the 

rationale for the loss of entropy in the G5hmCC and G5mCC structures. A comparison of B 

factors indicates that the modified constructs are more locally dynamic at the junction  
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Table 3.5:  Thermodynamic stabilization of G5mCC and G5hmCC junction cores relative to the 
GCC junction core.  The enthalpic, entropic, and overall free energies (at 25 °C) for each 
modified construct are listed with the values from the parent construct subtracted (ΔΔH25°C, 
ΔΔS25°C, and ΔΔG25°C, respectively). Values reflect stabilization per interaction at each 
crossover strand; therefore, each complete junction structure is stabilized by twice the 
tabulated energies. 
 
 

DNA Core ΔΔH25°C (kcal/mol) ΔΔS25°C (cal/molK) ΔΔG25°C (kcal/mol) 

G5mCC - GCC -2.1  ± 1.0 -6  ± 3 -0.22  ± 0.13 

G5hmCC - GCC -1.5  ± 0.9 -5  ± 3 -0.01  ± 0.12 
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core than the unmodified junction (Fig. 3.6). The GCC construct shows the pattern that is 

typical of H-bond-stabilized junctions, where the B factors for nucleotides 6−8 (where the 

stabilizing H-bonding interactions occur) are lower than that of the overall junction. This 

same pattern is also seen with the G5hmCC and G5mCC structures; however, the modifications 

result in atoms at the junction core that are less constrained than those of the GCC structure, 

particularly at the base of C7 and the phosphate of position 6, the specific positions involved 

in the 5hmC or 5mC interactions. 

The H-bond from the C8 amino to the C7 phosphate that is essential for the 

stabilization of the junction continues to constrain the dynamics of these interacting groups 

relative to the overall junction. The methyl and hydroxymethyl modifications, however, do 

also appear to increase the dynamics of the C8 nucleotide and the C7 phosphate, indicating 

that these substituents do affect the overall conformational dynamics of the entire junction 

core. It is clear, therefore, that the entropic compensation for the stabilizing enthalpy of 

folding does not come explicitly from the loss of conformational dynamics of the nucleotides 

involved in the H-bonding interactions. 

3.4 Conclusions  

 The recent evidence that 5hmC promotes recombination7,26 prompted us to study the 

impact of this base modification on the structure and stability of the DNA Holliday junction 

and consider its potential impact on HR. We modified the C7 cytosine of the G6C7C8 

trinucleotide core (to form G5hmCC) of the sequence d(CCGGCGCCGG), a construct that is 

sensitive to environmental effects to junction stability33. As a steric control, we also 

considered the effects of cytosine methylation at this same cytosine position on the properties 

of the junction. We show that there is a minimal effect of either the hydroxymethyl or methyl  
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Figure 3.6:  Normalized temperature factors of DNA junctions for the unmodified (GCC), 
methylated (G5mCC), and hydroxymethylated (G5hmCC) structures. Temperature factors (B 
factors) were normalized to the average value for the nonsolvent atoms in each structure 
(100% = average), and each structure was normalized on its own scale in a manner 
independent of the others. Error bars represent the standard deviation of B factors for the 
atoms in the selected group. 
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substituent on the overall thermodynamic stability of the junction, although the general 

structure becomes more open, leaving the trinucleotide core more accessible. 

The H-bond from the C7 base to the G6 phosphate, which helps define the sequence 

dependence of junction formation33,39, is seen to be disrupted in both modified constructs, 

with the hydroxyl group of the 5hmC providing compensatory H-bonds. In this case, the 

hydroxymethyl adopts two different rotamer conformations, with the prevalent interaction 

being associated with a less favorable rotation. We thus see that, although there is a preferred 

intrinsic rotamer for the 5hmC substituent, as seen here and in previous structures of B-DNA 

duplexes47,48, a strong intramolecular interaction can overcome the energy barrier for the 

hydroxymethyl to adopt a less favored rotation. In the case of the 5mC construct, the lost H-

bond of the native GCC core is replaced by a water, which serves to bridge the N4 amino of 

the cytosine back again to the G6 phosphate. Such water-mediated H-bonds have been shown 

to compensate well for direct H-bonds in DNA, for example, in providing stability to GT 

mismatches relative to standard GC Watson−Crick base pairs51. The resulting compensatory 

H-bonds (directly from the hydroxymethyl of 5hmC or through water mediation in the 5mC 

construct) resulted in a slight enthalpic stabilization of the GCC trinucleotide core in the 

junction. 

The enthalpic stabilization in both the 5hmC and 5mC construct junctions is 

counterbalanced by losses of entropic stabilization. We had previously seen this 

entropy−enthalpy compensation effect when a halogen bond was engineered to stabilize the 

DNA junction, with the energetically stable halogen bond resulting in a less dynamic junction 

core49 (as reflected in the reduced B factors of the core). The increased conformational 

dynamics for the 5hmC- and 5mC-modified junctions, as reflected in crystallographic B factor 

analysis, however, was initially perplexing, as it appears to be in contrast with the decreased 
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entropy of these constructs as measured by DSC. Clearly, the entropic penalty for folding is 

not associated with reduced conformational dynamics resulting from stabilization of the 

junction core, specifically by the methyl or hydroxymethyl groups. For the 5hmC base, some 

entropy loss may be attributed to constraining the hydroxyl substituent to the two specific 

rotamer conformations required to form the H-bonds to the junction backbone, which would 

impose an entropic penalty relative to the range of energetically favorable rotamers observed 

for the unconstrained 5hmC base (Table 3). As the C and 5mC do not have multiple rotational 

states available, the H-bond conformation is not a constraint. One likely explanation is a 

change in the solvent entropy due to constrained water molecules around the junction core. In 

the G5mCC crystal structure, we observe a highly structured water molecule bound near the 

junction core, and this water is absent in the native GCC core structure. Similarly, a highly 

structured water is observed in the 5hmC junction, but in this case, the water bridges the N4 

amino and the OH of the hydroxymethyl substituent and, thus, does not help to stabilize the 

overall junction. 

The G5hmCC and G5mCC junction cores are quite different from the GCC core from a 

structural perspective, in terms of both direct and indirect readout implications. A 

hypothetical resolvase recognizing the junction core could distinguish the different cores, and 

hence, this would be a Tet-regulated control for sites of HR. In terms of indirect readout, the 

steric bulkiness of 5hmC and 5mC does impact the overall junction structure by opening the 

junction and relieving some strain on the contorted base pairs and backbone that kink to 

allow junction formation. This opening of the junction provides more space between the two 

duplex arms, possibly facilitating the ability of a protein to probe for specific interactions at 

that site. 
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Although the enthalpy−entropy compensation does not result in an overall more stable 

Holliday junction, it may affect the kinetics of junction migration, which in turn would affect 

the role of both the hydroxymethyl and methyl modifications on homologous recombination. 

Khuu et al.52 proposed a model in which the sequence specificity of junction-cleaving 

proteins (resolvases) results from pausing migration at sequences that help stabilize the 

stacked-X junction structure. The kinetics of pausing, however, may not be reflected in the 

overall free energy of the stacked-X junction, but in the energetic barriers. The increased 

level of H-bonding interactions in both the 5hmC and 5mC junctions, thus, would provide such 

barriers, which may slow the migration of the junction away from the GCC core and provide 

sufficient time for a resolvase to indirectly recognize these modifications. It would be 

interesting to determine the effects of these epigenetic markers on the kinetics of junction 

migration and explore the concept of sequence-dependent pausing. 

