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ABSTRACT  

DNA repair processes are crucial for the growth and survival of all organisms. This is especially true 

for organisms, that inhabit extreme habitats, like the Antarctic Dry Valleys. The Dry Valleys are one of 

the coldest and driest desert environments on Earth. The conditions in the Dry Valleys, including high 

levels of UV radiation, low temperatures, multiple daily freeze-thaw cycles, desiccation, and low 

nutrient levels, are highly damaging to the genomic DNA of the organisms inhabiting them. The Dry 

Valleys are dominated by microorganisms, which have a range of adaptations to survive in this extreme 

environment. Previous studies focus largely on the metabolic adaptation of Dry Valley inhabitants. In 

this thesis, the DNA repair machinery of bacteria in the Dry Valleys was examined to determine how 

organisms survive the DNA-damaging conditions. 

Our understanding of DNA repair and replication in bacteria pathways is largely based on studies of 

isolated organisms and pathogens, which have been extensively studied. Methods such as metagenomic 

sequencing allow us to find novel proteins from currently unculturable organisms. In a search for novel 

DNA repair proteins in bacterial metagenomes from the Dry Valleys, two unique nuclease proteins 

were chosen for structural and biochemical characterisation. One of these nuclease proteins belongs to 

the currently uncharacterised protein domain UPF0102. This protein is distantly related to the archaeal 

Holliday junction resolvases and is a Type II restriction endonuclease type protein. The activity of DV-

Hjc and the UPF0102 domain was characterised in vitro using biochemical assays and in vivo in E. coli 

knockout cells. Biochemical characterisation of the protein showed that the protein has strong binding 

affinity with double-stranded DNA substrates and Holliday-junction mimicking substrates. The 

structure of the protein was determined via X-ray crystallography at a resolution of 0.9 Å and structural 

features were related to its activity, revealing an extensive DNA binding surface and an active site 

similar to that of archaeal Holliday junction resolvases. The second nuclease characterised in this thesis 

is part of a unique nuclease-ligase fusion protein and belongs to the nuclease group of MBL-β-CASP 

proteins. The biochemical characterisation of the protein showed its ability to bind and cleave DNA, 

specific activity was observed with abasic site substrates. 
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1 CHAPTER ONE: INTRODUCTION  

1.1 DNA  

Genomic DNA (deoxyribonucleic acid) carries the genetic or hereditary information of living organisms 

from all domains of life. Therefore, its integrity is essential to the survival and proliferation of all 

organisms.  

DNA molecules consist of two polynucleotide chains that run antiparallel to each other forming a double 

helix (Figure 1, C) (Watson & Crick, 1953). The polynucleotide chains consist of four types of 

nucleotides: adenine, cytosine, guanine, and thymine (Figure 1, A and B). The four nucleotides consist 

of a nitrogen-containing base, a phosphate group, and a five-carbon sugar (deoxyribose) (Figure 1, A). 

In the case of RNA (ribonucleic acid), the five-carbon sugar is ribose. The nitrogenous bases differ 

between adenine, cytosine, guanine, and thymine. In RNA thymine is replaced by uracil. Cytosine, 

thymine and uracil are pyrimidine bases, which have a single pyrimidine ring with two nitrogen atoms.  

Adenine and guanine are purine bases, which consist of a pyrimidine and imidazole ring with four 

nitrogen atoms. Polynucleotide chains are formed by the nucleotides bound to each other through 

covalent bonds between the 5’hydroxyl group of the phosphate group of a nucleotide and the 3’ 

hydroxyl group of the sugar of the adjacent nucleotide. Hydrogen bonds between the nitrogenous bases 

of the nucleotides in the polynucleotide chains hold them together forming the DNA double helix 

(Figure 1, B and C). Based on canonical Watson–Crick base pairing adenine pairs with thymine and 

cytosine pairs with guanine in the DNA double helix (Watson & Crick, 1953). The two nucleotide 

chains run antiparallel to each other so there is a 3’hydroxyl from one strand and a 5’phosphate group 

from the other strand on each end of a DNA double helix. Because of the hydrogen bonds between the 

nucleotide bases, the nitrogenous bases face the inside of the double helix, and the phosphate backbone 

is located on the outside of the helix. The phosphorous groups in the phosphate backbone are negatively 

charged. This makes the overall charge of DNA double helices, and single DNA strands negative. The 

two grooves that run along the DNA double helix have different widths, the major grove is 12 Å wide 

and the minor grove is 6 Å wide. Both, the shape of the DNA helix with the major and minor groove 

and its charge are essential for the interactions of proteins with the DNA.  
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Figure 1: The basic structure of DNA.  
A: A single nucleotide is shown on the example of adenine with the phosphate group in the green rectangle, the deoxyribose 
sugar in the pink rectangle, and the nitrogenous bases (adenine) in the orange rectangle. The 1’ to 5’ carbons are indicated 
in grey.  
B: Four nucleotides forming two base pairs. Thymine (T) and adenine (A) form a base pair, and guanine (G) and cytosine (C) 
form the second pair. Pairing is facilitated by hydrogen bonds as indicated by the dotted lines between the nucleotide bases. 
Nucleotides are connected by phosphate bonds between the phosphate groups and sugars of adjacent bases (here: G and T, 
and A and C), which form the backbone of the DNA.  
C: DNA double helix generated in PyMol (Schrödinger), showing the major and minor grove and the 3’ and 5’ end of the DNA 

double helix. 

The integrity of the DNA can be compromised by damage to the DNA, which can arise from DNA 

damaging agents, replication errors and spontaneously. If damages are not repaired and replication 

occurs over the damage it can lead to mutations, which can cause heritable disease. Irreparable damages 

can also directly lead to cell death due to an inability to replicate DNA. Most damages, however, are 

repaired through different DNA repair mechanisms in the cell so that the genetic integrity is restored 

(Figure 2).  

The effects of mutations in the genome vastly range from rare beneficial ones which give a fitness 

advantage, to mutations with no effects, and finally to mutations causing disorders or disease-causing 

in multicellular organisms, or that are lethal in an individual cell. The effects of a mutation depend on 

its location in the genome. Mutations located within a gene, in the regulatory region of a gene or regions 

coding for non-translated RNAs have the greatest effects on the organism. Mutations in the regulatory 
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region of a gene can affect the gene's expression level (Krokan et al., 1997). This can be observed in 

bacterial strains under stress from antibiotic treatment, where mutations in the regulatory region of a 

gene coding for antibiotic-resistance genes cause upregulation of its expression leading to increased 

antibiotic resistance (McCallum et al., 2010). Mutations located within the gene, i.e. the protein-coding 

sequence, will change the gene’s transcript and more importantly it may change the protein’s amino 

acid sequence. Changes in the protein sequence are rare, but they are the underlying mechanism in the 

evolution of proteins. The change of a single amino acid in the sequence of a protein may not affect the 

protein, depending on the position of the amino acid in the protein structure or the amino acid change. 

For Escherichia coli a rate of beneficial mutations in the order of 10-9 per cell and a rate of deleterious 

mutations in the order of 10-4 per cell (Imhof & Schlötterer, 2001; Kibota & Lynch, 1996). While these 

mutation rates do not reflect the mutation rates of cells in their natural habitat, they give an idea of the 

ratio of deleterious to beneficial mutations, highlighting the importance of effective DNA replication 

and repair machinery to reduce the number of mutations in the genome.  

 

 

Figure 2: Overview of DNA damage, its repair and possible outcomes.  
DNA damage may occur due to DNA damaging errors, replication errors, or spontaneously. If unrepaired and replicated 
DNA damages can lead to mutations which may cause heritable mutations. Irreparable damage can cause cell death or may 
lead to mutations. If the DNA damage is repaired through a DNA repair pathway (Base Excision Repair (BER), Nucleotide 
Excision Repair (NER), MisMatch Repair (MMR), Non-Homologous End Joining (NHEJ) and Homologous Recombination 
Repair (HR) are named as a few examples) the DNA may be restored.  
The figure is inspired by that from Krokan et al. (1997). 

1.1.1 DNA Lesions 

As any other molecule, DNA can undergo chemical modifications leading to DNA damage. As per the 

definition of Chakarov et al. (2014) DNA damages are: “Any modifications in the physical and/or 

chemical structure of DNA resulting in an altered DNA molecule which is different from the original 
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DNA molecule concerning its physical, chemical and/or structural properties”. DNA modifying agents 

or spontaneous reactions can cause DNA damage. They can change the information encoded in the 

DNA or even modify it to a point where replication and translation are inhibited. Lesions may be limited 

to one of the DNA strands of a double-helix or include both strands. The most harmful type of DNA 

lesion is a double-stranded DNA break, which can be caused by breaking of the phosphodiester 

backbone on both strands of the DNA double helix (Figure 3, A). If unrepaired, double-strand breaks 

can lead to translocations, loss of chromosomal material, and cell death (Chapman et al., 2012; Kaina, 

2003; Lieber, 1998). 

Interstrand cross-links can form as a result of a DNA modifying agent, that produces covalent adducts 

on the nucleotide bases on both strands of the DNA (Figure 3, D). These bases then form a covalent 

bond and cross-link, resulting in the inability of the strands to be separated (Noll et al., 2006). Cross-

links may also form between bases on the same strand (Figure 3, F). Up to 90% of such lesions occur 

between guanine residues or adenine and guanine residues (Noll et al., 2006). If unrepaired inter- and 

intra-strand cross-links, interfere with or block genome replication and translation; thus, they can lead 

to mutations and cell death (Dronkert & Kanaar, 2001; Noll et al., 2006).  

Single-stranded DNA breaks are much less harmful than double-stranded lesions since a complete 

template strand remains intact. They are a common intermediate during DNA repair processes, but can 

lead to double-stranded breaks if they are not repaired (Figure 3, B) (Abbotts & Wilson, 2017). Abasic 

(apurinic or apyrimidinic) sites are the most commonly occurring single-stranded lesions in cells 

(Figure 3, E). The coding nucleotide base part of the DNA is missing in abasic sites, which can interfere 

with DNA replication and translation by blocking DNA polymerase and RNA polymerase, respectively 

(Abbotts & Wilson, 2017). If polymerisation is carried out over an abasic site by a DNA polymerase 

the wrong base may be incorporated since the template is missing for the base at the abasic site, which 

is a source of DNA mismatches. DNA mismatches can generally occur through the misincorporation of 

bases during DNA replication (Figure 3, G, i) or deamination of cytosine bases, causing the formation 

of uracil (Figure 3, G, ii). If not repaired, mismatches can change the information encoded and lead to 

genome mutations. Nucleotide modifications, which are often caused by alkylating and oxidating agents, 

can also lead to the misincorporation of bases during replication causing a mismatch (Figure 3, H). 

These agents can also modify the phosphodiester backbone of the DNA. The causes of DNA 

modifications will be discussed in more detail below. 
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Figure 3: Illustration of common DNA lesions.  
A: Double-stranded break. B: Single-stranded break. C: Bulky adducts. D: Interstrand cross link. E: Abasic site. F: 

Interstrand cross link. G: Base mismatch; i: guanine-adenine mismatch; ii: Uracil Mismatch. H: Base modifications shown 
on the example of 8-oxo guanine (left) and methylated cytosine (right). (Created with BioRender.com) 

1.1.2 DNA Damaging Agents 

DNA modifications can be caused by exogenous and endogenous factors; exogenous factors originate 

from outside the organism and endogenous factors originate from within the organism due to cellular 

functions. While their origin may differ, the agents resulting in DNA damage may be the same for 

exogenous and endogenous factors. Furthermore, DNA-damaging or genotoxic agents can be divided 

into physical and chemical agents. Common physical agents are UV light and other ionising radiation, 

and common chemical agents include oxygen radicals, spontaneous reactions, polycyclic aromatic 

hydrocarbons, and replication errors (Almeida et al., 2021). These agents can be more or less harmful 

by causing different DNA damages, as will be discussed in more detail in the following. 

Reactive Oxygen Species and Oxidising Agents  

The oxygen paradox describes the ambiguity between the absolute requirement of aerobic organisms 

for oxygen and the threat that oxygen-induced damages pose to those organisms (Davies, 1995). 

Reactive oxygen species, like the superoxide anion radical (O2
·−), hydrogen peroxide (H2O2) and 

hydroxyl radical (·OH), are a byproduct of aerobic cellular metabolism (Fasnacht & Polacek, 2021). 

Oxidative stress can also be caused by external stressors, like exposure to ionising radiation, which can 

deprotonate water to produce hydroxyl radicals (de Jager et al., 2017). Reactive oxygen species are a 
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major cause of DNA damage and hydroxyl radicals are especially reactive with DNA and pose the 

largest threat to its integrity (Collins, 2009). 

Reactive oxygen species can cause oxidation of the DNA molecule by adding oxygen atoms or 

removing hydrogen atoms from a DNA component. Oxidation may occur at the nucleotide base or on 

the DNA backbone. Modified nucleotide bases, abasic sites, single- or double-stranded DNA breaks 

and intra- and interstrand crosslinks may form as a result of DNA oxidation (Cadet et al., 2017; Cadet 

& Wagner, 2013; Devasagayam et al., 1991). Over 100 modifications to the nitrogenous bases and the 

deoxyribose sugars of nucleotides have been observed to date caused by oxidation (Cadet et al., 2012). 

The best-studied oxidative base damage is 7,8-dihydro-8-oxoguanine (8-oxo-G), which is often used as 

a biological marker for oxidative stress in cells (Figure 4, A) (Shih et al., 2019). Due to its low oxidation 

potential guanine is especially vulnerable to oxidative damage (Neeley & Essigmann, 2006). In the case 

of 8-oxo-G, the oxidative damage results from the addition of an oxygen-containing group at C8 and a 

proton at N7 of the nucleotide base (van Loon et al., 2010). which if unrepaired can lead to G·C→T·A 

transversion mutations (Figure 4, A) (Grollman & Moriya, 1993). This is caused by the erroneous 

incorporation of adenine opposite of 8-oxo-G by DNA polymerases during the DNA replication, as 

illustrated in Figure 4 (B).  

Repair machinery that directly reverses oxidised nucleotides exists in most cells, for example, in 

humans, the oxidised purine nucleoside triphosphatase, MTH1, hydrolyses a range of oxidised 

deoxynucleotide triphosphates to prevent their incorporation into a newly synthesised DNA strand 

(Nakabeppu et al., 2006). The mammalian 8-oxo-dG DNA glycosylase (OGG1) recognises an 8-oxo-

dG in DNA strands opposite of cytosine and it cleaves the bond between the base and sugar of the 8-

oxo-dG to produce an abasic site that is consequently repaired via the base excision repair pathway 

(Krokan & Bjørås, 2013; Rosenquist et al., 1997). 
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Figure 4: Illustration of possible effects of reactive oxygen species on DNA. 
A: Illustration of possible damage caused by reactive oxygen species on guanine. Guanine is oxidised to 8-oxo-guanine 

through oxidation of the 8’ carbon as highlighted by the orange rectangle.  
B: Possible outcomes of the oxidation of guanine to 8-oxoguanine. Reactive oxygen species (ROS) caused guanine oxidation 
to 8-oxo-guanine (indicated by the yellow star). Replication of 8-oxo-guanine leads to misincorporation of adenine opposite 
the 8-oxo-guanine. In the following round of replication, thymine will be incorporated in the place of the 8-oxoguanine 
leading to a G·C to T·A transversion mutation. (Created with BioRender.com) 

Alkylating/Methylating Agents 

Alkylating agents are electrophilic compounds that can introduce methyl or ethyl groups to the 

nitrogenous bases or the phosphodiester backbone through an attack of their nitrogen and oxygen atoms 

(Couvé et al., 2013; Mielecki et al., 2015). Methyl and ethyl groups are covalently bound to the DNA 

resulting from an attack by alkylating agents. Alkylation of the bases or phosphodiester backbone can 

have mutagenic effects if it causes incorporation of the wrong base opposite the alkylated base or 

cytotoxic effects if it disrupts DNA replication. There are exogenous and endogenous sources for 

alkylating agents (Mielecki et al., 2015).  

The most common nucleotide base lesions caused by alkylation are 7-methylguanine, 3-methyladenine, 

and O6-methylguanine (Figure 5) (Couvé et al., 2013).  If an unrepaired O6-methylguanine provides the 

template for the human pol β thymine is preferably incorporated into the newly synthesised strand 

(Singh et al., 1996). Therefore O6-methylguanine is likely to cause a G → A transition mutations (Singh 

et al., 1996). The same can be observed in prokaryotic cells (Wang & Wang, 2018). The DNA damage 



22  

  

caused by oxygen-alkylation can also lead to apoptosis and cell death, for example, due to replication 

stalling at an O6-methylguanine (Groth et al., 2010; Meikrantz et al., 1998). 

 

Figure 5: Methylated bases. 
A: 7’nitrogen methylated guanine. B: 3’nitrogen methylated adenine. C: 6’oxygen methylated guanine. 

UV Radiation 

DNA is the main cellular target of UV light. The longer wavelength UV radiation UV-A (315-400 nm) 

and UV-B (280-315 nm) are more damaging to DNA than the shorter wavelength UV-C radiation (<280 

nm). While shorter wavelength UV is more damaging, less UV-C reaches DNA due to it being absorbed 

by oxygen and the ozone layer in the atmosphere, making UV-B radiation the main UV radiation 

causing DNA damage.  

UV light is absorbed by DNA and can lead to the binding of carbon atoms of two pyrimidine bases, as 

shown in Figure 6. The most common UV photoproducts are cyclobutene-pyrimidine dimers followed 

by 6-4 photoproducts (Figure 6) (Goosen & Moolenaar, 2008; Kciuk et al., 2020). 6-4 photoproducts 

in double-stranded DNA can interact with the opposite strand and cause single-stranded breaks (Banaś 

et al., 2020). Both, cyclobutene-pyrimidine dimers and 6-4 photoproducts can block replication of the 

DNA strand by DNA polymerases (Chan et al., 1985). Therefore, they can lead to double-stranded 

break formation and cell death if replication is blocked. Additionally, UV radiation can cause DNA 

damage indirectly through the production of reactive oxygen species. 