In conclusion, we see that the methyl substituent pushes the C·G base pair away from 

the junction crossover, resulting in a more open structure, as reflected in the larger Jroll. The 

hydroxymethyl has an even stronger effect. Given that select few sequences are capable of 

stabilizing a stacked-X junction33, there is great potential for direct as well as indirect readout 

of these base modifications, which distort the stacked-X structure without dismantling it. In 

the context of the Khuu model52, the H-bonds of 5hmC could kinetically pause migration, as 

discussed, while the more open junction provides access for a protein to directly recognize 

the modified base, with the alternative rotamer allowing the hydroxymethyl group in the 

junction to be distinguished from the standard rotamer in a B-DNA duplex. 
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CHAPTER 4 
 
 
 

VERTEBRATE ENDONUCLEASE G PREFERENTIALLY CLEAVES HOLLIDAY 
JUNCTIONS AND HAS A DISTINCT STRUCTURE TO RECOGNIZE 5-

HYDROXYMETHYLCYTOSINE 
 
 

 Endonuclease G (EndoG) is characterized as a non-specific DNA cutting protein that 

cleaves G/C rich sequences of DNA.  EndoG has been implicated in a variety of cellular 

recombination functions, and was recently found to preferentially cleave 5-

hydroxymethylcytosine (5hmC) DNA in a sequence-specific context to promote recombination.  

5hmC is a recently recognized epigenetic marker that represents up to 1% percent of cytosines in 

the mammalian genome, and it is found in all vertebrate organisms.  In this study, we 

demonstrate that the Holliday junction, the 4-stranded DNA intermediate in homologous 

recombination, is a preferred substrate for EndoG.  EndoG cuts 5hmC-modified Holliday 

junctions to produce unique cleavage products, suggesting 5hmC is a marker in EndoG mediated 

recombination.  Furthermore, we present the single-crystal structure of mouse EndoG and 

propose a mechanism for vertebrate EndoG recognition of 5hmC.  An α-helix seen at the DNA 

binding site of the homologous enzymes from Drosophila and C. elegans has unraveled into a 

long structured loop, allowing the side chains of Ala109 and Cys110 to enter the binding site and 

potentially recognize the 5hmC modification. The unraveling of this helix is attributed to a two 

amino acid deletion near the binding site, which is conserved for all vertebrate EndoG sequences.  

Although EndoG is found in all eukaryotic species, we suggest EndoG has evolved to recognize 

5hmC in vertebrate species. 
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4.1 Introduction  

Endonuclease G (EndoG) is a DNA-cutting enzyme first identified in mammals and 

named for its ability to cleave G rich tracts of DNA1–3  It is a member of the ββα-Me finger 

nuclease family, and the catalytic site residues are conserved across eukaryotic species from 

yeast to humans4, although the preference to cleave G-rich sequences is not entirely conserved5.   

The EndoG catalytic site requires a histidine as part of the conserved residues of the NHN motif 

more broadly found in other nucleases6,7.  In silico modeling suggests EndoG structure is highly 

conserved across eukaryotic species4, despite low sequence identity (only 45% sequence identity 

between mouse EndoG and C. elegans EndoG homologue CPS-6, for example).  EndoG’s 

proposed substrates have included double and single stranded DNA, RNA5, RNA-DNA hybrids8, 

damaged DNA9, R-loops10, and chromatin11.  In this study we show that Holliday junctions are 

preferred over double stranded DNA as a substrate for EndoG, supporting a role for EndoG in 

homologous recombination.  Furthermore, we present the single crystal structure of mouse 

EndoG and propose a recognition mechanism for 5-hydroxymethylcytosine (5hmC) DNA that is 

specific to vertebrate EndoGs.  

Mouse EndoG was successfully crystallized in 2009; however, no structure was 

reported12.  In that same year, Loll et al. solved the structure of Drosophila EndoG bound to an 

inhibitor (EndoGI), and showed that EndoG crystallizes as a homodimer with its active sites on 

opposing faces of the complex13.  As expected from the modeling, the DNA binding interface is 

positively charged to attract the DNA backbone, and the inhibitor works by binding that positive 

surface and preventing the protein from coordinating Mg2+.  In 2016, Lin et al. solved the 

structure of the C. elegans EndoG homologue CPS-6 bound to a single strand of poly-T DNA14.  

They found that EndoG primarily contacts the DNA backbone, explaining the non-specific 
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nature of EndoG cleavage activity.  The cleavage mechanism works through a hydrolysis 

reaction, instigated by a bound water molecule that performs nucleophilic attack on a scissile 

phosphate, resulting in a single stranded cleavage product with a 5’-end phosphate and a 3’-end 

OH group.  

EndoG has been implicated in normal mitochondrial and nuclear DNA processes, and in 

degradation of nuclear DNA during apoptosis5,15,16.  In the mitochondria, EndoG facilitates DNA 

replication by cleaving RNA/DNA hybrids to generate RNA primers necessary for mtDNA 

replication8.  Mitochondrial EndoG also cleaves R-loops, a necessary function because untimely 

R-loops can inhibit transcription and promote unwanted DNA replication10.  EndoG prefers to 

cleave damaged DNA9, which is needed for genomic maintenance in the highly oxidative 

mitochondrial environment.  During apoptosis, mass quantities of EndoG are translocated from 

the mitochondria to the nucleus to degrade chromosomal DNA15.  The proteins HSP70, AIF, and 

FEN-1 regulate EndoG’s apoptotic activity17, and reactive oxygen species are also regulators that 

decrease EndoG dimerization to reduce cleavage activity18.  A proposed non-apoptotic function 

for nuclear EndoG is to degrade foreign viral DNA, as EndoG knockdown in cells causes 

proliferation defects and promotes replication of foreign viral DNA19.  Finally, EndoG also 

promotes DNA recombination.   

EndoG’s role in recombination has been illustrated in a variety of cellular contexts.  This 

includes promoting recombination in transfected plasmids20, Herpes Simplex Virus21,  

myeloid/lymphoid leukemia break point clusters22, and immunoglobulins23.  EndoG is 

hypothesized to promote genome maintenance through recombination, thus enabling viability of 

polyploidy cells24.  In most cases, EndoG promotes recombination by non-specifically cleaving 

G/C rich sites found in these cellular systems.  
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  5hmC is a recently recognized25 epigenetic DNA marker representing up to 1% of 

cytosines in the mammalian genome26.  5hmC was previously understood to primarily function as 

a marker to defensively prevent degradation of bacteriophage DNA27,28.  Interestingly, there is 

currently no evidence for 5hmC DNA function in non-vertebrate eukaryotic organisms29–31.  

Mammalian 5hmC has been implicated in many genomic functions including embryonic 

development32–34, neuronal regulation35–37, gene expression33,38,39, 5-methylcytosine regulation40, 

and recombination33,41. 5hmC’s role in recombination was first evidenced by high levels of 5hmC in 

G/C rich genomic regions that are more prone to recombination33.  In 2014, Robertson et al. 

showed that EndoG also promotes nuclear DNA recombination through specific recognition of 

5hmC DNA41 and cleavage in the sequence 5’-GGGG5hmCCAG-3’ / 5’-CTGGCCCC-3’ to 

generate double-strand breaks that promote strand exchange. Additionally, 5hmC is able to 

stabilize Holliday junctions, 4-stranded DNA intermediates involved in homologous 

recombination.  5hmC creates a structurally unique Holliday junction that could be recognized by 

a protein via either direct or indirect readout42.  With strong evidence linking EndoG to 

recombination, we ask whether EndoG can bind and cleave Holliday junction substrates, and 

whether EndoG is able to recognize 5hmC in a Holliday junction context.  Additionally, we aimed 

to understand how mammalian EndoG specifically recognizes 5hmC DNA.       

In this study, we explore the binding of EndoG to Holliday junctions and test the effect of 

5hmC incorporation.  Our results show that indeed junction DNA is a preferred substrate for 

EndoG, evidenced by higher activity and binding affinity for junctions over duplex DNA.  We 

observed unique cleavage products when 5hmC was incorporated into the junction, indicating 

EndoG does recognize 5hmC in a junction context.  Finally, we present the crystal structure of 

mouse EndoG and identify the unraveling of a helix (found in the fly and worm homologues) to 
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instead form a structured loop, which we believe to be the source of mammalian EndoG 

specificity for 5hmC DNA.  A two amino acid deletion in the sequence responsible for this 

structural perturbation is conserved for all known vertebrate EndoG sequences, and we propose 

that the recognition mechanism can be extended to describe all vertebrate organisms.       

4.2 Methods   

Oligonucleotide Design and Purification:  Oligonucleotides were designed to incorporate 

the EndoG recognition sequence 5’-GGGG5hmCCAG-3’ / 5’-CTGGCCCC-3’ into either a 

junction or duplex context (Table 4.1).  The junction was designed with unique arms only 

capable of correctly base-pairing with the intended annealing partner.  Each junction or duplex 

construct contains one copy of the hydroxymethylated GGGG5hmCCAG sequence, and duplicate 

constructs were made containing the recognition sequence without hydroxymethylation 

(GGGGCCAG).   

All oligonucleotides were purchased from Midland Certified Reagent Company with 

necessary 5hmC or cy5 modifications included. The 5’-dimethoxytrityl (DMT) protecting group 

was left intact from the synthesis in order to facilitate hydrophobicity-based purification from 

prematurely truncated products.  Oligonucleotides were suspended in ammonium hydroxide for 

24 hours to remove the CPG solid support bead that remained from synthesis.  Full-length 

products were isolated by HPLC purification on a C18 column, and the DMT group was 

removed by incubation in 3% acetic acid for 15 minutes. Finally a G-25 Sephadex size exclusion 

chromatography column was used for desalting.  DNA constructs were annealed by combining 

7µM of each required strand (final concentration of 7µM junction or 7µM duplex) in a solution 

containing 10mM MgCl2, 0.4mM EDTA, 20mM boric acid, and 19mM Tris pH 8.3.  The 

mixture was heated to 90°C for 20 minutes and allowed to slowly cool over 2 hours. 
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Table 4.1:  Sequences of duplex and junction constructs. Unique base pairs are colored 
accordingly and the EndoG recognition sequence is underlined.  Cy5-labeled fluorescent strands 
are marked with an asterisk (*).   
	

Duplex – C 

*5’-CGAGGCCTGGCCCCGTACGG-3’ 
  5’-CCGTACGGGGCCAGGCCTCG-3' 

Duplex – 5hmC  

*5’-CGAGGCCTGGCCCCGTACGG-3’ 
  5’-CCGTACGGGG5hmCCAGGCCTCG-3’ 

Junction – C 

  5'-GGGTTCCTGGCCCCGTACGG-3’ 
  5’-CCGTACGGGGCCAGGCCTCG-3’ 
  5'-CGAGGCCTGGCCCCGGCTGC-3’ 
*5’-GCAGCCGGGGCCAGGAACCC-3’ 

Junction – 5hmC  

  5'-GGGTTCCTGGCCCCGTACGG-3’ 
  5’-CCGTACGGGG5hmCCAGGCCTCG-3’ 
  5'-CGAGGCCTGGCCCCGGCTGC-3’ 
*5’-GCAGCCGGGGCCAGGAACCC-3’ 

  



	 83	

Activity Assays:  Activity assays were prepared in 25µL reactions containing 100nM 

duplex or junction, 1.613µg/mL WT EndoG, 0.1% Triton x-100, 4% glycerol, 20mM Tris pH 

7.5, 2mM MgCl2, and 10mM 2-mercapoethanol.  All non-protein components were mixed and a 

10µL sample was removed to quantify the original amount of DNA.  Finally the protein was 

added and the cleavage reaction was allowed to proceed for 10 minutes at 37°C.  A 10µL sample 

was combined with 2µL of stop solution (0.25% sodium dodecyl sulfate and 0.6mg/mL 

proteinase K), and the reaction was incubated for 30 minutes at 50°C.  Cut and uncut samples 

were loaded onto native gels made with 15% polyacrylamide and containing 0.2X TBE and 

10mM MgCl2.  Gels were run for 6 hours at 5mA and quantified with a Typhoon FLA 9500 gel 

imager (GE).  ImageJ43 was used to quantify gel bands, and EndoG activity was determined as 

percent of DNA substrate cut during the reaction.  

Electrophoretic Mobility Shift Assays:  Samples contained constant 70nM duplex or 

70nM junction with varying concentrations of inactive EndoG H138A (10µL total reaction 

volume).  The reaction buffer included 0.1% Triton x-100, 4% glycerol, 20mM Tris pH 7.5, 

10mM MgCl2, and 10mM 2-mercaptolethanol.  10mM MgCl2 was chosen in order to promote 

junction formation44 and encourage binding of inactive EndoG H138A, which is more active at 

high concentrations of MgCl2
6.  Components were mixed on ice and then allowed to bind at 

room temperature for 15 minutes.  15% polyacrylamide native gels containing 0.2X TBE and 

10mM MgCl2 were run at 35V for 6 hours and cy5-labeled DNA samples were detected with a 

Typhoon FLA 9500 gel imager (GE).  The gel bands were quantified using ImageJ43 and data 

was fit with a two-state non-cooperative binding model.              

Protein Expression and Purification:  Inactive EndoG H138A (without mitochondrial 

localization signal) was cloned into pMal-c2 vector and expressed as a maltose binding protein 
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(MBP) fusion.  EndoG H138A pMal-c2 was expressed in BL21-CodonPlus(DE3)-RIPL strain 

(E. coli B F– ompT hsdS(rB
– mB

–) dcm+ Tetr gal λ(DE3) endA Hte (CamR)).  Cells were grown at 

37°C to an OD600 of 0.5AU, then transferred to 10°C and allowed to continue growing to 0.7AU.  

Expression was induced with 1mM IPTG and cells continued to grow at 10°C for 48 hrs.  Cells 

were harvested by centrifugation and suspended in purification buffer containing 50mM Tris pH 

8.0, 50mM NaCl, 1mM MgCl2, 5% glycerol and 10mM 2-mercaptoethanol.  Cells were lysed by 

sonication, and the lysate was centrifuged at 17,000 RPM for 40 minutes at 4°C.  The soluble 

cell lysate contained the majority of EndoG H138A-MBP and so only that portion was kept for 

purification.  EndoG H138A-MBP fusion was purified by a gravity-fed amylose column and 

eluted with purification buffer containing 20mM maltose.  The fusion protein was dialyzed into 

fresh purification buffer and cleaved overnight with Tobacco Etch Virus (TEV) protease (1mg 

TEV per 200mg fusion protein).  Cleaved MBP was removed from the sample by purification 

with a heparin column which bound the positively charged DNA-binding patches on EndoG 

H138A.  EndoG H138A was eluted from the heparin column in a gradient of purification buffer 

containing up to 0.5M NaCl.  EndoG H138A was again purified on the amylose column, 

collecting the flow through (cleaved EndoG H138A) while the remaining EndoG H138A-MBP 

fusion contaminants bound to the column.  Finally, the protein was concentrated and loaded onto 

a G-100 Sephadex column to remove high molecular weight contaminants.  The final protein 

was concentrated to ~3mg/mL, quantified with ε= 34505 M-1cm-1, and stored at -80°C until used 

for crystallography or EMSA.  Protein is estimated to be >95% pure (Fig. 4.4b).    

 Wild type mouse EndoG was expressed and purified as previously described41.  In brief, 

His-tagged mouse EndoG lacking the mitochondrial localization signal was expressed on a 

pET28a vector in Rossetta(DE3) ((F− ompT hsdSB (RB
− mB

−) gal dcm λ (DE3 [lacI lacUV5-T7 
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gene 1 ind1 sam7 nin5]) pLysSRARE (CamR)) cells.  The cells were grown at 37°C in Studier 

Autoinducing Media until they reached OD 0.8, then the culture was grown at 18°C for 16 hrs.  