Organisms have evolved a range of enzymes and repair pathways to repair damages caused by UV 

radiation. Enzymes specialised for the repair of UV-induced damages include photolyases, which 

directly reverse the covalent link between two pyrimidines of pyrimidine dimers, pyrimidine dimer-

DNA glycosylases, which remove the damaged nucleotide base from the deoxyribose sugar followed 

by its removal through base excision repair, and UV-damage endonucleases, which recognise both 

cyclobutene-pyrimidine dimers and 6-4 photoproducts and cuts 5’ to the damage (reviewed in Goosen 

and Moolenaar (2008)).  
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Figure 6: The effect of UV radiation on adjacent thymine bases. 
(A) leading to the formation of (6-4) photoproducts (B) and cyclobutane thymine dimers (C). 

Ionising Radiation 

Ionising radiation is a form of radiation, that carries enough energy to free an electron from the orbits 

of an atom. This can cause breaking of the bonds in a molecule, including the disruption of covalent 

bonds (Borrego-Soto et al., 2015). Short wavelength photons, including ultraviolet rays, X-rays, and 

gamma rays, carry enough energy to disrupt chemical bonds. Gamma-ray photons have the shortest 

wavelength and therefore, the highest amount of energy, making them the most damaging type of 

radiation. Other common types of ionising radiation are alpha, and beta, which mainly originate from 

decaying radioactive elements. Living organisms are exposed to low levels of background ionising 

radiation from the environment, that originates from natural radioactivity in rocks and soils.  

Ionising radiation, especially in high doses, can damage the DNA. 80% of this is caused by the 

production of reactive oxygen species, like hydroxyl radicals (OH), which can be produced by the 

ionisation of water molecules (Confalonieri & Sommer, 2011). These reactive oxygen species can lead 

to a variety of DNA lesions as described above. Approximately 20% of DNA lesions caused by ionising 

radiation are caused by the radiation itself. The transfer of high-energy particles or photons onto the 

DNA molecule breaks bonds in the DNA. This can generate single- and double-stranded DNA breaks 

if the ionising radiation breaks bonds in the phosphodiester backbone of the DNA (Borrego-Soto et al., 

2015; Cannan & Pederson, 2016; Enderle et al., 2019). Ionising radiation can also induce interstrand 

cross-link formation. This occurs specifically in mismatched regions of the DNA (Dextraze et al., 2010). 

By producing reactive oxygen species and causing DNA damage, ionising radiation can cause cell death 

and is even used for sterilisation purposes (Yusof, 2018). 

The bacterium Deinococcus radiodurans is known for its resistance to high levels of ionising radiation. 

It can survive an ionising radiation dose of up to 5 kGy, which is over 1000 times the lethal dose for 

humans (Byrne et al., 2014). D. radiodurans was discovered in a can of ground meat, which was treated 

with 4 kGy for sterilisation. The ionising radiation resistance of D. radiodurans is partially due to 

protection against the effects of reactive oxygen species and partially due to the DNA repair machinery 
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of the organism (Confalonieri & Sommer, 2011). This involves using adapted enzymes in conventional 

DNA repair pathways (Hassan & Gupta, 2018). How D. radiodurans survives these high ionisation 

levels and the associated DNA and protein damage is still not fully understood. 

Spontaneous Hydrolysis 

DNA is a biological macromolecule in an aqueous solution and as such, it can undergo spontaneous 

hydrolysis. This can lead to either the loss of an amine group from the nucleotide bases called 

deamination or the formation of an abasic (apurinic and apyrimidinic) site through spontaneous 

hydrolysis of the N-glycosylic bond. Abasic sites are one of the most common DNA lesions with around 

10,000 to 20,000 per human cell per day (Thompson & Cortez, 2020). Additionally to spontaneous 

hydrolysis, abasic sites are also formed as intermediates during multiple repair processes. 

Three of the four bases in DNA – cytosine, adenine, and guanine – have an amino group (-NH2) and 

they can lose this amino group, which is called deamination. Deamination can occur spontaneously but 

is enhanced by the interaction of DNA with DNA-damaging agents, leading to the formation of uracil, 

hypoxanthine, and xanthine from cytosine, adenine, and guanine, respectively (Figure 7). These 

deaminated bases are highly mutagenic. In the case of adenine, deamination and formation of 

hypoxanthine often leads to A·T → G·C transition mutations since hypoxanthine preferably binds to 

cytosine (Hill-Perkins et al., 1986). Deamination of adenine can also lead to other mispairing since 

hypoxanthine can hydrogen bond with adenine, cytosine and thymine in DNA (Hill-Perkins et al., 

1986). Deamination of guanine causes the formation of xanthine which preferably binds thymine, 

causing G·C → A·T transition mutations.  

Deamination of cytosine to uracil occurs more frequently compared to the deamination of adenine or 

guanine. Cytosine deamination forms uracil, which leads to G·C → A·T transition mutations (Kow, 

2002). Uracil nucleotides present in the DNA are detected by general glycosylases or the uracil-specific 

uracil-DNA glycosylase, which remove the uracil base to create an apurinic/apyrimidinic site and 

initiate the base-excision pathway (Yonekura et al., 2009). The main repair pathways for deaminated 

bases are base excision repair, initiation by the recognition of the lesion by glycosylases, and alternative 

excision repair, initiated through recognition of the lesion by endonuclease V (Kow, 2002). 
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Figure 7: Deamination of three nitrogenous bases. 
A: Cytosine to uracil, B: Adenine to hypoxanthine, and C: Guanine to xanthine. The place of deamination is indicated by the 
orange rectangle.  

Replication Errors 

Errors during DNA replication may occur due to base modifications caused by DNA modifying agents 

as discussed above, but they may also occur spontaneously due to the incorporation of the wrong 

nucleotide by DNA polymerases. The role of DNA polymerases is to synthesise new DNA strands from 

a template strand by incorporating the correct nucleotide as per the Watson and Crick base pairing rules. 

Most replicative polymerases have very high fidelity and only incorporate the wrong base once per 

every 108 to 1010 nucleotides polymerised. This high fidelity is partially due to their proofreading ability 

(Fijalkowska et al., 2012).  

Replication errors may also lead to the formation of double-stranded breaks. When a polymerase 

encounters a DNA lesion during DNA replication, like bulky lesions, oxidative lesions, abasic sites, 

inter- or intra-strand cross-links and single-stranded breaks, it can lead to stalling of the replication 

causing collapse of the replication fork (Cannan & Pederson, 2016; Pfeiffer et al., 2000). When this 

occurs, the leading strand may anneal to the lagging strand forming a Holliday-junction-like structure, 

called a ‘chicken foot’. The ‘chicken foot’ can be cleaved by Holliday junction resolving enzymes 

creating double-stranded breaks (Cannan & Pederson, 2016). Alternatively, double-stranded breaks can 

be caused by defects in the maturation of Okazaki fragments (Pfeiffer et al., 2000).  
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Figure 8: Creation of double-stranded DNA breaks by stalling of the replication fork. 
A: The replication fork stalls due to a polymerase encountering a damaged DNA base. Stalling is indicated by the stop sign. 
B: Annealing of the leading and lagging strand forming a Holliday-junction-like DNA conformation called a “chicken foot”. 
C: DNA replication may continue from the annealed leading and lagging strand until the end is reached. The “chicken 
food” is cleaved by a Holliday junction resolving enzyme (indicated by the red arrows). 
D: The two double strands dissociate, and a double-stranded break is present on the upper double-strand. This figure was 
adapted from Cannan and Pederson (2016)  

1.1.3 DNA Lesion Repair 

The DNA lesions described above threaten the integrity of an organism’s genome. Therefore, organisms 

have developed a range of DNA repair pathways to repair those lesions and protect the information 

contained in the genome. Some of the best-studied repair pathways are base excision repair, nucleotide 

excision repair, mismatch repair, non-homologous end joining and homologous recombination, which 

will be described below. The repair pathway chosen for repair depends mainly on the type of damage. 

Direct Reversal 

Certain types of DNA damage, specifically DNA lesions resulting from alkylation, UV and cross-

linking agents, may be directly reversed through direct reversal repair. This is the simplest DNA repair 

pathway, as it does not involve incision of the DNA backbone and synthesis of a new DNA strand, 

making it an error-free repair pathway. A single enzyme usually carries out the direct reversal of DNA 

adducts. Photolyases, O6-alkylguanine-DNA alkyltransferases and AlkB family dioxygenases are the 

major groups of enzymes known to be involved in direct reversal (Figure 9). 
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For example, photolyases can directly remove photoproducts like cyclobutane pyrimidine dimers and 

pyrimidine pyrimidones (6–4) photoproducts, as shown in Figure 9 (A). Cyclobutane pyrimidine dimer 

(CPD) photolyases use light and FADH- to repair cyclobutane pyrimidine dimers, as shown in Figure 9 

(A) (Brettel & Byrdin, 2010).  

The alkylation of nucleotide bases can be directly reversed through the activity of alkyltransferases. In 

bacteria DNA damage by alkylating agents triggers the Ada response. The Ada response causes 

increased expression of four proteins, Ada (methyltransferase), alkB (dioxygenase), alkA (DNA 

glycosylase) and aidB (Nieminuszczy & Grzesiuk, 2007).  Ada is an O6-methylguanine-DNA-

methyltransferase and is part of the O6-alkylguanine-DNA alkyltransferase group. Ada removes the 

methyl group from the methylated bases O6-methylguanine and O4-methylthymine (Figure 9, B) 

(Nieminuszczy & Grzesiuk, 2007; Sedgwick & Lindahl, 2002). Ada removes the methyl group from 

the guanine by transferring it from the O6 of the base to a conserved cysteine residue in its active site 

(Tano et al., 1990; Yu et al., 2019). O6-methylguanine preferably pairs with thymine during DNA 

replication, therefore removal of the methyl group from O6-methylguanine by the methyltransferase 

prevents a possible G·C to A·T transversion mutation (Gutierrez & O'Connor, 2021). While DNA 

lesions caused by alkylation can be removed via mismatch and nucleotide excision repair, it has been 

shown that the removal of O6-methylguanine via O6-alkylguanine DNA alkyltransferase enzymes is 

more important (Taira et al., 2013).  

Another example is the E. coli AlkB dioxygenase (or 1meA/3meC-DNA dioxygenase), which catalyses 

the removal of methyl groups from nitrogen atoms from 1-methyladenine and 3-methylcytosine (Figure 

9, C) (Sedgwick et al., 2007). Both of these have a methyl group on a nitrogen atom in the ring structure 

of the nucleotide base. These lesions and their repair by AlkB only occur in single-stranded DNA due 

to the hydrogen bonds, which the nitrogen atoms involved form with the bases in the complementary 

DNA strand (Bodell & Singer, 1979; Dinglay et al., 2000).  
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Figure 9: General mechanisms of direct reversal of modified DNA bases.  
A: Reversal of the cyclobutane pyrimidine dimer or (6-4) photoproducts to by photolyase in a light- and FADH-- dependent 
process. 
B: Reversal of O6-methylguanin to guanine by an alkyltransferase protein. 

C: Reversal of 3-methylcytosine to cytosine by a dioxygenase enzyme (Yi & He, 2013) 

Polymerase Proofreading 

If the wrong nucleotide base is incorporated by a polymerase during DNA replication, it can be repaired 

directly through the proofreading ability of some polymerases. DNA polymerases can have 3’ to 5’ 

and/or 5’ to 3’ exonuclease activity. Multiple of these polymerases have been identified. The 5’ to 3’ 

exonuclease in polymerase proteins removes RNA primers, while the 3’ to 5’ exonuclease served in the 

proofreading function. This proofreading allows for high-fidelity DNA replication.  

DNA polymerase I (PolI) from E. coli was the first DNA polymerase to be discovered (Lehman, 2003). 

PolI is a monomeric protein with three enzymatic activities: polymerase activity, 3’ to 5’ exonuclease 

activity, and 5’ to 3’ exonuclease activity (Brutlag et al., 1969; Klenow & Henningsen, 1970; Ollis et 

al., 1985). The main function of PolI is the processing of Okazaki fragments and DNA fragments during 

DNA repair (Nagata et al., 2002; Okazaki et al., 1971). DNA PolI 3’ to 5’ exonuclease activity is 

dependent on two metal ions and four acidic amino acid residues are involved in the binding of those 

(Beese & Steitz, 1991; Derbyshire et al., 1991). DNA Polymerase III has been identified as the main 

polymerase for DNA replication in prokaryotes. This protein has a 3’ to 5’ proofreading exonuclease 
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subunit. This subunit allows for the removal of non-complementary nucleotides that may be 

incorporated by the polymerase during DNA replication. Mutations in the exonuclease subunit of PolIII 

lead to a loss of the proofreading function of PolIII, and a significant increase in the error rate during 

DNA replication (Fijalkowska & Schaaper, 1996; Lehtinen & Perrino, 2004).  

Base Excision Repair  

Base excision repair is an important DNA repair process for the prevention of mutations being 

introduced into the genome through different small DNA lesions, like methylated, alkylated, oxidised, 

abasic sites, mismatched nucleotides and DNA crosslinks (Krokan & Bjørås, 2013; Wozniak & 

Simmons, 2022). This pathway is highly conserved and exists in both eukaryotes and prokaryotes and 

generally follows similar steps in all organisms, which are shown in Figure 10 (Wallace, 2014).  

Short patch base excision repair starts with the recognition and excision of the damaged base by a 

damage-specific glycosylase. The discovery of the E. coli uracil-DNA glycosylase was the first step in 

the characterisation of the base excision pathway (Lindahl, 1974). Uracil-DNA glycosylase removes 

uracil bases in DNA strands that are produced through cytosine deamination. To remove the modified 

base the glycosylase cleaves the N-glycosidic bond between the base and the deoxyribose group of the 

nucleotide. This creates an abasic site in the DNA strand, which is recognised by an AP endonuclease, 

that creates a cut next to the AP site (Pearl, 2000). Some glycosylases also exhibit AP endonuclease 

function, so the same enzyme carries out both steps. The AP-endonuclease creates a free 3’OH and a 

5’deoxyribose-phosphate group in the strand. RecJ exonuclease removes the 5’ terminal residue to 

create a substrate for re-synthesis of the DNA strand by a DNA polymerase. Finally, a DNA ligase fills 

the nick resulting in a repaired DNA strand (Dianov & Lindahl, 1994). 

While the steps are generally the same, the mechanism and machinery used for base excision repair 

depend on the DNA glycosylase that carries out the first step and therefore, depends on the type of 

lesion (Krokan & Bjørås, 2013).  
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Figure 10: Illustration of the general base excision repair pathway steps.  
Starting on the top left with an intact double-stranded DNA, that is damaged resulting in a damaged base (indicated by the 
yellow nucleotide). A glycosylase enzyme removes the damaged base creating an abasic site (top right). An AP endonuclease 
creates a nick near the abasic site (bottom right). RecJ exonuclease creates a substrate suitable for polymerisation (bottom 

left) and ligation to create intact double-stranded DNA (top left).  
This illustration was adapted from that of David et al. (2007). (Created with BioRender.com) 

Nucleotide Excision Repair  

Nucleotide excision repair is a DNA repair mechanism conserved across all domains of life. Nucleotide 

excision repair starts with the detection of the damage, which in prokaryotes is carried out by UvrA, 

which moves along the DNA double-strand to search for DNA damage. Upon DNA lesion recognition, 

UvrB is recruited to UvrA in an ATP-dependent delivery process. UvrA and UvrB form a heterodimeric 

protein-DNA complex (Orren & Sancar, 1990; Verhoeven et al., 2002). After recognition of the damage 

by UvrB, UvrA dissociated from the UvrAB-DNA complex so a UvrB-DNA pre-incision complex can 

form (Orren & Sancar, 1990). The UvrC protein binds to this complex and creates a cut four nucleotides 

in the 3’ direction and seven nucleotides in the 5’ direction of the damage. UvrC is removed by the 

UvrD helicase along with the nucleotides in the incisions, creating a gap of twelve nucleotides in the 

DNA, where the damage was located (Caron et al., 1985). DNA polymerase I re-synthesises the excised 

12 nucleotides allowing for the dissociation of UvrB (Caron et al., 1985; Husain et al., 1985). Finally, 

the nick created by the polymerase reaction is sealed by a DNA ligase.  

Mismatch Repair 

The goal of mismatch repair is to correct incorrect base pairs. As mentioned above, per Watson–Crick 

base pairing rules, in DNA adenine pairs with thymine and cytosine pairs with guanine. If base pairs do 

not follow this pattern, it is a DNA mismatch. Mismatches can be caused by errors during DNA 

replication, incorporation of RNAs into a DNA strand, spontaneous deamination or through the activity 

of DNA modifying agents (Rossetti et al., 2015). Unrepaired mismatches cause mutations in the cell’s 

genome and can be passed on to the next generation. Mismatch repair is an important DNA repair 

mechanism and in its absence, mutation rates can increase up to 1000-fold (Iyer et al., 2006).  
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Mismatch repair follows the same steps in all prokaryotes and eukaryotes: mismatch recognition, 

incision, nucleotide removal, nucleotide re-synthesis, and ligation (Fukui, 2010). This process can be 

carried out by different pathways using different machinery. One well-studied pathway is the MutHLS 

mismatch repair pathway found in E. coli, shown in Figure 11.  