The cells were harvested and stored in buffer containing 25mM HEPES pH 7.9, 500mM NaCl, 

5mM Imidazole and 10% (v/v) glycerol.  Prior to sonication, cells were treated with lysozyme 

and triton X-100, and the supernatant was collected from centrifugation of the cell lysate.  His-

tagged EndoG was purified with TALON resin (BD Biosciences) and eluted with imidazole 

buffer.  The final protein was dialyzed into a final storage buffer containing 250 mM NaCl, 25 

mM Hepes pH 7.9, 1 mM EDTA pH 8.0 and 50% (v/v) glycerol.  

Crystallography and Structure Analysis:  Crystals were grown at 16°C in a hanging drop 

vapor diffusion setup equilibrated against 450uL of mother liquor.  The drop contained 1µL of 

2.61mg/mL inactive EndoG H138A (stored in 50mM Tris pH 8.0, 50mM NaCl, 1mM MgCl2, 

5% (v/v) glycerol and 10mM 2-mercaptoethanol) and 1uL of mother liquor containing 25% (v/v) 

isopropanol, 0.1M HEPES pH 7.6, and 0.2M MgCl2.  Nucleation appeared after a few weeks and 

crystals reached full maturity after 3 months.  The crystal was harvested under paraffin oil and 

flash frozen at 100K.  Data were collected using a Rigaku Compact Home Lab equipped with a 

PILATUS detector and HLK300045 was used to index, integrate, and scale the data.  The 

structure of dimeric C. elegans homologue CPS-6 (PDB 3S5B)46 was used to phase the data by 

molecular replacement, and the model was subsequently refined using Phenix47 Autobuild and 

Refine.  

Minimization and Energy Calculations:  Minimizations were performed using Amber1248 

and AmberTools1349.  For CPS-6 minimizations, starting coordinates were obtained from the 

crystal structure of CPS-6 bound to poly-T DNA (PDB 5GKP), mutating the DNA sequence as 

necessary.  Mouse EndoG starting coordinates were taken from the protein-only crystal structure, 



	 86	

and the DNA position was assumed from the CPS-6/poly-T cocrystal.  Antechamber was used to 

calculate parameters for 5hmC residues (derived from cif files, using the AM1-BCC charge 

model), and ff12SB was chosen as the force field for all topology file generation.  The DNA was 

solvated in an octahedral box with TIP3P waters, and Mg2+ or Cl- ions were added to neutralize 

the charge.  Structures were minimized in three steps, allowing first the solvent and ions to 

minimize, then the hydrogens, and finally removing all constraints on the structure.  ∆E was 

calculated for the energy of that DNA sequence complex relative to the energy of the minimized 

protein with poly-T.    

4.3 Results and Discussion  

 The goal of this study is to learn about the substrate preferences of EndoG – specifically 

to determine if EndoG recognizes and cleaves Holliday junctions, and to learn how mammalian 

EndoG preferentially recognizes 5hmC DNA.  We determined the activity and binding affinity of 

mouse EndoG to junctions and duplexes containing the EndoG recognition sequence 5’-

GGGG5hmCCAG-3’ / 5’-CTGGCCCC-3’.  Non-hydroxymethylated DNA was also tested to 

determine if EndoG displayed combinatorial recognition of 5hmC and junction structure, or if 

those recognitions play into different roles for the endonuclease.  To learn about the mechanism 

of EndoG substrate specificity we determined the structure of mammalian EndoG.  This structure 

was compared to those previously reported for the Drosophila and C. elegans (CPS-6), which are 

not expected to sense 5hmC.  Assuming that DNA binding is conserved, we were able to deduce a 

mechanism of sequence specific recognition of 5hmC from contact points between the mammalian 

structure and the likely DNA binding site.  
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4.3.1 EndoG preferentially binds and cuts Holliday junction DNA 

 There is strong evidence for EndoG involvement in homologous recombination (HR); 

thus, it was logical to test the affinity and cutting specificity of EndoG for Holliday junctions, the 

4-stranded DNA intermediate in HR.  To promote EndoG binding, we designed duplex and 

junction constructs with the specific sequence GGGG5hmCCAG, the sequence motif cleaved by 

wild type mouse EndoG41 (Table 4.1).  As a control to isolate the effects of 5hmC on EndoG 

recognition, we tested this recognition sequence with the 5hmC replaced by a canonical cytosine.  

Sequences for the junction constructs were designed with asymmetric ends that are only fully 

complementary in a four-stranded junction, thereby discouraging unwanted duplex formation.  

The GCC and G5hmCC junction cores have both been illustrated as junction-stabilizing 

sequences42,50.  The duplex and junction forms of the DNA were confirmed by electrophoresis 

using native gels run at various concentrations of polyacrylamide, comparing migration of each 

species against a duplex ladder of known strand lengths.    

We first tested the activity of EndoG on each of the different duplex and junction DNA 

constructs, and found that EndoG cleaves junctions with a higher activity than it cleaves 

duplexes (Fig 4.1).  EndoG cut 82 and 86% of the 5hmC- and C-junction substrates respectively, 

while only cutting ~45% of the duplexes.  To promote maximum cleaving efficiency, reactions 

were set up with excess protein, DNA substrate, and time. 

The various DNA substrates also yielded different EndoG cleavage products (Fig. 4.2).  

No specific product was observed from interaction of EndoG with C- or 5hmC-duplexes, which 

may simply be explained by not having enough duplex cleaved to observe accumulation of a 

specific product.  C-junction was cleaved to produce a quickly migrating major product that, 

from alignment with the standard ladder, is likely a 10bp fragment representing one arm of the   
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Figure 4.1: Activity of EndoG on junction and duplex DNA containing 5hmC. (a) Gels showing 
activity of EndoG to 100nM duplex and junction constructs containing C or 5hmC.  The left lane 
(-EndoG) shows the original pre-cut DNA sample, and the right lane (+EndoG) is the remaining 
substrate after 10 minutes of cleavage with EndoG.  EndoG cleaves all substrates, but junction 
substrates are the most depleted after the incubation period.  (b) Quantification of activity assays.  
EndoG cuts 44 and 46% of C- and 5hmC-duplexes respectively, while exhibiting increased cutting 
of C- and 5hmC-junctions (86 and 82%).  Errors bars represent the standard deviation of the 
measurements for 2 to 4 experimental replicates.    
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Figure 4.2: EndoG cleavage products.  EndoG cleaves C-junction to produce a small product 
(likely 10bp fragment), while the primary product of 5hmC-junction is a larger band co-migrating 
with duplex DNA.  No specific product is observed from cleavage of C- and 5hmC duplexes. 
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4-armed junction. This product would be consistent with cuts at all strands of the DNA junction, 

making no distinction among the strand sequences. 

Interestingly, the 5hmC-junction substrate resulted in a primary cleavage product that co-

migrates with 20 bp duplex DNA. This product requires only two cleavage events at opposite 

sides of the junction, suggesting EndoG acts as a resolvase for 5hmC-junctions.  A small amount 

of the 10bp product was also observed, similar to C-junction cleavage.  It has previously been 

shown that G5hmCC at the junction core is structurally and thermodynamically unique from 

GCC42, so there may be direct or indirect effects of 5hmC vs C on EndoG recognition of junctions.  

It should be noted that junction formation is not complete (despite careful sequence design) and 

duplex-like constructs still remain in the “junction only” substrate.  Cleavage of these improper 

duplex-like constructs could obscure the determination of cleaved junction products.          

To further isolate the driving factor for EndoG’s higher activity with junctions, we tested 

the binding of inactive EndoG (H138A mutation)4 to the same DNA constructs using 

electrophoretic mobility shift assays (EMSA).  With inactive protein capable only of binding the 

DNA, we hoped to isolate the binding component of substrate activity and learn whether the 

junction preference is due to increased affinity or cleaving efficiency.  Inactive EndoG H138A  

 binds junction constructs with much higher affinity than it binds duplex constructs (Fig. 4.3a).  