E. coli methyl-directed mismatch using the MutHLS pathway was first described by Wagner and 

Meselson (1976) and has been reviewed many times since (Kunkel & Erie, 2005; Li, 2008; Modrich, 

2016; Reyes et al., 2015). The process starts with mismatch recognition by the MutS homodimer, which 

forms a complex with the DNA (Su & Modrich, 1986). MutS recognises a range of mismatches, which 

allows for the repair of different wrongly paired bases. The MutL homodimer binds to the MutS-DNA 

complex in an ATP-dependent process (Figure 11, A) (Grilley et al., 1989). The DNA is then looped in 

a search for a hemimethylated d(GATC) restriction site near the 3’ or 5’ of the mismatch, this can be 

up to 1000 bases from the mismatch (Allen et al., 1997). The d(GATC) site of the newly synthesised 

strand is not methylated, which allows for the identification of the newly synthesised and therefore, 

error-containing DNA strand (Pukkila et al., 1983; Wagner & Meselson, 1976). When the restriction 

site is found MutH restriction endonuclease is recruited, which creates a cut at the d(GATC) site (Figure 

11, B) (Au et al., 1992). UvrD helicase unwinds the DNA double-strand starting at the break produced 

by MutH towards the mismatch. A 3’ to 5’ or 5’ to 3’ exonuclease (RecJ, ExoI, ExoVI, ExoX), 

depending on the orientation of the restriction site to the damage, degrades the unwound strand from 

the cut and creates a gap until approximately 100 nt bases past the damaged base (Figure 11, C) (Cooper 

et al., 1993; Grilley et al., 1993). The generated single-stranded DNA is bound by a single-stranded 

binding protein (SSB) to prevent nuclease degradation. The gap is then filled by DNA polymerase III, 

which re-synthesizes the strand (Figure 11, D). The repair is completed by ligation of the nick between 

the old and newly synthesised strand to produce a repaired double-stranded DNA (Figure 11, E).  
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Figure 11: Overview of the E. coli mismatch repair pathway MutHLS.  
A: Double-stranded DNA with a mismatch (indicated by the yellow star). The damage is recognised by MutS and bound by 
MutL. DNA strand methylation is indicated by CH3.  
B: MutH is recruited and creates a cut at the GACT restriction site of the unmethylated strand. 
C: The double strand is unwound by UvrD. The damaged strand is removed by an exonuclease. The single strand is 
protected by single-strand binding proteins (SSB). 
D: The damaged strand is newly synthesised by a polymerase. 

E: The newly synthesised strand is joined to the original strand by a DNA ligase resulting in a repaired DNA double strand. 

Double-Stranded Break Repair 

Double-stranded breaks are one of the most deleterious types of DNA damage. Therefore, organisms 

have a range of repair pathways, specifically for the repair of double-stranded breaks. These include 

homology-directed recombination-mediated repair, canonical non-homologous end joining, alternative 

end-joining (also referred to as microhomology-mediated end joining) and single-strand annealing. The 

repair pathway choice is affected by the cell cycle phase. Homologous recombination repair can only 

be carried out when a homologous template is present in the cell. It is therefore restricted to cell cycle 

phases where a second genome is present. The use of non-homologous end-joining, alternative end-

joining versus single-strand annealing is thought to be determined by the length of the resection at both 

ends of the double-stranded break (Bhargava et al., 2016). 
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Non-Homologous End Joining  

Non-homologous end joining is a pathway for the repair of double-stranded breaks, that does not require 

the presence of a homologous DNA template. It was thought that this pathway exists only in eukaryotes, 

but non-homologous end-joining specific genes have been identified in some archaea and bacteria 

(Aravind & Koonin, 2001; Bowater & Doherty, 2006; Doherty et al., 2001; Weller et al., 2002). In 

prokaryotes with non-homologous end-joining, the pathway is initiated by binding by the Ku protein 

homodimer to both ends of the double-stranded break (Figure 12, A). The Ku homodimer is a 

homologue of the eukaryotic Ku 70/80 heterodimer. The Ku homodimer brings the ends of the break 

together and facilitates hybridisation of the DNA overhangs, if possible. It recruits the LigD ligase 

protein, which is a multifunctional ligase protein with nuclease and polymerase function, to the break 

(Figure 12, B) (Öz et al., 2021; Weller et al., 2002). At the end of the breaks, LigD can create 3’ 

overhangs through its nuclease activity (Amare et al., 2021). Through the LigD polymerase activity, 

single-stranded overhangs can be extended and are ligated through the LigD ligase activity at the break 

interface (Amare et al., 2021). In eukaryotic organisms, the function of LigD is carried out by multiple 

proteins, including a polymerase (polmu and lambda), nuclease (Artemis:DNA-PKcs), 

kinase/phosphatase (PNK), and a ligase (DNA ligase IV) (Lieber, 2010). 

Non-homologous end joining is the only double-stranded break repair pathway that does not require an 

annealed intermediate before ligation of the two double-strands can occur. If the ends of the double-

stranded break are processed by nuclease or polymerase activity, nucleic acids may be deleted from or 

added to the original sequence, as indicated in Figure 12 (C). This can lead to genome mutations. 

Because of this, non-homologous end-joining is often referred to as the more error-prone double-

stranded repair pathway. However, Bétermier et al. (2014) argue that it is not necessarily an error-prone 

mechanism, but rather one that can adapt to double-stranded break ends that are not fully 

complementary and maximise the annealing process since an annealed intermediate is not required. 

This is unlike single-strand annealing and alternative non-homologous end-joining processes, which 

both require an annealed intermediate. If the ends of the double-stranded break are directly ligatable, 

non-homologous end-joining can lead to error-free repair (Chang et al., 2017). Nonetheless, non-

homologous end-joining is more error-prone than the error-free homology-directed recombination-

mediated repair. 
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Figure 12: Illustration of the non-homologous end-joining repair pathway for double-stranded breaks. 
A: A double-stranded break is created in a DNA strand and the Ku homodimer binds both ends of this break. 
B: LigD is recruited to the site of the damage and through its nuclease, polymerase and ligase activity the break is repaired. 
C: If nucleotides are removed from either side of the break this can lead to deletions (i). Nucleotides can be added to either 
side of the break by the polymerase function of LigD (ii) (Chang et al., 2017)  

Single-Strand Annealing and Alternative End-joining 

Single-strand annealing and alternative end-joining, like non-homologous end joining do not require 

the presence of a homologous DNA template repairing double strands (Bhargava et al., 2016). Both 

require resection to generate a 3’ ssDNA at the ends of the break, but the extent of the resection differs 

between the two. For single-strand annealing to be possible at least approximately 50 nucleotides on 

each side of the double-stranded break must be homologous. Alternative end-joining only requires 

homology between a few nucleotides of the double-stranded break ends. These homologous regions 

then anneal. The annealed intermediate is prepared for ligation by an endonuclease, which cleaves non-

homologous single-stranded tails. A polymerase fills in gaps if any are present. The final step is the 

ligation of the intermediate to form an intact DNA double strand. The single-strand annealing process 

is inherently mutagenic and can lead to the loss of multiple thousands of bases. Alternative end-joining 

is also mutagenic and creates a deletion at or near the site of the break (Bhargava et al., 2016).  

Homology-Directed Recombination-Mediated Repair 

Homologous or template-directed recombination repair allows error-free repair of double-stranded 

breaks (Kowalczykowski, 2015; Yeeles & Dillingham, 2010). It requires the presence of a homologous 

DNA strand as a template and is therefore not possible in every stage of the cell cycle. Homologous 

recombination is the only repair pathway for a double-stranded break that allows for error-free repair 

of the break. Mechanisms for homologous recombination exist in Prokaryotes, Eukaryotes and Archaea 

(Li & Heyer, 2008).  
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In E. coli double-stranded break repair is mediated by the RecA protein and the RecCBD protein 

complex, as shown in Figure 13. Homologs for the RecA protein can be found in mammals, they serve 

the same function as RecA and are called Rad51 (Li & Heyer, 2008). The RecCBD protein has nuclease 

and helicase functions. It binds to double-stranded DNA ends, like those at a double-stranded break, 

and the RecB and RecD helicase subunits separate and unwind the DNA strands in both 3’ to 5’ and 5’ 

to 3’ direction (Dillingham et al., 2003; Phillips et al., 1997). The nuclease activity of the RecCBD 

complex can also create 3’ overhangs if the ends of the break are blunt (Chen et al., 1997). In the next 

step, the broken strands bind to homologous strands of a homologous DNA duplex. This is enabled by 

the RecA protein in E. coli and results in the formation of what is called the D-loop where the 

homologous double-stranded DNA unwinds to allow invasion by the broken DNA strands (Kim, 2018). 

The invading strands provide a 5’ end allowing for 5’ to 3’ synthesis by a polymerase to repair the break 

using the homologous strand as a template (Pavlov et al., 2006). After synthesis of the strands two 

complement and two coding DNA strands are present that are connected through two Holliday 

junctions. Holliday junctions are branched DNA structures. The Holliday junctions are resolved by 

Holliday junction resolving enzymes. In E. coli this is carried out by the RuvC, which creates 

symmetrical cuts at each side of the junction, as indicated in Figure 13 by the red arrows (Bennett et 

al., 1993; Matos & West, 2014). The resulting two nicked DNA duplexes are ligated resulting in two 

intact DNA duplexes (Matos & West, 2014). 

 

Figure 13: Illustration of the homologous recombination repair process in E. coli. 

A: DNA duplex with a double-stranded break (DSB) (pink) and a homologous DNA duplex (blue). 
B: End resection by RecCBD creating 3’ overhangs on the ends of the damaged DNA duplex. 
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C: Strand invasion is facilitated by RecA. The broken strand is re-synthesised by a DNA polymerase and nicks are ligated. 
Holliday junctions are resolved by the Holliday junction resolvase RuvC (indicated by the red arrows). 
D: Nicks created by RuvC are ligated resulting in two intact DNA duplexes. 

1.2 Nucleases 

As described above, DNA repair and replication pathways require many different enzymes. The key 

players in the replication and repair of DNA are polymerases, ligases, helicases and nucleases. 

Nucleases are phosphodiesterases that hydrolyse the bond between the sugar and phosphate groups of 

nucleic acids within oligonucleotides. They are a large group of enzymes and catalytic RNAs, that 

cleave the phosphodiester backbone of DNA or RNA polymers (Yang, 2011). They are indispensable 

for many processes, including DNA repair, replication and recombination, RNA processing, and even 

microbial defence mechanisms (Hsia et al., 2005; Yang, 2011). The focus here will be on their roles in 

DNA repair and maintaining the integrity of the genome.  

Due to the high diversity of nucleases, they can be classified in multiple ways. The first differentiation 

is usually made based on their activity as endo- and/or exonucleases. Endonucleases cleave the 

phosphodiester bond within a polynucleotide, while exonucleases cleave from the end of a 

polynucleotide and require a 5’ or 3’ end to hydrolyse the phosphate bond (Figure 14). Exonucleases 

can be further divided by the direction they cleave nucleotides from the DNA strand, into 5’ to 3’ end 

processing and 3’ to 5’ end processing exonucleases (Figure 14, ii and iii, respectively). Some nuclease 

proteins have both endo- and exonuclease activity. For example, the human abasic endonuclease Ape1 

has specific endonuclease cleavage activity 5’ to abasic sites, but it also has 3’ to 5’ exonuclease activity  

(Chou & Cheng, 2003; Li & Wilson, 2014; Wilson, 2003).  

 
Figure 14: Illustration of the difference between endo- and exonucleases. 
An intact single DNA strand on the top is cut by an endonuclease, which cuts within the DNA strand (i). Exonucleases cut 
nucleotides from the DNA strand in 5’ to 3’ direction (ii) or 3’ to 5’ direction (iii). 

Furthermore, nucleases may be classified based on their preferred substrate. While many nucleases have 

a broad substrate specificity, some have specific substrate requirements. They may catalyse the cleavage 

of DNA or RNA and more specifically single- or double-stranded DNA/RNA substrates (Yang, 2011). 
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They can be specific for DNA in helical or base-stacked conformation (Yang, 2011). Additionally, 

specificity for a specific sequence or DNA lesion may be present.  

For example, restriction enzymes are a group of sequence-specific endonucleases, which are common 

tools in molecular biology applications, specifically for molecular cloning, and because of this, they 

have been studied extensively (Di Felice et al., 2019). Restriction enzymes have been found mainly in 

bacteria. In vivo, restriction endonucleases protect bacteria against foreign DNA, specifically that from 

bacteriophages through the identification of the specific sequences by the enzymes (Alekseeva & 

Kuznetsov, 2023). Type II restriction enzymes are the best-studied restriction enzymes since they are 

the most useful restriction enzyme type for molecular biology applications (Loenen et al., 2014). Type 

II restriction enzymes cleave the DNA close to or within the recognition site. A well-studied Type II 

restriction enzyme is EcoRI, which was found in E. coli. (Pingoud et al., 2014) (Figure 15, A). Another 

example is the EcoRV restriction endonuclease, which was also discovered in E. coli. Unlike EcoRI, 

EcoRV produces blunt ends as shown in Figure 15 (B). 

 

Figure 15: Creation of sticky and blunt ends by restriction endonucleases. 
A: Creation of sticky ends by EcoRI. B: Creation of blunt ends by RecoRV. 

As mentioned above some nuclease enzymes create cuts at specific DNA damages. These enzymes are 

often involved in the repair processes. For example, AP endonucleases cut specifically at the abasic 

sites and are involved in the removal of abasic sites and the removal of other DNA lesions during base 

excision repair as described in Section 1.1.3. AP endonucleases can be found in bacteria, archaea, and 

eukaryotic organisms. The main AP endonuclease from E. coli, exonuclease III (AP endonuclease VI), 

for example, cleaves the DNA at the DNA 5’ to the abasic site in both double- and single-stranded DNA 

(Shida et al., 1996; Takeshita et al., 1987).  

Holliday junction resolvases are a group of nuclease enzymes that specifically cleave four-way DNA 

junctions. DNA junctions are common intermediates during DNA repair processes, like homologous 

recombination repair as described in Section 1.1.3. Holliday junction resolvases have been identified in 

organisms from all domains of life. Some of these enzymes exhibit sequence-specificity, including the 

E. coli RuvC, and Cce1 and Ydc2 from yeast mitochondria. Most Holliday junction resolvases 
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significantly distort the four-way junction to allow for substrate cleavage and they share a common 

structural feature of mixed α–β folds (Lilley, 2017). 

1.2.1 DNA Nuclease Reaction Mechanism 

There is not a high level of sequence conservation across nuclease proteins; however, the reaction 

mechanisms in which the cleavage of the phosphodiester backbone is carried out are fundamentally the 

same in all nucleases. In most cases, phosphodiester cleavage is carried out by general base-acid 

catalysis as described below. 

Cleavage of the phosphodiester backbone can occur at two positions of the phosphodiester bond, which 

is either at the 3’ oxygen or 5’ oxygen of the P-O bond (Yang, 2011). First, a hydroxyl group is required, 

which in many cases is generated by the deprotonation of water by a general base in the active site 

(Figure 16, 1.). This hydroxyl group carries out a nucleophilic on the bond between the 3’ or 5’ oxygen 

and phosphate causing the formation of an unstable penta-covalent intermediate (Figure 16, 2.). This 

intermediate is stabilised by cations in the active site (Figure 16, 3.). Finally, the leaving group is 

protonated by a general acid in the active site (Figure 16, 4.). 

 

Figure 16: General mechanisms of the hydrolysis of the phosphodiester bond between two nucleotides.  
1. Deprotonation of water by a general base (X) to generate a hydroxide (OH).  
2. Nucleophilic attack of the scissile bond by the hydroxide. 

3. Stabilisation of the pentacovalent intermediate by two cations (Y2+). 
4. Protonation of the leaving group by a general acid (Z). This figure was inspired by that from (Nishino & Morikawa, 
2002). 

The nucleophilic attack is often carried out by a hydroxyl group, which is produced via de-protonation 

by a basic side chain or a metal ion in the active site (Lovett, 2004; Yang, 2011). The hydroxyl group 

may also be provided by a histidine, serine or tyrosine side chain in the protein active site. Even the 

hydroxyl group of nucleotides or nucleic acids may serve for the hydrophilic attack (Yang, 2011). 

Many nucleases use cations in the active site to stabilise the negatively charged pentacovalent 

intermediate during phosphodiester bond cleavage. Often these cations are in the form of metal ions, 

that are held and positioned in the active site by aspartic acid, glutamic acid and histidine residues 

(Nishino & Morikawa, 2002). Commonly used metal ions are Mg2+, Ca2+, Mn2+ or Zn2+.  Nucleases use 

between zero and three metal ions in their active sites (Hamdan et al., 2002; Ivanov et al., 2007; Mol et 
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al., 1995; Sasnauskas et al., 2007). Two metal ion-dependent nucleases, as shown in Figure 16, are the 

most commonly found ones (Yang, 2011). For example, the active site of the restriction enzyme EcoRI 

consists of two acidic residues (Asp91 and Glu111), which are involved in the binding of metal ions in 

the active site, and a basic residue (Lys113), which stabilises the pentacovalent phosphorus intermediate 

during the cleavage of the phosphate backbone (Selent et al., 1992). 

1.2.2 DNA Binding 

Nuclease proteins usually have a large positively charged surface formed by basic residues. This 

positive surface allows for the binding of the protein to the negatively charged phosphodiester backbone 

of the DNA. DNA recognition and binding are often facilitated by DNA recognition loops in the protein. 

These loops are positively charged with a crescent shape that complements the shape and negative 

charge of the DNA (Mol et al., 2000). Proteins with sequence or damage specificity require additional 

binding features to recognise these idiosyncratic features in the DNA.  

For enzymes with sequence specificity, initial non-specific and loose binding to the DNA allows the 

enzyme to move along the DNA and scan for a specific sequence or damage (Nishino & Morikawa, 

2002). The loose binding interactions between the DNA and proteins are mainly electrostatic and allow 

linear protein diffusion along the DNA (Pingoud & Jeltsch, 2001). Once the target site of the protein is 

encountered the binding changes from non-specific to specific binding. Specific binding is characterised 

by a change in the protein and DNA conformations. This conformational change allows for more 

extensive binding interactions between the protein and DNA. The restriction enzyme EcoRV causes a 

particularly extensive conformational change in the DNA. Upon binding by EcoRV, the DNA bends 

around 50° (Winkler et al., 1993). The closer association between the protein and DNA allows for the 

orientation of the phosphodiester backbone of the DNA in the active site of the protein. Bendability and 

kinking of the DNA are important features that allow restriction enzymes to recognise specific DNA 

sequences (Rohs et al., 2010). 

Repair Nucleases 

Less is known about the binding of damage-specific nuclease proteins to DNA and how these proteins 

recognise the damage. Insertion of aromatic side chains into a DNA duplex and base flipping are two 

important factors allowing DNA repair enzymes to recognise DNA lesions (Nishino & Morikawa, 

2002). 

Base flipping is an important process in the recognition of DNA lesions by DNA repair proteins, 

including nucleases, glycosylases, photolyases and methyltransferases (Fuxreiter et al., 2002). Base 

flipping has been studied extensively in glycosylase enzymes, but can also be found in nuclease 
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enzymes, like AP endonucleases (Brooks et al., 2013; Mol et al., 2000; Shi et al., 2021). During base 

flipping the nucleotide is turned out of the DNA duplex or strand into the binding pocket of the protein, 

as shown in Figure 17 (Nishino & Morikawa, 2002). The abasic site-specific endonuclease Q (EndoQ) 

from archaea and bacteria, recognises the abasic sites and deaminated bases by a combination of base 

flipping and interactions between specific residues of the protein and the backbone of the DNA (Shi et 

al., 2021). The protein can cut both double- and single-stranded DNA by interactions with the scissile 

strand of the DNA. Basic side chains were shown to be important for DNA binding by the EndoQ 

protein (Shi et al., 2021). Another example is Endonuclease IV, which cleaves the phosphodiester bond 

5’ of abasic sites in double-stranded DNA. The crystal structure of the protein showed, that when 

Endonuclease IV binds DNA with an abasic, the damaged strand is bent approximately 90° so that the 

damage is facing the protein’s active site (Hosfield et al., 1999).  

 

Figure 17: Base flipping, shown with the example of the methyltransferase from Hha I and double-stranded DNA. 
The DNA is shown in blue and Hha I is shown in grey. The image was taken from https://atdbio.com/nucleic-acids-
book/Base-flipping.  

1.2.3 Nuclease Structure 

The amino acid sequences of nucleases are not conserved, apart from the catalytic site motifs, as 

described above. Structurally there is a lot more conservation across nuclease proteins, which allows 

for classification of nuclease proteins based on their structure. Nishino and Morikawa (2002) divided 

nuclease proteins into eight categories based on their structure: RNaseH-like, resolvase-like, restriction 

endonuclease, RecJ, metallophosphatase, DNasI, TIM β/α barrel, and His-Me finger nuclease-like fold 

(Table 1). Proteins belonging to the restriction endonuclease-like fold belong to the PD-(D/E)XK 

nuclease-like superfamily and share a common motif, which is part of the protein's active site (Nishino 

& Morikawa, 2002; Steczkiewicz et al., 2012).  It is important to note that although this categorisation 

may be helpful in some cases, many nuclease proteins do not fit into any of those categories.  

https://atdbio.com/nucleic-acids-book/Base-flipping
https://atdbio.com/nucleic-acids-book/Base-flipping
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Table 1: Structural categorisation of common nuclease proteins.  
This table was extended from that of Nishino and Morikawa (2002). 

Category Features Examples 

RNase-like fold 5-stranded β-sheet (32145) with flaking α-

helixes 

RuvC, RNaseH, ExoI 

Resolvase-like fold 5-stranded β-sheet (21345) with flaking α-

helixes 

FEN1 

Restriction 

endonuclease 

5-stranded β-sheet (12345) with flaking α-

helixes 

MutH, Hjc, T7 endoI, 

restriction endonucleases 

RecJ 5-stranded parallel β-sheet (21345), with 6 

flanking α-helices 

RecJ 

Metallophosphatases 2 β-sheets between α-helices Mre11 

DNaseI α/β sandwich ExoIII, Ape1, DNaseI 

TIM β/α barrel α8/β8 barrel structure EndoIV 

His-Me finger 

nuclease-like fold 

Core of β-hairpin flanked by two helices T4 endoVII, some nuclease 

colicins, Serratia nuclease 

1.3 Antarctic McMurdo Dry Valleys 

The Antarctic continent is one of the most isolated environments in the world, located almost centrally 

around the South Pole. Due to its location, the Antarctic summer and winter seasons vary extremely 

from nearly six months of complete darkness in the winter months to six months of continuous sunlight 

in the summer months at the most southern point of Antarctica. Over 95% of the Antarctic continent is 

covered with snow.  The McMurdo Dry Valleys (Dry Valleys from here on) are the largest permanently 

ice-free area of Antarctica (Bockheim, 1997). They are located between the Ross Sea and the Polar 

Plateau of Victoria Land Antarctica as shown in Figure 18. The Dry Valleys are one of the coldest and 

driest desert environments on Earth. They are characterised by large temperature fluctuations, and 

variability in light availability, low nutrient levels and water availability, and high levels of UV-B 

radiation (Cary et al., 2010). This makes the Dry Valleys one of Earth’s harshest and most extreme 

environments. Due to the present conditions, the Dry Valleys have been described as an analogue to 

Mars on Earth (Heldmann et al., 2013).  
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Figure 18: Location of the Antarctic McMurdo Dry Valleys.  
A: Map of Antarctica. The rectangle shows the McMurdo Sound region. 
B: Map of the McMurdo Sound region including the McMurdo Dry Valleys on the left. 
C: Image of the Dry Valleys.  
Images are taken from www.coolantarctica.com. 

The Dry Valleys largely consist of ice-free mineral soils with a few streams and lakes (Cary et al., 

2010). They cover an area of approximately 5000 km2. Due to the harsh conditions in the Dry Valleys, 

no animal or plant life is present, and the environment is dominated by microbes with a few mosses 

present in protected areas (Cary et al., 2010; Horowitz et al., 1972; Yung et al., 2014). Precipitation in 

the area is extremely low, ranging from 3 to 50 mm per year, mostly during the winter month and 

dominantly in the form of snow (Fountain et al., 2010). The temperatures in the Dry Valleys average at 

-20°C and the lowest temperatures are reached during the winter, where soil temperatures may be as 

low as -60°C. (Obryk et al., 2020). During the summer, the soil temperatures are above freezing for 25 

to 75 days and may reach 15°C to 27°C (Horowitz et al., 1972). The temperatures fluctuate frequently 

and can range from -15° to 27°C within 3 hours. Compared to other cold desert environments the Dry 

Valleys have notably lower levels of precipitation, organic carbon in the soils, and microbial biomass, 

which may be an indication of the hostility of this environment (Cary et al., 2010). 

High temperatures in the area lead to glacier melting, which feeds into streams that flow into basin lakes 

in the Dry Valleys (Figure 18, C). Those glacier melts are the largest source of water in the Dry Valleys 

http://www.coolantarctica.com/
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and most microbial life centres around those streams and lakes (Wlostowski et al., 2016). The lakes are 

permanently frozen and only partially melt around the edges of the lakes when soil temperatures 

increase above freezing. The surroundings of those lakes, where water availability is higher than in the 

rest of the Dry Valleys, are dominated by cyanobacteria. A layer of permafrost is present throughout 

the soils of the Dry Valleys. Between the permafrost layer and the top of the soil lays the active layer, 

which undergoes frequent freeze-thaw cycles (Bockheim et al., 2007). Due to the increased water 

availability in this layer microorganisms are most prevalent there (Cary et al., 2010).  

Microorganisms in the Dry Valleys 

Due to the extremely harsh conditions in Dry Valleys, it was thought that all life including microbial 

life was very limited. With more sophisticated methods for measuring microbial life in soil 

environments, including more sophisticated culturing and sequencing methods, it was clear that there 

are much higher levels of microbial biomass and diversity than expected (Cowan et al., 2002). The 16S 

and 18S rRNA sequencing revealed the presence of known and unique bacterial taxa in the Dry Valleys 

(Niederberger et al., 2008; Pointing et al., 2009; Smith et al., 2006). The Dry Valley soils are dominated 

by prokaryotic organisms with only a very low relative abundance of eukaryotic, mostly fungal, and 

archaeal taxa based on metagenomic data (Goordial et al., 2017; Le et al., 2016; Yung et al., 2014). The 

highly diverse bacterial communities are dominated by Actinobacteria, Proteobacteria, Cyanobacteria 

and Bacteroidetes (Le et al., 2016; Wei et al., 2016).  

The development of more high-throughput and less expensive sequencing techniques has made 

metagenomic analysis more accessible and popular for studying soil microbial communities and their 

function.  Metagenomics allows for cultivation-independent assessment of microbial communities and 

their metabolism and the discovery of novel biomolecules, including enzymes. Instead of culturing 

organisms for subsequent DNA sequencing, in metagenomic approaches, DNA is extracted directly 

from the environment and sequenced (Nam et al., 2023). Extraction of DNA especially from extreme 

environments like the Dry Valleys can be challenging due to the relatively low biomass present in the 

soil. However, it has been done for the Dry Valley soils as demonstrated by Chan et al. (2013), 

Niederberger et al. (2019), Tiao et al. (2012), and Lee et al. (2018). 

1.3.1 Microbial Survival in Cold Environments  

Psychrophily is the ability of an organism to survive and grow in cold conditions. There is no clear 

definition of the growth optima of psychrophilic and psychrotolerant organisms but they are often 

defined as follows (Casanueva et al., 2010; Cavicchioli, 2016). Psychrophilic organisms have optimal 

growth temperature at or below 15°C and a maximum growth temperature at or below 20°C. 

Psychrotolerant organisms can grow at temperatures below 15°C, however, they preferably grow at 
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temperatures between 20°C and 35°C. Permanently cold environments dominate the Earth's biosphere 

with over 80% and they are dominated by small organisms including bacteria, archaea, and small 

eukaryotes (Collins & Margesin, 2019; Rodrigues & Tiedje, 2008). The development of new tools, like 

metagenomics, allows for a better understanding of these communities of mostly unculturable 

organisms.  

Low temperatures often come with a range of other stressors, including freezing, an increase in oxygen 

availability causing an increase in reactive oxygen species, decreased solubility of solutes and nutrients, 

reduced levels of diffusion, and increased osmotic stress (Collins & Margesin, 2019; Tribelli & López, 

2018). The Dry Valleys and other cold environments have additional features, making them even more 

hostile. These include high levels of salinity, low levels of nutrients, freeze-thaw cycles, extremely low 

or high light exposure, high levels of UV radiation, and desiccation (Collins & Margesin, 2019). 

Therefore, organisms inhabiting these extreme environments must adapt to multiple stressors. The co-

occurrence of these stressors makes it difficult to decipher, which of them an adaptation in an organism 

is responding to. The main problems that organisms face as a result of low temperatures are a loss of 

membrane fluidity, freezing, ice-crystal growth, loss of protein, DNA and RNA stability, reduced 

reaction rates and reduced protein activity.  

A decrease in the cell membrane fluidity can interfere with the function of the membrane, which is 

important for transport and signalling, and transmembrane electrochemical gradient, which powers 

many cell functions (Strahl & Errington, 2017). Loss in membrane fluidity therefore leads to cell death 

and must be maintained at cold temperatures, which is generally achieved through modification of its 

fatty acid composition, by increasing the content of unsaturated fatty acids (Collins & Margesin, 2019). 

Adaptations in the fatty acid and phospholipid synthesis have been observed in multiple psychrophilic 

and psychrotolerant bacteria (Ayala-del-Río Héctor et al., 2010; Goordial et al., 2015; Koh et al., 2017; 

Methé et al., 2005; Raymond-Bouchard et al., 2018) and cold adaptive traits have been observed in 

proteins involved in fatty acid and phospholipid alterations and synthesis required to maintain cell 

membrane fluidity (Goordial et al., 2015).  

Temperatures below freezing can cause the formation of ice crystals in the cellular fluid as well as the 

environment of the cell. This can cause cryoinjury, cell rupture and cell death due to physical damage 

(Collins & Margesin, 2019). Ice crystal formation inside the cells can occur when temperatures drop at 

a fast rate like they do in the Dry Valleys. Ice crystal formation in the cellular fluid is lethal to cells, 

therefore, compatible solutes, ice-binding proteins, extracellular polymeric substances (EPS) and/or 

biosurfactants can be produced by cells to weaken the effects of freezing and stop ice crystal formation. 

The most commonly used compatible solutes are glycine betaine, trehalose, glycerol, sucrose, sarcosine, 

mannitol and sorbitol (Collins & Margesin, 2019) and glycine betaine, choline and sarcosine have been 
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identified in species from the Dry Valleys and Arctic permafrost bacteria (Goordial et al., 2015). In 

addition to preventing ice crystal formation inside the cells, compatible solutes also help to increase 

enzyme activity and stability (Zhao, 2005). Some organisms secrete extracellular polymeric substances, 

including complex sugar polymers, proteins and small amounts of nucleic acids, lipids, phenols and 

humic substances (Deming & Young, 2017). These help create a biofilm and allow the cells to shape 

their environment to prevent ice crystal formation around the cells (Deming & Young, 2017).  Ice-

binding proteins also prevent ice crystal formation in cells by binding to the surface of ice to inhibit its 

growth (Bar Dolev et al., 2016). They have been found in metagenomic sequences from the Dry Valleys 

and other Antarctic environments (Gilbert et al., 2004; Munoz et al., 2017).  

As a response to osmotic and oxidative stress, cold-adapted bacteria express a range of proteins specific 

to osmotic and oxidative stress response as well as general stress response proteins (Raymond-Bouchard 

et al., 2018). Additionally, it has been observed that oxidative metabolism is depressed at low 

temperatures to decrease the production of reactive oxygen species (Tribelli & López, 2018). 

To help with DNA and RNA stability and protein synthesis bacteria may have cold shock proteins. Cold 

shock proteins serve as nucleic acid chaperones at low temperatures and increase the stability of mRNA 

molecules at low temperatures to allow for protein synthesis to proceed (Heinemann & Roske, 2021). 

They also regulate transcription and translation by binding to single- and double-stranded DNA and 

RNA (Horn et al., 2007). Some cold shock proteins even aid in DNA repair through direct interaction 

with DNA repair proteins (Heinemann & Roske, 2021). Apart from cold temperatures, cold shock 

proteins have been shown to contribute to the stress response to osmotic, oxidative, starvation, and pH 

stress (Keto-Timonen et al., 2016). 

Since enzymes carry out all molecular cell functions it is important that they can catalyse reactions even 

at cold temperatures in psychrophilic and psychrotolerant organisms. The speed of all reactions is 

reduced at low temperatures, including those catalysed by enzymes (D'Amico et al., 2006). Therefore, 

many enzymes in psychrophilic organisms are adapted to the cold and can catalyse reactions with high 

specific activities at low temperatures compared to their mesophilic counterparts (D'Amico et al., 2006). 

It is thought that this is achieved mainly through increased protein flexibility. Specific chaperones assist 

with protein folding and stability in psychrophilic organisms at low temperatures (Feller, 2013).  

1.3.2 Cold Adaption at the Protein Level 

As mentioned above, the cold-adapted proteins allow the catalysis of reactions at high specific activity 

levels at low temperatures compared to their mesophilic counterparts (D'Amico et al., 2006). This 

allows for molecular processes required for cellular functions and growth to carry on at low 

temperatures. One adaptive trait of cold-adapted enzymes is increased protein flexibility, which has 
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been observed in some psychrophilic enzymes compared to their mesophilic counterparts (Feller, 2013). 

However, increased flexibility is not a requirement for psychrophilic enzymes and many psychrophilic 

enzymes have been identified, which have no increased flexibility compared to their mesophilic 

counterparts (Isaksen et al., 2014, 2016; Michetti et al., 2017). The increased flexibility may be limited 

to certain parts of the enzyme, or the entire protein may be more flexible. This is especially true for the 

protein active site or surface loop regions of the proteins, which are particularly flexible in some cold-

adapted proteins (Collins et al., 2003; Georlette et al., 2003; Isaksen et al., 2014; Siddiqui et al., 2005; 

Sočan et al., 2019; Wallon et al., 1997). Additional features observed in the active site of cold-active 

proteins are a larger opening facilitated by smaller side chains near the active site or deletions in loop 

regions of the active site (Feller, 2013). A more accessible active site allows them to bind their substrate 

with a lower energy investment and also allows for easier release of the product (Feller, 2013). The 

open conformation of the active site also means that many cold-adapted enzymes have a broader 

substrate range (Feller, 2013).  

Amino acid changes underlying the cold adaption of proteins can be difficult to observe at the protein 

level. However, genome or proteome-wide changes can be more obvious when comparing cold-adapted 

organisms with mesophilic ones. Genome-wide changes include lower amounts of proline residues, 

acidic and aliphatic side chains and a lowered arginine-to-lysine ratio (Aghajari et al., 1998; Ayala-del-

Río Héctor et al., 2010; Goordial et al., 2015; Methé et al., 2005; Metpally & Reddy, 2009; Mykytczuk 

et al., 2013; Raymond-Bouchard et al., 2018). Metpally and Reddy (2009) propose that psychrophilic 

proteins contain less glutamic acid, phenylalanine, lysine, asparagine and tryptophan residues and more 

alanine, aspartic acid, glycine, serine, and threonine compared to mesophilic proteins, when 

comparisons are made at the proteome level. These amino acid changes can be observed at the protein 

level of some cold-adapted proteins but may be less obvious (Ayala-del-Río Héctor et al., 2010; 

Georlette et al., 2000; Goordial et al., 2015; Huston et al., 2004). A reduced proline content is common 

in cold-adapted proteins and is thought to increase the flexibility of the protein structure (Feller, 2013). 