EndoG H138A binds C-Junctions with a Kd of 1.8 ± 0.6 µM (Fig. 4.3b), while the Kd for C-

Duplex is estimated to be greater than 100 µM.  A three-armed junction (chicken foot) was also 

tested, and found to have an affinity similar to the duplex constructs (data not shown).  Thus, 

EndoG recognizes a unique structural feature of the 4-armed junction involved in HR.   

 There was no difference in affinity between the 5hmC and C DNA constructs.  The Kd of 

1.4 ± 0.4 µM for EndoG binding to 5hmC-junction (Fig. 4.3c) is similar to that for C-junction  
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Figure 4.3:  Binding of inactive EndoG-H138A to junction and duplex DNA containing 5hmC. (a) 
EMSA showing binding of EndoG-H138A to 70nM duplex and junction constructs containing C 
or 5hmC.  For the both junction constructs, the junction (top band) shifts as it binds EndoG-
H138A and is completely bound by ~15µM protein.  The C- and 5hmC-duplex constructs require 
much higher concentrations of EndoG-H138A to bind, displaying a much weaker binding 
affinity compared to the junction constructs.  (b) Quantification of C-junction binding and fit of 
Kd.  Data was fit with a two-state non-cooperative binding model.  Binding experiment was 
repeated three times, each experiment represented with a different symbol shape.  (c) 
Quantification of 5hmC-junction binding and fit of Kd.  Data was fit and quantified as for C-
junction binding, but with five replicate data sets collected, each represented with a unique 
symbol.   
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(1.8 ± 0.6 µM).  EndoG bound the 5hmC-duplex with similar poor binding affinity (Kd > 100µM) 

as it did the C-duplex.  Robertson et al. similarly reported an inability of inactive EndoG to 

distinguish between hydroxymethylated versus unmodified DNA41.  EndoG’s preference for 

5hmC is likely more related to catalytic activity than binding affinity, thus the H138A mutation 

may be responsible for the loss in 5hmC recognition.  Additionally, the preference for junction 

over duplex DNA is more dramatic (~50X Kd increase) than the reported 5hmC sequence 

preference (~4X increase in Km)41. 

4.3.2 Structure of mammalian EndoG confers sequence specificity 

 Mouse EndoG specifically recognizes 5hmC DNA41 and, within eukaryotes, 5hmC DNA 

has only been detected in vertebrate species30,31.  We have now solved the crystal structure of 

mouse EndoG (Table 4.2).  A comparison of this mammalian enzyme to previous structures from 

Drosophila and C. elegans shows a structural perturbation to a potential mechanism for how the 

vertebrate protein preferentially recognizes 5hmC.  

 The first barrier to crystallization was obtaining large quantities of pure EndoG.  WT 

EndoG cannot be expressed at high concentrations because it degrades the host cell genome.   

The “inactive” H138A mutant still confers some activity, and it was still difficult to express the 

protein without causing toxicity to the cells.  Sufficient expression of H138A inactive EndoG 

(Fig. 4.4a) was obtained with the gene inserted into a pMal-c2 plasmid, creating a fusion protein 

of EndoG-H138A-MBP (maltose binding protein).  Our attempts at expressing EndoG-H138A 

alone were not fruitful, but the fusion construct allowed for cell viability while expressing large 

quantities of protein.  Expression temperature was important, and the protein was best expressed 

at 10°C for 48hrs post-induction.  The soluble fusion protein was then isolated on an amylose 

column, and after cleavage, EndoG-H138A was further purified by anion affinity, a re-pass  
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Table 4.2:  Crystallographic parameters and refinement statistics for mouse EndoG H138A. 
 

Mouse EndoG H138A 
 
 
 

Mouse EndoG H138A 

Crystallographic Parameters 
Wavelength (Å) 1.5418 
Resolution range (Å) * 36.50  - 2.55 (2.64 - 2.55) 
Space group P 31 2 1  
Unit cell dimensions   
     a=b (Å) 109.99 
     c (Å) 118.54 
     α = β (deg) 90 
     γ (deg) 120 
Total reflections 2503882 
Unique reflections * 27527 (2707) 
Multiplicity* 17.3 (11.7) 
Completeness (%) * 84.95 (78.33) 
Mean I/σ(I) * 8.22 (0.83) 
Wilson B-factor 22.72 
Rmerge  0.319 
Rpim  0.105  
Rmeas  0.312  

Refinement Statistics 
Reflections used for R-free 6.22% 
Rcryst * 0.2061 (0.2554) 
Rfree * 0.2619 (0.3073) 
Number non-hydrogen atoms 3932 
RMSD for bond lengths (Å) 0.008 
RMSD for bond angles (deg) 0.91 
Average B-factor 26.97 
     Macromolecules 26.85 
     Solvent 28.31 

 
*Values for the highest-resolution shell are given in parentheses 
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Figure 4.4:  Expression and purification of EndoG-H138A-MBP. (a) SDS-PAGE of BL21 "DE3 
expression cells pre (-) and post (+) induction. EndoG-H138A-MBP fusion has a molecular 
weight of 71kDa.  (b) SDS-PAGE of final purified EndoG-H138A protein.  5µL of 3.65mg/mL 
protein was loaded onto the gel.   
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through the amylose column to remove uncleaved EndoG-H138A-MBP fusion proteins, and 

finally size exclusion.  Purification occurred under reducing conditions and in the presence of 

1mM MgCl2 to bind and stabilize the protein’s active site.  Gel analysis of the final purified 

product is shown in Fig. 4.4b.  

 Mouse EndoG crystallized as a dimer with two copies of the protein in the asymmetric 

unit (ASU).  The RMSD and TM score51 of the two monomers are 0.33Å and 0.997, indicating 

both protein subunits are nearly identical.  Mouse EndoG has a similar structure to that of the 

Drosophila13 and C. elegans14 homologues (Fig. 4.5a), although the two latter structures were 

more identical to each other than to the mouse (Table 4.3 reports RMSD and TM scores for all 

structure alignments). An N-terminal domain swap was also observed in the mouse structure, 

similar to that reported for the EndoG relative, human EXOG52, but not observed in the 

Drosophila and C. elegans structures. 

Similar to the other two species, a Mg2+ is bound in the active site, and the active site 

structure is largely conserved (Fig. 4.5b).  Most of the residues contacting the DNA backbone in 

the C. elegans structure are conserved in the mouse structure (Fig. 4.5c).  Although there is no 

DNA bound in the mouse structure, superposition of the mouse and worm structures reveals 

significant overlap for the placement of side chains that contact the phosphates. Thus, it can be 

assumed that the general binding of the DNA backbone and subsequent catalysis is identical 

between the mouse and C. elegans proteins.  We assume conservation of DNA positioning and 

conformation, which allows us to simply dock the DNA from the worm structure into the binding 

site of the current mammalian structure for the following analyses.   

  



$+!

Figure 4.5:  Mouse and C. elegans EndoG homologues have conserved structure and DNA 
positioning. (a) Overlay of mouse EndoG (cyan) and C. elegans CPS-6 (purple) ribbon structures 
reveals overall conserved folding.  The bound DNA observed in the C. elegans structure (PDB 
5GKP) is shown and outlined in white mesh, highlight the DNA binding sites on opposing sides 
of the EndoG dimer.  (b) The active site is conserved between mouse and C. elegans EndoG 
homologues.  Residues surrounding the bound Mg2+ are identical between the species, 
suggesting that catalytic mechanism and DNA cleavage site are conserved.  The magnesium was 
observed in nearly identical positions for the mouse (lime green Mg2+) and C. elegans (dark 
green Mg2+) structures.  Conserved waters (red-mouse, magenta-C. elegans) help to coordinate 
the magnesium in an octahedral geometry. (c) Mouse and C. elegans EndoG homologues have 
conserved contacts to the DNA backbone.  Hydrogen bonds (black dashes) illustrate the contacts 
between C. elegans CPS-6 and the DNA backbone (bases omitted in the figure), thus positioning 
the DNA near the cleavage site.  Nearly all DNA-positioning residues are conserved between the 
species.    
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Table 4.3:  RMSD and template modeling (TM) scores for alignment of mouse EndoG 
monomers, and comparison of dimeric mouse EndoG with drosophila and C. elegans EndoG 
homologues. 
 