Additionally, the negative effects of proline isomerisation on protein folding at low temperatures are 

reduced by a lower proline content (Feller, 2013).  

In Rhodococcus sp. JG3 from the Dry Valley permafrost soils, proteins involved in fatty acid and 

phospholipid synthesis, cold, osmotic and oxidative stress response, general stress response, and 

transcription, translation and DNA repair were found to have high levels of the changes described above 

(Goordial et al., 2015). However, as shown in Figure 19, not all traits were present in all proteins and 

some proteins even showed features associated with hot-adapted proteins (Goordial et al., 2015). This 

highlights that while the features mentioned above are observed in a range of cold-adapted proteins, 

there are exceptions to these rules; and while some of these features may be present in cold-adapted 
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proteins and can help when trying to identify a cold-adapted protein, the only reliable method to date to 

determine the temperature dependence of a protein is to experimentally test its activity and stability. 

 

Figure 19: Table of selected cold-adapted proteins from Rhodococcus sp. JG3.  
This figure was taken from Goordial et al. (2015). 

Adaptations in the Dry Valleys 

Studies on the adaptations and stress responses of Dry Valley bacteria are limited. Advances in 

metagenomic sequencing and culturing techniques have allowed a better understanding of the microbial 

communities in the Dry Valleys and how they survive in such a harsh environment. Metagenomic data 

has been utilised to determine the presence of known stress response pathways in Dry Valley 

microorganisms and showed that pathways for the osmotic, radiation, desiccation, cold shock, heat 

shock, and low nutrient stress response are present in the Dry Valley metagenomes (Chan et al., 2013; 



48  

  

Goordial et al., 2017). These pathways are more abundant in the communities inhabiting the exposed 

surfaces of the Dry Valley soils compared to those living in the more sheltered soil habitats (Chan et 

al., 2013). Halomonas isolates with high ionisation and desiccation resistance have been found in the 

Dry Valley soils (Musilova et al., 2015). High ionisation resistance is thought to go hand in hand with 

resistance to desiccation, which may be due to the similar consequences of both in terms of DNA 

damage (Billi et al., 2000; Musilova et al., 2015).  

A comprehensive study by Goordial et al. (2015) of a single isolated organism from the permafrost of 

the Dry Valley permafrost soils reveals insight into the cold adaptive traits at the level of a single 

organism. Rhodococcus sp. JG3 can grow at temperatures below freezing (up to -5°) (Goordial et al., 

2015). A genome comparison of this isolate to mesophilic Rhodococcus species showed that it has 

higher copy numbers of genes involved in general stress response and for protection from UV radiation, 

cold shock, osmotic stress and oxidative stress (Goordial et al., 2015). Multiple photolyase and 

photorepair proteins were found in the Dry Valley isolate (Goordial et al., 2015). Proteome comparisons 

of the Rhodococcus sp. JG3 with mesophilic Rhodococcus species shows that both at the genome level 

and the protein level its proteins have adaptations in terms of their amino acid sequence to cold 

temperatures as described above (Goordial et al., 2015). These adaptations were present predominantly 

in proteins involved in cold adaptation of the cell, including those involved in fatty acid and 

phospholipid alterations and synthesis required to maintain the fluidity of the cell membrane, proteins 

involved in the stress response to cold, osmotic, oxidative and general stress. Furthermore, it was 

demonstrated, that proteins involved in transcription, translation, and DNA repair and replication in 

Rhodococcus sp. JG3 have cold adaption traits in terms of their amino acid sequence  (Goordial et al., 

2015). A similar trend was observed in the psychrotolerant Psychrobacter arcticus in genes belonging 

to the COG category of replication, recombination and repair (Ayala-del-Río Héctor et al., 2010). 

Comparisons of Dry Valley soil metagenomic data with that from other soil metagenomes and genomes 

from isolated pathogens showed that an increased proportion of proteins belonging to the ‘Replication, 

Recombination and Repair’ COG category are present in the Dry Valley metagenomes (Rzoska-Smith; 

et al., 2023). 

Collectively, this highlights that maintaining membrane fluidity, general stress responses, protein 

synthesis, and DNA repair and replication appear to be prioritised by bacteria experiencing cold stress 

and other stressors. DNA repair appears to play a crucial role in the survival of Dry Valley 

microorganisms in this extreme environment. Therefore, it is hypothesised that organisms from the Dry 

Valleys possess novel DNA repair pathways and proteins, that are adapted to the extreme conditions in 

this environment. 
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1.4 DNA Repair in Extreme Environments 

High levels of UV radiation, regular freeze-thaw cycles, osmotic stress and low nutrition in the Dry 

Valleys threaten the integrity of genomic DNA. Metagenomic sequences from the Dry Valleys show a 

higher proportion of genes belonging to the COG categories of replication, recombination and repair 

(Le et al., 2016; Rzoska-Smith; et al., 2023). Additionally, it was found that some proteins involved in 

DNA repair and replication have cold adaptations in an organism from the Dry Valley permafrost soil 

(Goordial et al., 2015). Those include an ATP-dependent helicase from the Lhr family, a primary 

replicative DNA helicase, single-stranded binding proteins, and formamidopyrimidine-DNA 

glycosylase (Goordial et al., 2015).  

A study by Albarracín et al. (2012) conducted on Acinetobacter strains from the High-Altitude Andean 

Lakes of the South American Andes, where conditions are comparable to the Dry Valleys with high 

UVB levels, frequent strong changes in temperature and high salinity, showed that Acinetobacter 

isolates from the environment had high resistance to UV-B irradiation. UV-B irradiation caused an 

increased number of DNA lesions which were repaired partially through direct repair by photolyases 

and partially through excision repair pathways. Repair was most effective and led to greater survival 

upon treatment in the strains from the Andean Lakes compared to pathogenic clinical Acinetobacter 

isolates. The increased resistance was thought to be inferred through novel photolyase proteins, which 

were found in the resistant strains (Albarracín et al., 2012). Furthermore, Acinetobacter isolates from 

this environment have what is called a UV-resistome, which consists of genes that help the organism 

evade or repair damages caused by UV radiation (Kurth et al., 2015; Portero et al., 2019).  

Deinococcus radiodurans is the model organism for the survival of extremely DNA-damaging agents 

including high levels of ionising radiation, desiccation, ionising radiation, reactive oxygen species 

(ROS), and toxic chemicals. Under extreme conditions, D. radiodurans cells stop growing but can 

recover and resume growth in suitable growth conditions (Timmins & Moe, 2016). D. radiodurans can 

resume growth even after exposure to the low Earth orbit for one year (Ott et al., 2020). D. radiodurans 

encodes for the same DNA repair machinery found in most studied organisms, like base excision repair, 

nucleotide excision repair, double-stranded break repair and mismatch repair (White et al., 1999). On 

top of the more common DNA repair machinery D. radiodurans also possesses some unique DNA 

repair proteins. These include the DdrA, DdrB, DdrC, DdrD, and PprA, which are highly expressed 

upon radiation exposure and function in DNA repair of radiation-induced damages (Banneville et al., 

2022; Harris et al., 2004; Norais et al., 2009; Selvam et al., 2013; Szabla et al., 2024). Its highly effective 

DNA damage repair systems allow D. radiodurans to repair hundreds of double-stranded breaks per 

cell and remain viable (Cox & Battista, 2005). 
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D. radiodurans can repair its genome after it is fragmented into hundreds of DNA pieces by exposure 

to high radiation levels. This repair is achieved through a process called ‘extended synthesis-dependent 

strand annealing’ (ESDSA) (Zahradka et al., 2006). The starting point of ESDSA is a large number of 

DNA fragments resulting from a large number of double-stranded DNA breaks (Zahradka et al., 2006). 

The fragments are processed by an exonuclease protein to produce 3’ overhangs. RecA binds the single-

stranded overhangs in a RecFOR-dependent mechanism, which mediates the binding of the single-

stranded regions to homologous parts of an overlapping fragment (Bentchikou et al., 2010). Similar to 

homologous recombination a D-loop is formed by the invading strand with the homologous region and 

the broken strand is re-synthesised by Polymerase I or III based on the template strand (Slade et al., 

2009). The extensions run until the end of the template fragment and fragments now have longer single-

stranded overhangs. These steps may be repeated multiple times until the fragments find a 

complementary strand they can anneal to. Alternatively, during single-strand annealing (SSA), the 

single-stranded overhangs of the initial fragments anneal to the complementary single-stranded 

overhangs of another fragment. In both pathways after overhang annealing, the fragments are 

connected. To restore the genome the long linear double-stranded fragments or linear intermediates join 

together through a crossover step similar to that in homologous recombination (Zahradka et al., 2006).  

1.5 Biotechnological Applications of Extremophilic Enzymes 

Metagenomic sequencing opens access to a mostly unexplored reservoir of novel enzymes from 

extreme environments, like hot springs, deserts, hypersaline environments, and cold environments like 

the Dry Valleys. These environments harbour a range of biocatalysts with activity adapted to these 

extreme conditions (Adrio & Demain, 2014; Ferrer et al., 2009; Handelsman, 2004; Steele et al., 2008). 

Exploration of those biocatalysts has largely been focused on those suitable for industrial applications, 

like amylases (Ariaeenejad et al., 2021), cellulases (Ilmberger et al., 2012), proteases (Pessoa et al., 

2017) and lipases (Yan et al., 2017). The Dry Valleys have a high level of endemism and could harbour 

a range of unique and novel cold-adapted proteins.  

Cold-adapted proteins are of particular interest for biotechnological applications due to their activity at 

low temperatures. Allowing catalysis at low temperatures, reduces the amount of heat input required, 

making them more cost-effective compared to mesophilic and thermophilic enzymes, which require 

high temperatures for their activity (Aliyu et al., 2017). This is particularly useful in the detergent, food, 

paper and textile industries (Aliyu et al., 2017). Cold-adapted proteins often have relatively low melting 

temperatures, which makes it easy to inactivate those enzymes through heating.  
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DNA repair proteins are commonly used biotechnological tools. They have applications in recombinant 

DNA technologies and molecular cloning, polymerase chain reaction and ligase chain reaction, genome 

editing, mutagenesis, DNA sequencing, whole genome amplification, synthetic biology, and molecular 

diagnostics among others. Cold-adapted DNA repair and replication proteins could be valuable for 

biotechnological applications and their ability to function at low temperatures makes them especially 

useful when working with heat-labile substrates. 

1.6 Research Aim and Objectives 

This thesis is part of a project, which aims to provide insight into mechanisms enabling the Dry Valley 

inhabiting microorganisms to survive the DNA-damaging conditions in this environment. Bacteria there 

survive and even grow under extremely DNA-damaging conditions. Therefore, the hypothesis is that 

highly effective and potentially novel DNA repair proteins and pathways are used by those bacteria. 

Previous to the commencement of this project the metagenomes of a subset of soil samples from the 

Dry Valleys, which were collected as part of the most comprehensive interdisciplinary survey of 

terrestrial Antarctic ecosystems (Lee et al., 2019) were sequenced and analysed as described in Rzoska-

Smith et al. (2023). Analysis of these metagenomes showed that 5.5% of the annotated genes belong to 

the COG category ‘Replication, Recombination and Repair’, which is higher than the proportion of the 

same category found in forest soils, other soil communities, freshwater sediments and the genomes of 

human pathogen isolates (Rzoska-Smith; et al., 2023).  

To further characterise the DNA repair in Dry Valley organisms, hmmsearch for distant homology to 

known DNA repair proteins and the predicted protein-coding genes from the metagenomes was done. 

This revealed the presence of multiple NucS/EndoMS endonucleases, Holliday junction resolvase-type 

endonucleases, UV-damage excision endonucleases, light-activated photolyase proteins, Deinococcus 

radiation resistance proteins DdrA and DdrB, as well as multi-domain families such as ATP-dependent 

DNA ligases, excision-repair glycosylases and mismatch-recognition proteins (Rzoska-Smith; et al., 

2023). Biochemical characterisation of multiple LigB-type ligases and NucS-type nucleases were 

described in the thesis by Rzoska-Smith (2023) and the publication by Rzoska-Smith; et al. (2023). One 

of the ligase proteins described in the thesis by Rzoska-Smith (2023) is part of a nuclease-ligase fusion 

protein (NucDom and LigDom, respectively), which is named DV1-1. The characterisation of the full-

length DV1-1 protein and the ligase domain of this protein was done by Rzoska-Smith (2023). The 

purification and characterisation of the nuclease domain of this protein were done by myself and my 

co-supervisor Dr Rzoska-Smith prior to the start of this project. For this purpose, the purification was 

optimised using different constructs of the protein and the protein activity was characterised using 

different DNA substrates, which gave insight into the activity of the proteins, as will be described in 
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more detail in section 4. This project has contributed to the characterisation of the NucDom by showing 

the DNA-binding ability of the protein and characterising the protein activity with different Zn metal 

concentrations, and over a time and temperature gradient. Specifically, the activity of the protein at 

extremely low temperatures was characterised. Furthermore, crystallisation of the NucDom was 

attempted. 

Additionally, an archaeal Holliday junction resolvase-type protein homologue named DV-Hjc was 

identified as described in Rzoska-Smith (2023). DV-Hjc belongs to the currently uncharacterised 

UPF0102 protein family. Preliminary characterisation of this protein was undertaken by my supervisor 

Dr Williamson and was published in Rzoska-Smith; et al. (2023). This showed that this protein binds 

DNA, however no activity was observed with DNA. X-ray diffraction data of crystallised DV-Hjc 

protein was obtained by Dr Williamson. This project contributes to the characterisation of DV-Hjc by 

characterising and optimising the protein’s activity with DNA substrates and by solving the structure 

of DV-Hjc using X-ray diffraction data. Furthermore, the growth of an E. coli knockout of the UPF0102 

protein was characterised under UV and H2O2 treatment to determine the function of the UPF0102 

protein in vivo. 
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2 CHAPTER TWO: METHODOLOGY 

2.1 Recombinant Protein Expression and Purification 

The optimised expression conditions, bacterial strains and plasmids are summarised in Supplementary 

Table 1, Supplementary Table 2 and Supplementary Table 3, respectively. 

2.1.1 Cloning and Transformation of Expression Vectors 

The genes of interest were selected as described in (Rzoska-Smith; et al., 2023). The clonal genes 

expressing the proteins of interest were codon optimised for recombinant protein expression in E. coli 

and ordered from Twist Bioscience in the pENTR plasmid and include a cleavage recognition site for 

the tobacco mosaic virus protease (TEV-protease), allowing for the removal of the MBP-tag and His-

tag by TEV-protease. Clonal genes were sub-cloned from pENTR into the pHMGWA (GenBank 

#Eu680841), which includes an MBL-tag and 6xHis-tag at the N-terminus of the protein, using the 

Gateway™ LR Clonase™ Kit (Thermo Fisher). For the reaction, 2 μL of pENTR plasmid with the 

clonal gene and 2 μL of empty pHMGWA plasmid were combined with 1 μL of the Gateway™ LR 

Clonase™ (Thermo Fisher) and incubated at room temperature overnight. This was followed by 

treatment of the reaction with 1 µL of Proteinase K (Invitrogen) at 37°C for 10 min. The resulting 

expression plasmid was then transformed into chemically competent DH5α cells for storage and 

plasmid propagation following the protocol for the transformation of chemically competent cells 

described in Section 7.1.2.. Cloning success was determined via colony PCR. For colony PCR a single 

colony was selected and resuspended in 6 µL MQ H2O. PCR reactions were set up with 4 µL of 5x 

HOT FIREPol® Master Mix (Solis BioDyne), 0.6 µL T7 forward and reverse primers (Supplementary 

Table 13), and 2 µL of the resuspended cells. The PCR reaction was run on the setting shown in Table 

2. The PCR results were analysed by agarose gel electrophoresis on 1 x SYBR SafeTM DNA gel stain 

(Invitrogen, USA) strained 1% agarose gels in 1x TAE buffer (40 mM Tris-acetate, 20 mM EDTA). 

The gels were visualised on an iBright imaging system (Invitrogen) using the nucleic acids setting. The 

product size was determined by comparison to the 1kb-Plus DNA ladder (Invitrogen) as a molecular 

standard. Successful transformants were used to set up overnight cultures in 50 mL LB media (10 g/L 

bacto-peptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7) with 50 µg/mL ampicillin, which were grown 

at 37°C with 160 rpm shaking for 16 hours. For long-term storage, the overnight cultures were combined 

with glycerol at a 1:1 ratio and stored at -80°C. 

The plasmid was extracted from the DH5α cells using the QIAprep® Spin Miniprep Kit (Qiagen) 

according to the manufacturer’s instructions. The pHMGWA plasmid containing the gene of interest, 
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as determined via PCR, was then transformed into the optimal E. coli DE3 expression strains for 

recombinant protein expression as previously determined via small-scale expression trials, which are 

Origami™ (DE3) for the DV-Hjc protein and BL21(DE3) pLysS for the DV1-1 NucDom protein. 

Transformants were grown on LB Agar plates overnight and successful transformation was determined 

via colony PCR using the T7 forward and reverse primers as described above. Colony PCR results were 

analysed as described above. As described above, successful transformants were grown in 50 mL LB 

media cultures overnight. For long-term storage, the overnight cultures were combined with 50% 

LB:glycerol at a 1:1 ratio and stored at -80°C. 

Table 2: Colony PCR conditions using T7 primer for pHMGWA plasmid 

Step #  of PCR cycles Temperature (in °C) Duration 

Initial denaturation 1 95 15 min 

Denature 

30 

95 30 sec 

Anneal 51 20 sec 

Extend 72 30 sec 

Final Extension 1 72 10 min 

2.1.2 Large Scale Expression 

Starter cultures for purification were grown from successful transformants of the clonal genes in E. coli 

strains for recombinant expression. Starter cultures were inoculated into 30 mL LB media (10 g/L bacto-

peptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7) with 50 μg/mL ampicillin with the clonal gene 

transformants in the E coli expression strains. After overnight incubation, the starter cultures were used 

to inoculate 1 L cultures with TB media (24 g/L yeast extract, 12 g/L tryptone, 4 mL/L glycerol), 

phosphate salts (2.31 g/L kH2PO4, 12.54 g/L k2H2PO4) and 50 µg/mL ampicillin. Cultures were grown 

at 37C with 160 rpm shaking until they reached an OD600 of 0.4. The incubation temperature was 

reduced to 15C for the DV-Hjc protein and to 30°C for the DV1-1 NucDom protein for 30 min before 

the cultures were induced to 0.5 mM with IPTG (Isopropyl-β-D-thiogalactopyranosid) to induce protein 

expression. After a 16-hour incubation period, the cells were pelleted through centrifugation at 4°C and 

were either used directly for protein purification or stored at -30C for later use.   

2.1.3 Protein Purification 

Purifications were carried out on an Äkta Prime FPLC at 4C or a BioRad NGC Chromatography 

system using the ice bath fraction collector to keep the protein fractions at a low temperature. 



55  

  

Cell Lysis 

The pelleted cells were resuspended in lysis buffer (50 mM Tris pH 8.0, 750 mM NaCl, 1 mM MgCl2, 

5% v/v glycerol) and lysed through sonication on ice for 3 min, with an amplitude of 12 with 1 sec on, 

and 1 sec off pulses. The cell lysate was pelleted through centrifugation at 14,000 xg for 45 min and the 

lysate was passed through a 0.2 µm Minisart® syringe filter (Sartorius).  

Immobilised Metal Affinity Chromatography 

Using the Äkta Prime FPLC or BioRad NGC Chromatography system the filtered lysate was applied to 

a high-performance immobilised metal affinity chromatography (IMAC) column (Cytiva), which was 

pre-equilibrated with 25 mL Buffer A (50 mM Tris pH 8.0, 750 mM NaCl, 5% (v/v) glycerol, 10 mM 

imidazole). The his-tagged protein was eluted over 75 mL with a gradient of 0% to 100% of Buffer B 

(50 mM Tris pH 8.0, 750 mM NaCl, 5% (v/v) glycerol, 500 mM imidazole). For the DV1-1 NucDom, 

an additional wash step with 8% Buffer B was done before the Buffer B gradient to remove 

contaminants. 

MBP- and His-Tag Removal using TEV Protease and Reverse IMAC 

For His-tag and MBP-tag removal, fractions containing the protein of interest, as determined by analysis 

via SDS-PAGE gel electrophoresis, were pooled and exchanged into Buffer C (50 mM Tris pH 8.0, 100 

mM NaCl, 1 mM DTT, 5% (v/v) glycerol) using a HiPrep 26/10 Desalting column (Cytiva). The pooled 

protein was aliquoted into 1 mL batches, which were incubated with 0.025 mg/mL of TEV protease at 

4C overnight on a tilting shaker. For the DV-Hjc protein only the pooled protein was diluted to below 

0.8 mg/mL before incubation with TEV protease. The cleaved protein was pooled and applied to an 

IMAC column (Cytiva), which was preequilibrated with Buffer C. The protein was eluted over 100 mL 

with a 0% to 100% Buffer B gradient. For the DV-Hjc protein, the now untagged protein of interest 

was collected from the flow-through of the IMAC (i.e. reverse IMAC). For the DV1-1 NucDom, an 

additional wash step with Buffer A, was done to elute the protein before the Buffer B gradient step. The 

protein-containing fractions were determined through electrophoresis on a 15% or 12% acrylamide 

SDS-PAGE gel for the DV-Hjc and the DV1-1 NucDom, respectively.  

Gel Filtration Chromatography 

The protein-containing fractions were pooled and up-concentrated to a volume below 5 mL while 

maintaining a concentration below 0.2 mg/mL for the DV-Hjc protein. The protein was then applied to 

a Superdex75 16/600 (S75) or Superdex200 16/600 (S200) column for DV-Hjc or DV1-1 NucDom, 

respectively. The fractions containing the protein of interest, as determined by electrophoresis on a 15% 

or 12% acrylamide SDS-PAGE gel for DV-Hjc and DV1-1 NucDom, respectively. For the DV-Hjc 
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protein only, the pooled protein was exchanged into a storage buffer (50 mM Bis-Tris pH 6.5, 200 mM 

NaCl, 10% (v/v) glycerol, 1 mM DTT) using a HiPrep 26/10 Desalting column (Cytiva). The pooled 

proteins were concentrated and stored at -80C. 

2.2 In vitro Assays of Nuclease Activity 

2.2.1 Differential Scanning Fluorimetry 

Differential scanning fluorimetry was used to determine the thermal stability of DV-Hjc and DV1-1 

NucDom over a range of pH levels as described by Ericsson et al. (2006). A pH range of 5.0 to 9.5 was 

achieved by diluting DV-Hjc protein into Britton-Robinson universal buffers to give a final 

concentration of 0.2 mg/mL DV-Hjc protein. SYPRO Orange (Life Technologies) dye was added to a 

concentration of 1.2x. Using a RotoGene Q thermocycler (Qiagen) the unfolding of the protein was 

measured continuously through fluorescence measurements (excitation 470, emission 550 nm) over a 

temperature range of 25°C to 98°C.  

2.2.2 Short Oligonucleotide Assay 

A range of DNA substrates was used to determine the function of DV-Hjc and DV1-1. These include 

short and long fluorescently labelled DNA substrates and plasmid DNA. 

Short Oligonucleotide Substrate Synthesis 

Gel-based activity assays with modified synthetic oligonucleotides were used to determine the activity 

of both DV-Hjc and DV1-1 NucDom. The substrates were designed and assembled as described in 

Stelzer et al. (2024). Oligonucleotides listed in Supplementary Table 9 were ordered from IDT and used 

to generate the substrates listed in Supplementary Table 10. Oligonucleotides were annealed to give a 

final concentration of 80 nM for the 5’FAM labelled oligonucleotide, and 112 nM for the complement 

oligonucleotide.  

Nuclease Activity Assay Reaction Setup 

Reactions were set up in PCR tubes with a final volume of 25 µL. The DV1-1 NucDom protein assays 

were done in the ‘standard assay setup’ with 50 mM Tris pH 8, 50 mM NaCl, and 10 mM DTT 

(Supplementary Table 11). The DV-Hjc protein assays were carried out in ‘DV-Hjc-specific’ assay 

conditions with 50 mM HEPES (pH 6.5), 50 mM NaCl, 0.1 mg/mL BSA (bovine serum albumin), 0.5 

mM DTT and 6% glycerol (Supplementary Table 12). Where added, the concentration of MgCl2, MnCl2 

and ZnCl2 as well as any other changes to this standard setup are indicated with the corresponding 
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results. To initiate the reaction 2.5 µL protein was added at varying final concentrations to the assay 

reactions, which were incubated at temperatures and times as indicated with the corresponding results. 

The reactions were terminated by the addition of quench buffer to a final concentration of 25% 

formamide, 0.1% SDS, 20 mM EDTA and 0.01% bromophenol blue and heating to 95°C for 5 min.  

Assay Product Analysis via TBE-Urea PAGE 

The assay products were analysed via TBE-Urea PAGE denaturing electrophoresis on 10% to 20% 

denaturing TBE urea gels (10-20% acrylamide, 7 M Urea, 1x TBE), which were run with 47°C heating 

at 10 mA per gel.  For the 3’tail and 5’tail substrates loading dye to a final concentration of 5% glycerol, 

20 mM EDTA and 0.01% bromophenol blue were added to the reaction. The reactions were 

electrophoresed with cooling at 60 V on 10% TBE gels (10% acrylamide, 1x TBE), where indicated a 

7% TBE stacker (7% acrylamide, 1x TBE) was used. Gels were visualised on an iBright imager 

(Invitrogen) using a filter set that gives excitation at 495/519 nm for the FAM-labelled substrates. 

2.2.3 pUC19 Plasmid-Based Assay 

Nuclease assays with the pUC19 plasmid were used to assess the activity of the DV-Hjc protein on 

supercoiled plasmid DNA. The plasmid was stored in E. coli DH5α cells and extracted from those using 

the QIAprep® Spin Miniprep Kit (Qiagen) according to the manufacturer’s instructions. DV-Hjc 

protein was incubated for varying times and temperatures with 150 ng/uL pUC19 plasmid, 50 mM 

HEPES (pH 6.5), 50 mM NaCl, 0.1 mg/mL BSA, 0.5 mM DTT, 6% glycerol, and MgCl2, MnCl2 or 

ZnCl2. The details of the reaction conditions are indicated with the corresponding results. The reaction 

was terminated by incubation with 0.1% SDS and 10 mM EDTA for 10 min at 37°C. For reaction 

analysis, 5 μL of DNA loading dye (30% glycerol (v/v), 0.25% bromophenol blue dye (w/v), and 0.25% 

xylene cyanol FF dye (w/v)) was added per 20 μL reaction and the reactions were electrophoresed on 

thiazole orange stained 1% agarose/ 1x TAE (40 mM tris acetate, 10 mM EDTA) gels. Agarose gels 

were visualised on the iBright imager (Invitrogen) on the nucleic acid gels setting. The ImageJ program 

was used to quantify the band intensity of the products and substrates on the gels and the percent product 

was calculated with the formula below. The results were visualised using GraphPad Prism 10. 

% Product =  
𝑃

(𝑃 + 𝑆)
× 100 

2.2.4 DNA Binding Assay using Electrophoretic Mobility Shift Assay 

The binding affinity of DV-Hjc and DV1-1 NucDom were tested using electrophoretic mobility shift 

assay (EMSA). Binding assays were carried out using the substrates in Supplementary Table 10, which 
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were assembled as described by Stelzer et al. (2024) with the DNA oligonucleotides listed in 

Supplementary Table 9. 

Binding Assay Reaction Setup  

DV-Hjc protein was incubated with the DNA substrates in 50 mM HEPES (pH 6.5), 50 mM NaCl, 0.1 

mg/mL BSA, 0.5 mM DTT, 6% glycerol and 5 mM EDTA for 30 min on ice. DV1-1 NucDom protein 

was incubated with the DNA substrates in 50 mM Tris (pH 8.0), 50 mM NaCl, 10 mM DTT and 5 mM 

EDTA for 30 min at 10°C. For the DV1-1 NucDom protein only, an additional cross-linking step was 

done to achieve protein binding. After the 30-min incubation period, 1% formaldehyde was added to 

the reaction followed by a 10 min incubation at 10°C. 15 mM Tris was added to the reaction.  

For all binding assays, loading dye to 100 mM EDTA, 0.25% (v/v) glycerol and 0.25% bromophenol 

blue was added to the reaction, before electrophoresis of the reactions on 10% TBE gels (10% 

acrylamide, 1x TBE). Any changes to this setup are specified with the results. The gels were visualised 

as described for UREA-TBE gels in Section 2.2.2.. 

2.3 Assay of Nuclease Activity in vivo 

To determine the function of the DV-Hjc protein in vivo, E. coli K-12 mutants from the Keio collection 

(listed in Supplementary Table 2) (Baba et al., 2006) were subjected to high levels of UV radiation and 

H2O2. The DV-Hjc homologue knockout from the Keio collection, which is the yraN gene knockout 

(JW3117) was used for this purpose. Additionally, based on the literature, a knockout highly sensitive 

to the relevant stressors UV or H2O2 tested, and the wild-type E. coli K-12 was used as a negative 

control.   

2.3.1 UV Treatment 

The UV treatment method was adapted from Sargentini et al. (2016) to fit the purpose of this research. 

Based on the results from Sargentini et al. (2016) the ybaB gene knockout (JW0460) was used as a 

positive control for the UV treatment. Each strain was grown overnight in LB medium (at 37C with 

25 mg/mL kanamycin to select for the knockout strains, except for the wild type, which was grown 

without any antibiotics. The overnight cultures were diluted 1:100 in LB and grown at 37C with 160 

rpm shaking until they reached an OD600 reading of 0.4. 100 μL of each culture was placed in UV 

transparent 96 well plates and treated with 10 Jm-2 of UV radiation using a UV cross-linker (Model 

BLX 254 UV Crosslinker, Life Technologies). Serial dilutions of the cultures were done in 0.25% sterile 

saline solution, which were incubated on LB agar plates for 16 hours to determine the CFU/mL. Data 
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for the continuous growth of UV-treated cells was obtained by treating cells with UV over 30 min, but 

otherwise using the same protocol as described. The experiment was done in triplicates and untreated 

samples were included for each, which were treated as described apart from the UV treatment.  

2.3.2 H2O2 Treatment 

The method for the H2O2 treatment was based on that of Dhawale et al. (2021), which was adapted to 

fit the purpose of this research. Based on the same article, the ruvC gene knockout strain (JW1852) was 

used as a positive control for the H2O2 treatment. Overnight cultures of the WT, yraN (JW3117) or ruvC 

(JW1852) gene knockouts were grown for 16 hours at 37°C with 160 rpm shaking in LB media. The 

overnight cultures were diluted 1:100 in 100 mL LB media and grown at 37C with 160 rpm shaking 

until an OD600 of 0.4 was reached. Each culture was then split into two 50 mL cultures, one of which 

was treated with 3 mM H2O2 and the other of which was left untreated. The OD600 was continuously 

measured every 15 min for 4.5 hours. After 90 min 2 mL of each culture was transferred into Eppendorf 

tubes, pelleted and resuspended to 2 mL in LB media twice to remove the H2O2. The cells were diluted 

in 0.25% sterile saline solution and 100 μL of each culture was plated on LB agar plates, which were 

grown for 16 hours to determine the CFU/mL.  

For both treatments, the survival and the fold difference in survival were determined as follows 

% 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙
𝐶𝐹𝑈 𝑚𝑙⁄ (𝑇𝑟𝑒𝑎𝑡𝑒𝑑)

𝐶𝐹𝑈 𝑚𝑙⁄ (𝑈𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)
 

𝐹𝑜𝑙𝑑 − 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
% 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 (𝑊𝑇)

% 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 (𝑘𝑛𝑜𝑐𝑘𝑜𝑢𝑡)
 

2.3.3 DV-Hjc Transformation into yraN Gene Knockout E. coli Cells 

To test the effect of introducing the DV-Hjc protein into the yraN gene knockout strains to replace the 

YraN protein, the DV-Hjc protein-coding gene was cloned into the pProEx plasmid via restriction 

cloning.  

Introduction of BamHI Restriction Sites to DV-Hjc Gene Construct 

Primers (p.20240423.1 and p.20240423.2), listed in Supplementary Table 13, which include restriction 

sites for BamHI restriction enzyme (RE) and anneal to both ends of the DV-Hjc gene, were designed in 

Geneious Prime. 

PCR was used to amplify the DV-Hjc coding gene in pHMGWA plasmid and introduce the BamHI 

restriction sites at both ends of the gene. PCR was set up with 1x HOT FIREPol®
 Master Mix (Solis 
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BioDyne), 0.3 μM forward primer, 0.3 μM reverse primer (p.20240423.1 and p.20240423.2, listed in 

Supplementary Table 13) and 100 ng template DNA and run at the conditions listed in Table 3. The 

PCR product was analysed on a 1 x SYBR SafeTM DNA gel stain (Invitrogen, USA) stained 1% 

agarose gel in 1x TE buffer. The product was retrieved from the gel and purified using the QIAquick® 

Gel Extraction Kit (Qiagen) following the manufacturer’s instructions. The cleaned-up product was re-

amplified using the same PCR conditions as before and the PCR product was again cleaned up using 

the QIAquick® PCR Purification Kit (Qiagen) as per the manufacturer’s instruction.  

Table 3: PCR conditions for p.20240423.1 and p.20240423 primers with DV-Hjc template DNA 

Step #  of PCR cycles Temperature (in °C) Duration 

Initial denaturation 1 95 15 min 

Denature 

30 

95 30 sec 

Anneal 68 20 sec 

Extend 72 30 sec 

Final Extension 1 72 10 min 

Restriction Digest of DV-Hjc and pProEx 

DV-Hjc with BamHI restriction sites and pProEx plasmid were digested separately with 2 μL of BamH1 

restriction enzyme, 1x rCutSmartTM Buffer (New England Biolabs), and 1 μg DNA via incubation at 

37°C for 30 min. The restriction digest products were cleaned up using the QIAquick® PCR 

Purification Kit (Qiagen) and ligated using T4 DNA ligase. The T4 DNA ligase reaction was set up 

with 1x T4 DNA Ligase Buffer, 50 ng pProEx DNA, 37.5 ng DV-Hjc DNA, and 1 μL per 20 μL reaction 

and incubated at 16°C overnight. The T4 ligase was heat-inactivated at 65°C for 10 min and transformed 

in E. coli DH5α cells (as described in Section 7.1.2) to amplify the plasmid. The DV-Hjc protein-coding 

gene in pProEx was then transformed (as described in Section 7.1.2) into chemically competent yraN 

knockouts (JW3117), which were prepared as described below. The presence of the DV-Hjc gene in 

the transformants was confirmed via colony PCR. A single colony was selected for colony PCR and 

was resuspended in 6 µL MQ H2O. PCR reactions were set up with 4 µL of 5x HOT FIREPol® Master 

Mix (Solis BioDyne), 0.6 µL forward and reverse primers (p.20240423.1 and p.20240423.2, listed in 

Supplementary Table 13), and 2 µL of the resuspended cells. The PCR was carried out according to the 

conditions outlined in Table 3, with a modification to the extension step, extending the time to 60 sec. 