 RMSD (Å) TM score 
Mouse Chain A + Chain B 0.33 0.997 
Mouse + Drosophila  1.33 0.926 
Mouse + C. elegans 1.37 0.912 
C. elegans + Drosophila 0.97 0.976 
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The primary departure of mouse EndoG from the non-vertebrate structures is the 

unraveling of an α-helix at the DNA binding pocket (at residues D116 – A122 of the worm 

sequence, equivalent to D106 to F112 in mouse), resulting in a long structured loop. This 

structural perturbation in the mouse EndoG can be traced to the deletion of two residues between 

102-103, and 105-106 in the mouse versus the non-mammalian sequences (Fig. 4.6).  These 

deletions are conserved in vertebrate species sequences, while present in none of the non-

vertebrate species.  The key Cys residue is conserved among the three sequences, but the 

preceding deletions begin the structural change several amino acids prior. The α-helix observed 

in the non-mammalian structures is disrupted to create a long loop (Fig. 4.7a) that is stabilized by 

a salt bridge from Arg107 to Asp111, and an H-bond from Arg107 to the backbone of Asp111. 

We therefore propose that the unraveling of this α-helix provides a mechanism for vertebrate 

EndoG to recognize 5hmC. 

As a result of this conformational disruption of the α-helix, the nucleotides positioned +1 

and +2 downstream of the cleavage site (Fig. 4.7b) come into close contact with the DNA at the 

major groove surface in the mouse EndoG-DNA docked complex.  The side chains of residues 

Ala109 and Cys110 are well positioned to directly contact the nucleobases, thus effecting 

sequence specificity in the mouse enzyme—such contacts are not possible when these residues 

are in the α-helix of the fly and worm structures.  This analysis is based on the observed DNA 

bound to C. elegans CPS-6, and slight positional adjustments are expected as DNA binds mouse 

EndoG.  From this model, we expect that Cys110 interacts with the 5-position of a pyrimidine 

ring in the +2 nt position, optimal for detecting 5hmC.  The hydroxymethyl group would occupy 

an equivalent position to replace the methyl group of a thymine in this simple dock model, which 

is closely aligned to form an H-bond with the thiol of Cys110.  This positioning of the 5hmC is  
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Figure 4.6:  Eukaryotic EndoG homologue sequence alignment.  The Cys110 residue is 
conserved (highlighted), however vertebrate structure departure is likely due to two single amino 
acid deletions occurring before C110.  The deletion mutations are conserved for vertebrate 
organisms.   
  

Invertebrates    
NUC1-S.cerevisiae (yeast)           
CPS-6-C.elegans (worm)              
EndoG-D.melanogaster (fruit fly)    
EndoG-A.gambiae (mosquito)          

97- 
106- 
112- 
121- 

PEsLaarnA-DRKnsfFKEDEvIp 
PERLKhaegVDRKlCeFKpDitfp 
aEsvaknDAVDRskCDFKqDESIH 
PatvKhnDAVDRakCDFKpDESIH 

-119 
-129 
-136 
-144 

Vertebrates    
EndoG-D.rerio (zebrafish)           
EndoG-X.laevis (frog)               
EndoG-M.musculus (mouse)            
EndoG-B.taurus (cow)   
EndoG-H.sapiens (human) 

112- 
95- 
98- 

103- 
101- 

aEtvt-Gss-DRKyCeFKEDESVH 
PdRLK-GsA-eRKdCeFqEDvSVH 
PERLR-GDg-DRsaCDFrEDDSVH 
PEgLR-GDg-nRssCDFhEDDSVH 
PERLR-GDg-DRReCDFrEDDSVH 

-133 
-116 
-119 
-124 
-122 
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Figure 4.7:  Specific contacts between mouse EndoG and nucleobases. (a) Overlay of published 
EndoG structures reveals mouse EndoG replaces the !-helix of the non-mammalian proteins 
with a loop shift, which brings the protein into contact with the nucleobases near the cleavage 
site.  (b) Inset showing specific contacts between mouse EndoG and nucleobases.  Approximated 
from the position of poly-T DNA bound to C. elegans CPS-6, mouse EndoG residues 109-110 
are expected to contact the bases of nucleotides 1 and 2 positions downstream of the cleavage 
site.  The side chain of Cys110 is expected to form an H-bond with the hydroxymethyl group of 
5hmC, thus conferring sequence specificity to the mammalian protein. 

(a) (b) 

Mouse / C. elegans / Drosophila Lys118 

Ala109 

Cys110 

+2 nt 

+1 nt 

-1 nt 

1.7 

3.2 

3.1 

1.3 
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supported by the observation that mouse EndoG cleaves two nucleotides upstream of 5hmC in the 

GG^GG5hmCCAG sequence (^ denotes cleavage site reported by Robertson et al.)41.  The 

backbone carbonyl or side chain of Ala109 is positioned to interact with the proceeding 

nucleobase, although the specific interaction is less obvious without knowing how a guanine 

base from the recognition sequence would be positioned.    

It should be noted that the shift from helix to loop exposes Cys110 to the protein surface, 

rendering the vertebrate EndoG more susceptible to oxidation.  We observed a disulfide bond 

between Cys110 of two neighboring proteins as a feature of crystal packing (Fig. 4.8).  This 

opportunistic interaction was prompted by the close proximity of the Cys110 residues as the 

protein-protein lattice interface was formed.  Although the disulfide bond may impact the 

observed orientation of the SH atoms in the Cys110 side chain, we believe that this is a result 

and not the cause of the disruption of the α-helix.  Considering the two amino acid deletions, the 

remaining sequence is not long enough to form an alpha helix without unfolding other parts of 

the protein, thus the deletion is directly responsible for unraveling the helix.  Additionally, other 

published EndoG crystallization conditions contained similar quantities of reducing agents53, yet 

no disulfide bonds were observed in those structures.  The crystallization space groups are all 

different for these structures, but some do pack along the DNA-binding interface.  If the loop 

structures were identical and the conserved Cys residue was exposed, we would expect formation 

of disulfide bonds in the Drosophila and C. elegans structures.  

4.3.3 Mouse EndoG is computationally predicted to favorably bind 5hmC  

In order to further understand mouse EndoG specificity for 5hmC, we performed a 

molecular mechanics geometry optimization of the mammalian and the C. elegans enzymes in 

complex with sequence variations to the DNA from the worm complex.  The structures of  
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Figure 4.8:  Electron density indicates presence of C110-C110 disulfide bond.  2Fo-Fc map is 
calculated at 1.6(  and drawn around C110 residues of two neighboring asymmetric units 
(ASU’s).  A disulfide bond is observed on both C110 residues in the ASU (one on each protein 
monomer) covalently bonding each ASU to its neighbor.      

!= 1.6 

C110 C110 

A109 A109 

ASU1 ASU2 
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protein-DNA complexes were built assuming conservation of the DNA backbone position and 

mutating only the nucleotide base.  Initial structures were solvated and minimized to calculate 

the ideal structure and energy for each complex.       

The first observation from the minimized structures of the DNA complexes with mouse 

EndoG (Fig. 4.9a) is that the thiol group of Cys110 is H-bonded to the phosphate of the +2 nt 

nucleotide. In terms of the DNA, the +2 nt position showed the largest degree of sequence 

dependent conformational variability, as the nucleotide base shifts in order to accommodate an 

H-bond to the sulfur of Cys110. It is clear that of these H-bonds, the O—H···S interaction of 

5hmC would be the most energetically favorable.  The cytosine base lacks a bulky group at the 5-

position and rotates trying to accommodate a C—H···S interaction to the Cys110 thiol.  These 

energy-minimized structures reflect EndoG bound to single-stranded DNA, and the nucleotide 

bases are predicted to be much more constrained when engaged in base pairing in a double-

stranded or junction DNA context.       

The energies associated with the geometry-optimized structures (∆Emin) reflect the 

stabilization of each EndoG-DNA complex relative to the minimized energy of EndoG-polyT.  

For mouse EndoG, polyC is the preferred binding nucleotide (compared to polyT and polyG, 

Table 4.4).  5hmC at the +2 nt position significantly improves energetic stability, making the 

hypothesized recognition sequence (GGG5hmCC) much more favorable than a GGGCC sequence. 

The number of atoms in each structure and the position of interacting waters influence the 

system’s total minimization energy.  To isolate the 5hmC···Cys110 interaction energy from other 

interactions, we calculated the energy of the minimized CCC5hmCC structure with the hydroxyl 

group pointed below the pyrimidine ring (able to H-bond with Cys110) and above the ring (no 

H-bonding potential).  The Cys110 interaction added an additional 120 kcal/mol of increased  
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Figure 4.9:  Minimized structures of mouse EndoG bound to DNA sequences.  (a) Overlay of 
minimized structures for mouse EndoG bound to CCC5hmCC, CCCCC, and TTTTT.  The 
minimized position of the +2 nucleotide is highly dependent on the H-bonding potential to the 
sulfur on the Cys 110 residue.  (b-d) 5hmC, C, and T interactions with Cys 110. 5hmC at the +2 nt 
position minimizes to form an H-bond between the hydrogen on the hydroxyl and the sulfur of 
the Cys 110 side chain.  The cytosine ring does not easily accommodate an H-bond to the Cys, 
but the methyl of the thymine forms a weak H-bond with Cys 110.     

Cys110 
+2 nt 

+1 nt 

-2 nt 

Cys110 

Cys110 
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Table 4.4:  Minimization energy of mouse EndoG or C. elegans CPS-6 bound to different DNA 
sequences.  ∆E is calculated relative to the minimized energy of EndoG (mouse or C. elegans) 
bound to poly-T DNA.  The hydroxyl of 5hmC can point in two directions – below the plane of 
the pyrimidine ring (H-bonding capabilities to the sulfur), or above the ring (pointed away from 
the sulfur). 
 

DNA Sequence 
∆Emin (kcal/mol)  

Mouse EndoG CPS-6 (C. elegans) 
TTTTT 0 0 
CCCCC -670 -1640 
CCC5hmCC (H-bonding)  -1330 -1610 
CCC5hmCC (no H-bond) -1210 n.d. 
GGGGG 90 -1570 
GGGCC -840 n.d. 
GGG5hmCC (H-bonding) -1260 -1630 
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stability, attributing 60 kcal/mol per interaction since the system contains an EndoG dimer.  C. 

elegans CPS-6 displayed similar ∆Emin for any C/G rich sequence bound.  All tested sequences 

were much more stable than the polyT complex, but no specific 5hmC preference was observed. 

4.4 Conclusions  

 In this study we aimed to understand more about the DNA-binding behavior of EndoG.  

EndoG has proposed roles in DNA recombination20–24,41, and we learned that 4-stranded junction 

DNA involved in HR is a substrate for EndoG cleavage.  EndoG showed increased activity and 

affinity for junctions, meaning junction DNA is the preferred substrate in recombination contexts 

where it is available.   

EndoG must be recognizing a unique structural feature of Holliday junctions.  The 20-

mer oligonucleotides used for these experiments are not long enough to reach both active sites on 

the EndoG dimer, so the preferential junction binding is not due to combined affinity of 

contacting both active sites.  It is most likely that EndoG is specifically recognizing the junction 

crossover via the junction core.  DNA junctions can take either an open-X (cruciform-like) or 

stacked-X (compacted) structure depending on the core DNA sequence and local divalent cation 

concentration44.  In high salt the GCC and G5hmCC cores form the rigid and kinetically trapped 

stacked-X junction42.  This structure may incur better binding because it prevents the junction 

from migrating, thus providing a stable substrate for EndoG binding.  Additionally the entropic 

penalty of binding is reduced as the substrate flexibility was already quite limited.  In low salt 

conditions (<1-2mM), all junctions adopt the flexible open-X structure that accommodates 

junction migration events in HR.  This structure is not thermodynamically or kinetically stable 

and has only been crystallized in the presence of junction-binding proteins.  In this case, EndoG 

may induce an open-X structure on the junction as it binds.  The open-X junction may bind with 
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higher affinity because the DNA strands are already curved to accommodate the shape of the 

Endo DNA binding site (Fig. 4.10).  The junction structure has an inherent increased ability for 

single strand separation, thus EndoG might grab onto a single strand more easily.    

The structure of vertebrate EndoG reveals a loop shift that provides contact to the bound 

nucleobases and promotes sequence specificity.  Mouse EndoG specifically recognizes 5hmC 

DNA, and that specificity is likely a common trait in all vertebrates.  Although most 5hmC 

research has been conducted in mammalian contexts, the modified cytosine is found in all 

vertebrate genomes while absent from invertebrate eukaryotes.  We found a two amino acid 

deletion conserved among vertebrate EndoG sequences, and we expect this deletion is 

responsible for a structural change that promotes 5hmC sequence specificity in all vertebrates.       

EndoG has many proposed roles in the cell, from apoptosis, regulation of mitochondrial 

gene expression, nuclear and mitochondrial DNA recombination, and others.  It is unclear 

whether EndoG’s 5hmC specificity and junction preference are related activities, although we did 

observe different cleavage products between 5hmC-junctions and C-junctions.  Thus it is likely 

that EndoG recognizes 5hmC in both duplex and junction contexts, perhaps while executing 

different cellular functions.  To separate EndoG’s many functions, its activity must be described 

in correlation with 5hmC levels in nuclear and mitochondrial DNA, changes in cellular oxidation, 

transcriptional activity, recombination, and G/C rich genomic sequences.    

A persisting question is how does EndoG bind junction DNA?  EndoG also has affinity 

for other non-canonical nucleic acid structures including R-loops, RNA, and single stranded 

substrates, and so perhaps these recognition mechanisms are related.  It is also curious that  
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Figure 4.10:  Structures of EndoG and potential DNA substrates.  EndoG is shown as a ribbon 
structure and with a mapped electrostatic surface potential, and observed bound DNA is shown 
in green.  The positive DNA binding patch is curved around the surface of the protein, 
suggesting EndoG may accommodate a curved DNA substrate.  Structures of B-DNA (4C64), 
stacked-X junction (1P4Y), open-X junction (5J0N), and distorted junction bound to T4 
Endonuclease VII (2QNC) are shown.   

Mouse EndoG 

B-DNA Stacked-X Junction 

Open-X Junction T4 EndoVII Junction 
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EndoG active sites are on opposing sides of the dimer, yet the literature suggests these active 

sites function completely independently of each other.  In the context of EndoG’s recombination 

function, it seems plausible that both active sites could be implicated to anchor two nearby 

strands of DNA.  This hypothesis requires further exploration with a variety of longer canonical 

and non-canonical DNA substrates.  Finally, more research is needed to understand EndoG’s 

preference to cleave G/C rich DNA sequences and whether that sequence preference is solely 

related to the observed Cys110 and Ala109 contacts.  Two other possible scenarios are that G/C 

rich sequences promote non-canonical DNA structures preferentially recognized by EndoG, or 

G/C rich sequences are recognized through an indirect readout effect in canonical duplex DNA. 