The PCR reaction was analysed on an agarose gel as described previously.  
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Production of Chemically Competent E. coli YraN Gene Knockout Cells 

Chemically competent yraN gene knockout E. coli (JW3117) cells were prepared by growing overnight 

cultures of the cells in LB medium (10 g/L bacto-peptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7) with 

180 rpm shaking at 37°C. Overnight cultures were used to inoculate 500 mL of LB medium, which was 

incubated at 37°C with 25 rpm shaking until the culture reached an OD600 of 0.4. The cells were pelleted 

by centrifugation of 3400 xg for 10 min. The pelleted cells were resuspended in 150 mL ice-cold 100 

mM CaCl2/10% glycerol solution. The resuspended cells were pelleted again via centrifugation at 3400 

xg for 10 min and the pellets were resuspended in ice-cold 100 mM CaCl2/10% glycerol solution again. 

The resuspended cells were incubated on ice for 25 min, divided into 200 µL aliquots and snap-frozen 

in liquid N2. Competent cells were stored at -80°C until use.  

2.4 Structural Characterisation 

2.4.1 Crystallisation and Diffraction Data Analysis of DV-Hjc 

Conditions from the crystal screens that showed favourable conditions for crystal formation of the DV-

Hjc protein were used and further optimised in fine screens to generate crystals suitable for diffraction 

data collection via X-ray.  

Purified DV-Hjc apoprotein (288 µM) was used for crystallisation via hanging drop diffusion in 34% 

PEG 4,000, 100 mM ammonium citrate pH 5.6 and 200 mM ammonium acetate. Crystals were grown 

at 18 °C and were mounted in cryoloops and flash-frozen in liquid N2. Diffraction data was collected at 

the Australian Synchrotron MX2 beamline (Aragao et al., 2018). Diffraction data was integrated, scaled 

and merged using XDS and Aimless (Kabsch, 2010; Winn et al., 2011). The quality of the collected 

data sets was assessed using Xtriage in Phenix and analysis was continued with the highest quality 

dataset (Adams et al., 2010). A model of the DV-Hjc protein was generated using AlphaFold Colab, 

which was used as a search model in molecular replacement using phenix.phaser in Phenix (Jumper et 

al., 2021; McCoy et al., 2007). The starting model was refined in phenix.refine and by using the 

graphical interface of Coot to rebuild and refine the model manually (Afonine et al., 2012; Emsley et 

al., 2010). Solvent molecules were manually added to the model in Coot.  Collection data and statistics 

are detailed in Table 4. 

Table 4: Data collection and refinement statistics of the DV-Hjc protein used for structural characterisation of the protein. 
Values for the highest-resolution shell are shown in parentheses. 

Wavelength 0. 953732 Å 

Resolution range 44.94 – 1.739 (1.76 – 1.74) 
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Space group P 21 21 2 

Unit cell 57.739 71.56 29.961 90 90 90 

Total reflections 156406 (8523) 

Unique reflections 22518 (1218) 

Multiplicity 6.2 (4.0) 

Completeness (%) 99.81 (97.36) 

Mean I/sigma(I) 5.03 (1.54) 

Wilson B-factor 17.33 

R-merge 0.4823 (0.6659) 

R-meas 0.5209 (0.7697) 

R-pim 0.1955 (0.386) 

CC1/2 0.887 (0.589) 

CC* 0.97 (0.861) 

Reflections used in refinement 13323 (443) 

Reflections used for R-free 0 (0) 

R-work 0.1869 (0.2358) 

R-free 0.2225 (0.2816) 

Number of non-hydrogen atoms 1126 

macromolecules 965 

ligands 13 

solvent 148 

Protein residues 117 

RMS(bonds) 0.009 

RMS(angles) 0.89 

Ramachandran favoured (%) 97.35 

Ramachandran allowed (%) 1.77 

Ramachandran outliers (%) 0.88 

Rotamer outliers (%) 2.20 

Clash score 5.58 

Average B-factor 24.15 

macromolecules 22.96 

ligand 18.65 

Solvent 32.35 
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2.4.2 Crystallisation Screening 

To determine the optimal conditions for protein crystallisation of DV-Hjc and DV1-1 NucDom 

apoprotein and for co-crystallisation of the proteins with DNA substrates, crystallisation conditions 

were screened using the PEG Rx (HR2-086) and Natrix 2 (HR2-116) Hampton Research Crystallisation 

Screens. To set up the screens 100 µL of the crystallisation reagents were transferred into a 96-well 

Intelli-Plate (Hampton Research). Using a Mosquito® crystallisation robot (TTP LabTech Ltd, UK), 

100 nL of protein and 100 nL of the crystallisation reagent were transferred into the crystallisation well 

of the plates. The plates were sealed with ClearsealTM film (Hampton Research, USA) and kept at 

18°C. 

Protein-DNA Co-crystallisation 

To determine the structure of the DNA-protein complexes protein-DNA co-crystallisation was 

attempted. The DNA oligonucleotides for this were purchased from IDT (Integrated DNA 

Technologies) and were resuspended in annealing buffer (50 mM Tris pH 8.0, 50 mM NaCl, 1 mM 

EDTA) to 9 mM. To form DNA duplexes oligonucleotides were combined at a ratio of 1:1 and heated 

in a 1 L boiling water bath until cooled to room temperature, to anneal the oligonucleotides and form a 

4.5 mM DNA duplex. Purified DV-Hjc (198 nM) or DV1-1 NucDom (181.52 µM) was incubated on 

ice with the DNA duplex or single-stranded DNA to give a ratio of 1:1.2 (protein:DNA) and 5 mM 

EDTA for 30 min to form a DNA-protein complex.  

DV-Hjc-DNA Co-crystallisation 

DNA substrates for co-crystallisation were produced and incubated with the protein as described above. 

Based on the results of the high-throughput crystal screens, the protein-DNA complex was used for 

crystallisation in the hanging drop diffusion method with the protein-DNA complex and the 

crystallisation reagents at a ratio of 1:1 (1 µL to 1 µL) or 2:1 (2 µL to 1 µL). The crystallisation reagents 

listed in Table 5 were tested for this purpose. These fine screens were left at 18°C. Where crystals 

formed, they were mounted in crystalloops and soaked in cryoprotectant solution (crystallisation 

reagent and 12% ethylene glycol or 12% glycerol) for 15 sec and then flash frozen in liquid N2, or the 

crystals were flash frozen in liquid N2 directly.  

Table 5: DV-Hjc crystallisation conditions for co-crystallisation with DNA. 

Well Composition 

1A 1M Succinic acid pH 7.0; 0.1 M BICINE pH8.5; 26% PEG 550 

1B 1M Succinic acid pH 7.0; 0.1 M BICINE pH8.5; 28% PEG 550 
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1C 1M Succinic acid pH 7.0; 0.1 M BICINE pH8.5; 30% PEG 550 

1D 1M Succinic acid pH 7.0; 0.1 M BICINE pH8.5; 32% PEG 550  

2A 0.2 M L-Proline; 0.1 M HEPES pH 7.5; 20% PEG 1,500 

2B 0.2 M L-Proline; 0.1 M HEPES pH 7.5; 22% PEG 1,500 

2C 0.2 M L-Proline; 0.1 M HEPES pH 7.5; 24% PEG 1,500 

2D 0.2 M L-Proline; 0.1 M HEPES pH 7.5; 26% PEG 1,500 

3A 80 mM Potassium chloride; 40 mM Sodium cacodylate trihydrate pH 7.0; 56% (+/-)-2-

Methyl-2,4-pentanediol; 10 mM Spermine tetrahydrochloride 

3B 80 mM Potassium chloride; 40 mM Sodium cacodylate trihydrate pH 7.0; 58% (+/-)-2-

Methyl-2,4-pentanediol; 10 mM Spermine tetrahydrochloride 

3C 80 mM Potassium chloride; 40 mM Sodium cacodylate trihydrate pH 7.0; 60% (+/-)-2-

Methyl-2,4-pentanediol; 10 mM Spermine tetrahydrochloride 

3D 80 mM Potassium chloride; 40 mM Sodium cacodylate trihydrate pH 7.0; 62% (+/-)-2-

Methyl-2,4-pentanediol; 10 mM Spermine tetrahydrochloride 

2.4.3 Crystallisation of DV1-1 NucDom 

Based on the results of the crystal screening of the DV1-1 NucDom, fine screens of DV1-1 NucDom 

apoprotein and protein co-crystallised with DNA substrates were used. DNA substrates for co-

crystallisation were produced and incubated with 182 µM of DV1-1 NucDom as described in Section 

2.4.1. Based on the screening results, apoprotein and DNA-protein complex were mixed with the 

crystallisation reagents listed in Table 6 at a ratio of 1:1 (1 µL protein to 1 µL crystallisation reagent) 

for crystallisation in the hanging drop diffusion method at 18°C.  

Table 6: DV1-1 NucDom crystallisation conditions for co-crystallisation with DNA. 

Well  Composition 

1A 80 mM KCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

6.0; 35% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

1B 80 mM KCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

6.0; 45% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

1C 80 mM KCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

6.0; 55% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 
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1D 80 mM KCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

6.0; 60% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

2A 80 mM KCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

7.0; 35% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

2B 80 mM KCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

7.0; 45% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

2C 80 mM KCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

7.0; 55% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

2D 80 mM KCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

7.0; 60% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

3A 80 mM KCl2; 20 mM Magnesium chloride hexahydrate; 40 mM Sodium cacodylate trihydrate 

pH 6.0; 35% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

3B 80 mM KCl2; 20 mM Magnesium chloride hexahydrate; 40 mM Sodium cacodylate trihydrate 

pH 6.0; 45% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

3C 80 mM KCl2; 20 mM Magnesium chloride hexahydrate; 40 mM Sodium cacodylate trihydrate 

pH 6.0; 55% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

3D 80 mM KCl2; 20 mM Magnesium chloride hexahydrate; 40 mM Sodium cacodylate trihydrate 

pH 6.0; 60% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

4A 80 mM KCl2; 20 mM Magnesium chloride hexahydrate; 40 mM Sodium cacodylate trihydrate 

pH 7.0; 35% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

4B 80 mM KCl2; 20 mM Magnesium chloride hexahydrate; 40 mM Sodium cacodylate trihydrate 

pH 7.0; 45% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

4C 80 mM KCl2; 20 mM Magnesium chloride hexahydrate; 40 mM Sodium cacodylate trihydrate 

pH 7.0; 55% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

4D 80 mM KCl2; 20 mM Magnesium chloride hexahydrate; 40 mM Sodium cacodylate trihydrate 

pH 7.0; 60% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

5A 80 mM NaCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

6.0; 35% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

5B 80 mM NaCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

6.0; 45% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 



66  

  

5C 80 mM NaCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

6.0; 55% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

5D 0.2 M Ammonium acetate; 10 mM Magnesium acetate tetrahydrate; 50 mM Sodium 

cacodylate trihydrate; 30% PEG 8000 

6A 80 mM NaCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

7.0; 35% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

6B 80 mM NaCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

7.0; 45% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

6C 80 mM NaCl2; 20 mM Barium chloride dihydrate; 40 mM Sodium cacodylate trihydrate pH 

7.0; 55% (+/-)-2-Methyl-2,4-pentanediol; 12 mM Spermine tetrahydrochloride 

6D 0.2 M Ammonium chloride; 10 mM Magnesium chloride hexahydrate; 50 mM HEPES 

Sodium pH 7.0; 30% PEG 8000 

2.4.4 Protein Structure Predictions using AlphaFold3 

Where no crystal structure of the DV1-1 and DV-Hjc proteins was available, the structures were 

predicted using the web-based AlphaFold3 developed by Google DeepMind and Isomorphic Labs 

(Abramson et al., 2024). The structures were visualised in PyMol Version 2.5.4. (Schrödinger). The 

overall structure confidence was judged based on the ipTM and pTM values provided by AlphaFold3 

for each prediction. The pTM (predicted template modelling) score indicates the accuracy of the 

predicted fold and a score above 0.5 was interpreted as a fold that is likely to resemble the true protein 

structure (Abramson et al., 2024). The ipTM (interface predicted template modelling) score was used 

to assess the accuracy of the positions of the subunits of the prediction within the whole predicted 

complex. An ipTM score above 0.8 was interpreted as a confident prediction and values below 0.6 were 

interpreted as a likely failed prediction (Abramson et al., 2024) 
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3 CHAPTER THREE: DV-HJC 

3.1 DV-Hjc Protein Background 

3.1.1 Identification of a Holliday Junction Resolvase-like Nuclease 

from the Dry Valley metagenomes 

Metagenomes from the Dry Valleys were searched for proteins with distant homology to known DNA 

repair proteins. This included a search for archaeal Holliday junction resolvase family enzymes 

(IPR002732). Sequence similarity networks were used to identify groups of homologous to this protein 

family, that are unique to the Dry Valley metagenomes as described in Rzoska-Smith; et al. (2023). The 

DV-Hjc protein was found in a unique Dry Valley metagenome cluster of Holliday junction resolving 

enzymes, at an edge threshold of 30%, which suggests that the sequence of this protein could have 

specific adaptations. Almost 3,000 proteins with an Hjc domain were found in the Dry Valley 

metagenomes by Hmm search. A sequence similarity network of those sequences with Hjc UniRef 

sequences at a 26% identity threshold resulted in six clusters containing only sequences from the Dry 

Valley metagenomes (Figure 20, A). Two clusters contained proteins from the UPF0102 domain 

(Figure 20, A, i and ii). In a sequence similarity network with Dry Valley sequences from clusters i and 

ii (Figure 20, A, i and ii) and UPF0102 protein sequences, the Dry Valley sequences separated into a 

cluster at a 64% identity threshold (Figure 20, B) (Rzoska-Smith; et al., 2023). A Hjc protein homologue 

(Gene ID: Ga0136632_1000003432) (DV-Hjc from hereafter) was selected from the Dry Valley 

sequences for further characterisation. 
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Figure 20: Sequences similarity networks for Hjc-type and UPF0102 domain proteins.   
A: Sequence similarity network with Hjc-type protein UniRef (red arrows) and Dry Valley metagenome sequences (blue 
dots). i, ii, and iii indicate the cluster discussed in the text. The green circle indicates the node corresponding to DV-Hjc. 
B: Sequence similarity network of Dry Valley metagenome sequence hits to UPF0102 domain and Pfam members of the 

same domain. Pfam sequences are shown as red circles and Dry Valley metagenome sequences as blue circles. 

IMG predicts that the DV-Hjc protein-coding gene is part of the genome of Cellulomonas timonensis 

SN7, which belongs to the Actinomycetota phylum. The DV-Hjc protein was assigned to the Clusters 

of Orthologous Groups (COG) of ‘replication, recombination and repair’, and is a predicted 

endonuclease distantly related to archaeal Holliday junction resolvase. Annotation of DV-Hjc by 

sequence search against the Pfam database places DV-Hjc into the uncharacterised protein family 

UPF0102 (pfam02021). Several proteins with a UPF0102 domain are annotated as YraN transcription 

factors; however, DV-Hjc does not align well with YraN proteins. Furthermore, InterPro places the 

DV-Hjc protein in the tRNA endonuclease-like domain superfamily and the restriction endonuclease 

type II superfamily (Jones et al., 2014). 

The UPF0102 protein domain is present in most bacterial phyla, with a notable absence from the 

Firmicutes (Figure 21, A). The UPF0102 protein was found in only 14% of the Firmicute genomes, 

mainly in the Paenibacillales. The UPF0102 domain can also be found in some archaeal species, but 

there appears to be no pattern to their distribution in archaea (Figure 21, B). The presence of the archaeal 

Holliday junction resolvase homologue protein (UPF0102) in a large proportion of bacterial species is 

curious since bacteria have the RuvC Holliday junction resolvase protein for resolving  Holliday 

junctions during homologous recombination and DNA repair (Wyatt & West, 2014). 

The UPF0102 family protein structure from Rhodopseudomonas palustris was solved by X-ray 

crystallography in 2009 and the coordinates were deposited in the PDB; however, no functional 

characterisation was conducted and there is no journal publication accompanying the structure (Osipiuk 
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et al., 2009). This is the only structure solved by X-ray crystallography of this protein family so far and 

there are no publications on the function of a protein with UPF0102 protein domain family.  

 

Figure 21: Distribution of the UPF0102 protein domain in bacteria and archaea.  
The trees were generated using AnnoTree (Mendler et al., 2019). 

A: For bacteria, the domain search was done at the family level with annotations at the phylum level, showing only the 
larger phyla.  
B: For archaea the domain search was done at the genus level with annotations at the phylum level, only showing the larger 
phyla. 

3.1.2 Holliday Junction Resolvases 

DV-Hjc is a homologue of the archaeal Holliday junction resolvases (Hjc). Holliday junctions are an 

intermediate during DNA recombination and double-stranded DNA break repair by homologous 

recombination (Lilley, 2017). Holliday junctions are formed during the invasion of a homologous strand 

into a double helix, which results in four DNA helices, which meet at a single branchpoint, as shown in 

Figure 22. They form a junction between two DNA duplexes. The existence of Holliday junctions was 

first proposed by Robert Holliday, whose mechanism for gene conversion involved the formation of a 

Holliday junction (Holliday, 1964). Holliday junctions can exist in a stacked and open confirmation, as 

shown in Figure 22 (B and C, respectively). In solution, the conformation is mainly determined by metal 

ion availability. In the absence of cations, the junction is in an open conformation and in the presence 

of cations it is in a stacked conformation (Lilley & Clegg, 1993). In the stacked conformation, Holliday 

junctions exist in an antiparallel configuration not in a parallel conformation, as shown in Figure 22 (A 

and B) (Cooper & Hagerman, 1989; Lu et al., 1991; Murchie et al., 1989). The antiparallel configuration 

can differ depending on the antiparallel stacking partner. This configurational change can change the 

orientation of junction-resolving enzymes.  
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Figure 22: Conformation of Holliday junctions.  
A: Illustration of the Holliday junction in a parallel stacked conformation. 
B: Holliday junction in an antiparallel stacked conformation shown illustrated (i) and with the 3D structure (2WJ0) from 
Carolis et al. (2009) (ii). 
C: Holliday junction in an open planar conformation shown illustrated (i) and with the 3D structure (7X5A) from Zhang et 
al. (2023). 