In conclusion, we have discovered the Holliday junction is a preferred substrate for 

EndoG.  Furthermore, 5hmC in the junction regulates the cleavage outcome, suggesting 5hmC is a 

regulatory marker in recombination.  These results propose a role for EndoG as a resolvase in 

recombination.  Furthermore, we have determined mouse EndoG has a unique structure that 

likely confers sequence specificity to 5hmC DNA.  The structural change is explained by a 

vertebrate departure from the original eukaryotic sequence, and the structure we observe is likely 

conserved in all vertebrate species.       
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CHAPTER 5 
 
 
 

CONCLUSION AND DISCUSSION 
 
 
	

In this study, we sought to learn how 5-hydroxymethylcytosine (5hmC) promotes 

recombination via interaction with Endonuclease G (EndoG).  This project is foundational 

biochemistry that informs about the natural processes that regulate recombination in the cell, 

with eventual applications towards developing technology for disease treatment and research. 

5hmC is an important regulatory marker for recombination, and this dissertation presents key 

aspects towards understanding the biochemical mechanism of this regulation.  	

I have determined the structural and thermodynamic consequences of the 5hmC marker in 

Holliday junctions, exploring 5hmC’s potential for specific recognition by proteins.  Furthermore I 

discuss a conserved sequence and structure in vertebrate EndoG that provides an explanation for 

how EndoG specifically recognizes 5hmC DNA.  Lastly, I found that EndoG prefers Holliday 

junctions to duplex DNA as a substrate.  This implies EndoG has a potential function as a 

resolvase in addition to promoting recombination via introducing double strand breaks.  EndoG 

recognizes 5hmC in the junction context as well as the duplex context, and so we expect EndoG 

and 5hmC may have multiple roles in the recombination machinery.          	

 

Single non-covalent interaction energies can be isolated from crystallographic structures to 

compare the stability of Holliday junctions in solution	

 The Holliday junction is an optimal system for isolating and comparing single bond 

energies from crystallographic and differential scanning calorimetry data.  We constructed 
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identical junctions differing by only one changed nucleotide, and we used crystallography to 

validate that the changed nucleotide only impacted the structure at the junction core.  Differential 

scanning calorimetry (DSC) was used to obtain melting energies for each entire molecule, and 

subsequent subtractions allowed the removal of all identical energies between the junctions.  The 

remaining energy reflected only the difference between the original and changed nucleotide, and 

was thus a description of the relative stability of each nucleotide for the junction.  Energies 

determined from single crystals matched those obtained by DSC, confirming that the 

crystallographic structure was representative of solution state junction analytes.  In chapter 2 we 

validated this method of obtaining specific bond energies through combined crystallography and 

DSC on a junction system designed to study the structure and energetic consequences of halogen 

bonds.  In chapter 3 we applied the validated method to learn about how 5hmC impacts the 

structure and stability of Holliday junctions relative to canonical junctions stabilized by cytosine.      	

	

5hmC stabilizes Holliday junctions and causes structural and thermodynamic changes that 

provide possibilities for direct or indirect readout mechanisms	

 5hmC is able to stabilize Holliday junctions and is structurally unique from C-stabilized 

junctions.  In chapter 3 we described the structure of the 5hmC junction and find that the hydroxyl 

replaces the typical cytosine amine donor in the H-bond to the phosphate backbone.  The 5hmC 

junction is -1.5 kcal/mol more enthalpically stable than the C junction, but suffers an entropic 

penalty, which cumulates in the same G of melting.  The 5hmC hydroxyl typically favors an out-

of-plane rotamer conformation relative to the nucleotide ring, but adopts a dominant planar 

geometry in the junction to accommodate the H-bond.   	
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5hmC also induces a global change to the junction structure and dynamics.  The 

measurements Jroll and Jtwist describe the relative angles between the two duplex arms of the 

junction, and we observed an increase in those measurements for the 5hmC junction.  The two 

junction arms are being pushed apart, which exposes the junction core for protein recognition.  

The residues involved in the 5hmC···phosphate H-bond display more conformational entropy 

(measured by crystallographic B-factors) compared to the canonical C···phosphate H-bond.  The 

decreased entropy measured by DSC likely indicates constrained solvent entropy associated with 

the modified base.  Overall, the conformational entropy and change in junction shape provides a 

mechanism for indirect readout of the 5hmC by a protein, perhaps EndoG. 	

	

Endonuclease G preferentially cleaves Holliday junctions 	

 In chapter 4, we have revealed the first evidence of EndoG having high affinity for 

Holliday junctions.  We discover that, in fact, EndoG has a higher activity on junction DNA than 

duplex DNA with a 40% increase in cleaving efficiency.  This finding is congruous with the 

multiple recombination contexts that employ EndoG, and implies a role for EndoG as a resolvase.  

We further probed the interaction with inactive EndoG to isolate the binding affinity from the 

cutting efficiency, and found that inactive EndoG binds junctions with a Kd of approximately 

1.6µM, compared to the duplex binding Kd > 100µM.    EndoG specifically produces unique 

cleavage products from 5hmC-junctions.  EndoG cleaves 5hmC junction to resolve the junction into 

two duplexes, while C junction is cleaved into smaller fragments.  Previous descriptions of 

EndoG included cleavage of 5hmC and G/C rich duplex DNA, but we have expanded that to 

include 5hmC- and C-junction DNA as substrates.   	
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Vertebrate EndoG has a unique structure to recognize 5hmC  

 We have solved the single-crystal structure of EndoG from mouse and found a helix to 

loop conversion that could provide a mechanism for recognition of 5hmC. This structural 

perturbation (relative to the invertebrate EndoG homologues) is a consequence of a two amino 

acid deletion in the sequence that is conserved for all vertebrate EndoG sequences. Although 

mouse EndoG crystallized without DNA, the structure reveals all catalytic and DNA backbone-

binding residues are conserved with the published C. elegans structure that does contain DNA.  

This implies the mouse and C. elegans proteins bind DNA in the same position, and we can 

model the DNA positioning based on the C. elegans structure.  In the mouse EndoG structure, 

Cys 110 and Ala 109 are both positioned to contact the bases of the bound nucleotides, and 

therefore confer an ability to sense and select the DNA sequence bound.  Particularly, the Cys 

110 residue is perfectly positioned to form an H-bond with the 5-position of a pyrimidine 

nucleotide bound n+2 downstream from the cleavage site.  This implies a perfect opportunity for 

EndoG to select for 5hmC in the binding site.  As this two amino acid deletion is conserved for all 

vertebrates, we expect they all contain this shifted loop and are able to sense the sequence of the 

bound DNA.  5hmC is only present in vertebrate DNA, and we propose that vertebrate EndoG 

coevolved to recognize 5hmC as it appeared.        	

	

 In this work we have begun to uncover the mechanism of how 5hmC and EndoG interact 

to regulate recombination, however, some questions persist.  Future studies will investigate 

whether 5hmC may provide an augmented kinetic energy barrier in the model for recombination 

described by sequenced-based pausing of a migrating Holliday junction.  We have described the 

thermodynamics of static stacked-X 5hmC-junctions, but it would be interesting to investigate the 
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kinetics of conversion between stacked-X and open-X junctions containing 5hmC.  Furthermore, 

we will continue to learn about the binding relationship between EndoG and 5hmC in junction and 

duplex contexts.  We have uncovered the mechanism by which vertebrate EndoG is able to sense 

the sequence of its substrate, and the next step is to further probe how EndoG interacts with a 

variety of sequences.  The expectation is that mouse EndoG most favorably interacts with 5hmC 

via the conserved contacting Cys110, but perhaps other nucleotides are also tolerated in this 

position, despite a thermodynamic penalty.  EndoG has long been known to preferentially cleave 

G/C rich sequences, and the reasons for this are still unknown.  It may be an indirect readout 

feature of the DNA, or an increased prevalence of 5hmC in G/C rich genomic regions.  Future 

studies will also clarify the reason for EndoG’s preference to bind junction DNA.  Our current 

hypothesis is that junction DNA more readily accommodates the curved positive binding surface 

of EndoG, but this has not been confirmed.  In conclusion, this work has begun to answer many 

questions about how 5hmC and EndoG interact to promote recombination.  The hope for the 

future is to continue building the foundational understanding of recombination so it can be 

controlled to develop better disease treatments and biotechnology for research.                 	
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