To produce intact and replicable DNA after a Holliday junction intermediate is formed during a DNA 

replication or repair, the junction must be resolved into two DNA duplexes. This resolution is carried 

out by Holliday junction resolving proteins, which are a group of structure-specific DNA endonucleases 

found in organisms from all domains of life. The most well-known Holliday junction resolving enzymes 

are, the bacterial RuvC, archaeal Holliday junction resolvases, T7 and T4 endonuclease, the human 

Gen1 protein and eukaryotic Cce1 proteins, which are summarised in Table 7 (Gorecka et al., 2013; 

Rass et al., 2010; Wyatt & West, 2014). The sequences and structures across these Holliday junction-

resolving enzymes are not conserved. However, they share some common features. These features 

include a large amount of positively charged amino acids, which form large positively charged surfaces 

for DNA binding (Wyatt & West, 2014). Additionally, their active sites usually contain three to four 

acidic amino acids, required for nuclease activity and binding of a single metal ion (Wyatt & West, 

2014).  
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Table 7: Summary of well-known Holliday junction resolving enzymes. 

Organism  Enzyme 

Name 

Oligomeric 

State  

Junction 

Conformation 

Sequence Specificity  Reference  

Prokaryotes RuvC Homodimer Open planar 5-A/TTT↓G/C-3′ (Górecka et al., 
2019) 

Archaea Hjc 

Hje 

Homodimer 

Homodimer 

Open planar 

Stacked 

No 

No 

(Kvaratskhelia 

& White, 2000) 

Eukaryotes Gen1 
(human) 

 

Cce1 

Monomer 
 

 

Homodimer 

Not determined 
 

 

Open planar 

Weak preference for 2 
guanine in a thymine-

rich region 

5'-CT↓-3’ 

(Shah Punatar et 
al., 2017)  

 

(White & Lilley, 
1997) 

Phage T4 endo 

VII 

T7 endo I 

Homodimer 

 

Heterodimer 

Open planar 
 
Stacked 

5’-AA/TTA↓G/CTC-3 

 

No 

(Hardie & 

Murray, 2018) 

(Hadden et al., 
2007) 

YraN Family Proteins 

The DV-Hjc protein is homologous to YraN proteins, which are currently not well characterised but are 

annotated as a transcription factor. A preprint by Hardy et al. (2024) was released while the presented 

research was being undertaken, which suggests that the protein is involved in a homologous 

recombination process as part of bacterial natural transformation. During natural transformation, cells 

take up DNA from the environment and integrate it into their genome. External DNA integration into 

the host genome occurs in a process similar to homologous recombination (Hamilton & Dillard, 2006; 

Straume et al., 2015). The external DNA invades the host genome at the homologous region forming a 

D-loop. Hardy et al. (2024) suggest that the YraN protein resolves the Holliday junction formed during 

this invasion. The protein was tested in vivo in Legionella pneumophila and Synechococcus elongatus, 

where the efficiency of natural transformation was reduced by knocking out the yraN protein or 

mutations in the yraN protein by 40-fold in L. pneumophila and 120-fold in S. elongatus. Their results 

suggest that the yraN protein is involved in the process of chromosomal DNA integration rather than 

the uptake of the DNA from the environment (Hardy et al., 2024).  

DV-Hjc Genomic Context 

The DV-Hjc sits in a gene cluster with four proteins predicted to be involved in replication, 

recombination and repair, and five proteins predicted to be involved in translation, ribosomal structure 

and biogenesis, based on the COG classification (Figure 23). DV-Hjc is not in the same operon as those 

genes, however its proximity to them further suggests its DNA-modifying role. Based on a 

neighbourhood search for the DV-Hjc protein, homologues are often located next to a Mg-chelatase 

(77%) (PF13541, PF01078, PF13335), DNA recombination-mediator protein A (60%) (PF02481), a 

signal peptidase (60%) (PF10502), and RNase HII (59%) (PF01351). A similar synteny can also be 

seen in neighbourhoods of DV-Hjc homologues in the Dry Valley metagenomes. In some cases, the 
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RNase HII and UPF0102 domain are expressed as a multifunctional fusion protein (315 proteins in the 

UniProt database). In the case of DV-Hjc, an RNase HII and a Mg-Chelatase are positioned on either 

side of the protein (Figure 23). 

 

Figure 23: Gene contig of DV-Hjc.  
A: Gene Contig of DV-Hjc. DV-Hjc is highlighted by the red line. The colours indicate the COG categories (B) the proteins 
belong to. Grey colour indicates the COG categories not listed in B. Numbered proteins refer to the Pfam predicted: -9 SMC_N, 
-4 tRNA (Guanine-1)-methyltransferase, -3 Ribosomal protein L19, -2 Peptidase_S26 -1 RNase_HII, 1 Magnesium chelatase, 
subunit ChlI, 2 DNA recombination-mediator protein A.  
B: Colour codes of COG categories of the protein shown in A. 

3.2 DV-Hjc Protein Purification 

The DV-Hjc protein was recombinantly expressed in E. coli BL21 plysS cells and the protein was 

purified through multiple-step purification initially on the Äkta Prime FPLC which was stored in and 

operated at 4°C to keep a constant low temperature during protein purification. Due to the failure of the 

Äkta Prime, purification was carried out on a BioRad NGC purifier, which operated at room 

temperature. This was suboptimal for DV-Hjc purification and yielded lower protein concentrations 

due to decreased protein stability. To increase the DV-Hjc protein stability after purification the protein 

was transferred into a stabilising agent containing buffer (50 mM Bis-Tris pH 6.5, 200 mM NaCl, 10% 

(v/v) glycerol, 1 mM DTT). This led to an increase in the protein's shelf life of up to a week when stored 

at 4°C. However, it did not enable up-concentration of the protein to a concentration above 16 µM. 

Ideally, the Hjc is purified on a machine operating at 4°C and kept at this temperature throughout the 

purification process to enable up-concentration of the protein to higher concentrations. Additionally, 

changing DV-Hjc into the DV-Hjc-specific storage buffer increases the protein’s stability for 

biochemical characterisation.   

DV-Hjc Wild Type Purification 

Crude E. coli cell lysate containing the recombinantly expressed MPB- and 6xHis-tagged DV-Hjc 

protein was loaded onto an IMAC column. The eluate was collected in 4 mL fractions and analysed via 
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SDS-PAGE gel electrophoresis. The protein eluted at about 0.4 M imidazole. DV-Hjc containing 

fractions contained several contaminating proteins (Figure 24, A).  

The protein-containing fractions were pooled and changed into a suitable buffer for TEV-protease 

(Buffer C, Supplementary Table 7). The pooled fractions were diluted as described in Section 2.1.3, 

before incubation with TEV protease. The dilution of the protein ensured that the concentration of DV-

Hjc after cleavage of the MBP-tag by TEV protease was below 0.2 mg/mL. At a concentration above 

0.2 mg/mL, DV-Hjc precipitated following the removal of the MBP-tag by TEV protease. Following 

the overnight TEV incubation, a reverse IMAC elution was used to separate the DV-Hjc protein from 

the 6xHis-tagged MBP-tag and TEV protease. The eluate was collected in 2 mL fractions and analysed 

via SDS-PAGE gel electrophoresis. The reverse IMAC elution resulted in DV-Hjc protein with a small 

number of contaminating proteins (Figure 24, B). 

To further purify the protein, protein-containing fractions from the previous step were applied to an S75 

gel filtration column. The DV-Hjc protein eluted after approximately 60 mL and resulted in clean a 

protein product as determined by SDS-PAGE electrophoresis (Figure 24, C). The protein-containing 

fractions were pooled and changed into the storage buffer (Supplementary Table 8) to increase the 

protein stability. 
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Figure 24: DV-Hjc protein purification chromatograms and SDS-PAGE gels.  
All SDS-PAGE gels have the Precision Plus Protein™ standard as a molecular weight indicator (M). Blue arrows indicate 
the position of DV-Hjc on the gel. Blue lines indicate, which fractions were taken into the next step. 
A: i: Chromatogram of the IMAC elution of MBP-tagged protein. ii: 12% SDS-PAGE gel, showing the insoluble proteins (I) 
in the first lane and crude soluble proteins (S) in the second lane. Lane 3 contains the flow through (FT). Lanes 4 to 13 are 
fractions from the IMAC elution. The pink underlined A, B, and C indicate the position of the chromatogram peaks on the 
SDS-PAGE gel. 
B: i: Chromatogram of the reverse IMAC elution of untagged DV-Hjc. ii: 15% SDS-PAGE gel showing the pooled protein 
from before and after TEV) incubation (BT and AT, respectively in lanes 1 and 2 (ii). Lanes 3 to 15 are fractions from the 

reverse IMAC elution. The pink underlined A and B indicate the position of the chromatogram peaks on the SDS-PAGE gel. 
C: i: Gel filtration chromatogram. ii:15% SDS-PAGE gel with fractions from the gel filtration elution. The pink underlined 
A indicates the position of the chromatogram peak on the SDS-PAGE gel. 

DV-HjcD42A Mutant Purification 

The DV-HjcD42A mutant was purified as described in Section 2.1.3. DV-HjcD42A and behaved similarly 

to the DV-Hjc wild-type protein, described above, which indicates that DV-HjcD42A folds correctly. 

During IMAC elution of the MBP- and 6xHis-tagged protein DV-HjcD42A, the protein eluted at 0.2 M 

imidazole as shown in the SDS-PAGE gel in Figure 25 (A). The protein-containing fractions were 

changed into Buffer C and diluted as previously described before the protein was incubated with TEV 

protease overnight. After TEV incubation the protein was put through a reverse IMAC to separate DV-

HjcD42A from the 6xHis-tagged MBP-tag and TEV protease protein. The eluate was collected in 2 mL 

fractions and analysed on an SDS-PAGE gel (Figure 25, B). After the reverse IMAC the protein was 

relatively free of contaminants, but to further purify the protein, protein-containing fractions were 
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pooled and applied to an S75 gel filtration column for size exclusion chromatography. This resulted in 

a single large peak and a few smaller peaks from contaminating proteins, which were analysed on an 

SDS-PAGE gel (Figure 25, C). The fractions containing the DV-HjcD42A protein were transferred into 

the storage buffer using a de-salt column to stabilise the protein.  

 

Figure 25: DV-HjcD42A protein purification chromatograms and SDS-PAGE gels. 

All SDS-PAGE gels have the Precision Plus Protein™ standard as a molecular weight indicator (M). Blue arrows indicate 
the position of DV-Hjc on the gel. Blue lines indicate, which fractions were taken into the next step. 
A: i: Chromatogram of the IMAC elution of MBP-tagged protein. ii: 12% SDS-PAGE gel, showing the insoluble proteins (I) 
in the first lane and crude soluble proteins (S) in the second lane. Lane 3 contains the flow through (FT). Lanes 4 to 16 are 
fractions from the IMAC elution. The pink underlined A, B, and C indicate the position of the chromatogram peaks on the 
SDS-PAGE gel. 
B: i: Chromatogram of the reverse IMAC elution of untagged DV-Hjc. ii: 15% SDS-PAGE gel showing the pooled protein 
from before and after TEV incubation in lanes 1 and 2, respectively (BT and AT, respectively) (ii). Lanes 3 to 14 are 

fractions from the reverse IMAC elution. The pink underlined A, B and C indicate the position of the chromatogram peaks 
on the SDS-PAGE gel. 
C: i: Gel filtration chromatogram. ii:15% SDS-PAGE gel with fractions from the gel filtration elution. The pink underlined 
A indicates the position of the chromatogram peak on the SDS-PAGE gel. 

3.3 Structural Characterisation of DV-Hjc 

Crystals were grown in 35% PEG 4,000, 100 mM ammonium citrate (pH 5.6) and 200 mM ammonium 

acetate, and diffraction data was collected at the Australian Synchrotron by my supervisor, Dr 
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Williamson, before the commencement of my Masters Research. I processed this data and used it to 

determine the DV-Hjc structure. The structure of the DV-Hjc protein was determined at a resolution of 

1.74 Å with an r-free of 0.2225. The data collection and refinement statistics of the solved DV-Hjc 

protein structure presented here are shown in Table 4. Residues Glu13, Glu18, Arg30, Arg77, and Lys81 

show alternative side-chain formations and have been modelled as such.  Residues 61 to 73 are absent 

in the final model due to poor electron density in this area. A single citric acid molecule is present near 

the α1 α-helix, which was a component of the crystallisation buffer. The DV-Hjc protein is an α/β 

protein with a five-stranded β-sheet sandwiched between two α-helixes (Figure 26). The β-sheets are in 

the order: 1-2-3-4-5 with sheets 2 and 5 running antiparallel to the other strand (Figure 26, B and C).  

The protein has a large positively charged surface, which is formed mainly by basic side chains on α1, 

α2 and in the loop regions (Figure 26, D). Embedded in this positively charged surface is a negatively 

charged pocket formed by acidic residues (Glu13, Asp22, Asp42, Asp47, Glu54) on α1, β3 and β2.  

 

Figure 26: Structure of DV-Hjc. 
A: Cartoon representation of the structure, showing α-helices in green, β-sheets in blue and loops in pink. The citric acid 
molecule is shown in pink. 
B: Structure of the protein with α-helices and β-sheets numbered ascending from the N-terminus to the C-terminus of the 
protein. 
C: Topology diagram of DV-Hjc generated in PDBsum1 (Laskowski, 2022). α-helices are shown as red cylinders. β-sheets 
are shown as pink arrows. Helices and sheets are numbered like in B. 

D: The electrostatic surface potential of DV-Hjc, red and blue coloured surfaces indicate negative and positive potential, 
respectively. 
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The structure of  Rhodopseudomonas palustris is the only structure representative of a UPF0102 domain 

protein so far (3FOV)(Osipiuk et al., 2009). The superimposition of the DV-Hjc with the R. palustris 

structure showed a high structural similarity between the proteins (Figure 27). Both proteins consist of 

a five-stranded β-sheet with two α-helices framing them. The structure of R. palustris UPF0102 has an 

unstructured region from 70 to 75, which lies on the same loop as the unstructured region in the DV-

Hjc structure (residues 61 to 73). The length of the β-sheets and α-helices differ between the two 

proteins and the R. palustris protein has an additional short α-helix at the C-terminus of α2. The long 

loop regions of both proteins are located in very different positions, which may be due to their flexibility 

and function in DNA binding. A sequence alignment of DV-Hjc with other YraN and UPF0102 domain 

proteins shows a high level of conservation between the proteins (Figure 27). 

 

Figure 27: Comparison between DV-Hjc and the R. palustris UPF0102 protein structure. 
A: Structural alignment of the two proteins in cartoon representation. DV-Hjc is shown in pink and the R. palustris 
UPF0102 (pdb ID: 3FOV) is shown in blue. 
B: Topology of DV-Hjc (left) and 3FOV (right). α-helices and β-sheets are numbered ascending from the N- to C-terminus. 
Topology diagrams were generated in PDBsum (Laskowski, 2022). 

C: Amino acid sequence alignment of DV-Hjc with UPF0102 domain of R. palustris (RHOPA), Chlorobium chlorochromatii 
(CHLCH), Pelotomaculum thermopropionicum (PELTH), Vibrio cholerae (VIBCO) and Neisseria gonorrhoeae (NEIGO) 
and YraN proteins from E. coli (ESCCO), Vibrio cholerae (VIBCO) and Pseudomonas aeruginosa (PSEAE).  
The protein sequence alignment was generated using ESPript 3.0 (Robert & Gouet, 2014) 

Archaeal Hjc Protein Structures 

Based on a Vector Alignment Search Tool (VAST) search with DV-Hjc the protein shares high 

structural similarity with the archaeal Holliday junction resolvase Hjc from Pyrococcus furiosus (1GEF) 

(Gibrat et al., 1996). Superimposition of these two structures shows a high similarity of the five-stranded 
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β-sheet core of the two proteins (Figure 28, A). The P. furiosus structure has an additional α-helix and 

two additional β-sheets compared to the DV-Hjc protein structure (Figure 28, A and B). The two 

additional β-sheets form a two-stranded β-sheet located opposite the β3, β4, and β5.  

Other archaeal Hjc proteins share the same core of a five-stranded β-sheet and two α-helices. The order 

of these five-stranded β-sheet is 1-2-3-4-5 with strands two and five antiparallel to the others (1-2-3-4-

5, ↑↓↑↑↓) in archaeal Hjc proteins and in DV-Hjc (Bond et al., 2001; Middleton et al., 2004; Nishino, 

Komori, Ishino, et al., 2001; Nishino, Komori, Tsuchiya, et al., 2001). As shown in the topology 

diagram of the archaeal Hjc proteins shown in Figure 28 (B), the archaeal Hjc proteins have additional 

structural elements to the core structure. These additional features consist mostly of short β-sheets and 

α-helices. For example, in the case of P. furiosus Hjc, an additional α-helix and two additional β-sheets 

are present, and in the case of the Saccharolobus solfataricus Hjc protein, two additional α-helices and 

four additional β-sheets are present, when compared to DV-Hjc. The function of these additional 

features has not yet been determined. 

Sequence comparison of DV-Hjc with archaeal Hjc protein sequences showed overall little sequence 

similarity between DV-Hjc and archaeal Hjc proteins. The sequence alignments showed that glycine 

residues at positions 9 and 24, glutamic acid at positions 13 and 55, leucine at position 20, aspartic acid 

at position 42, alanine at position 45, and lysine at position 57 are conserved in all aligned proteins. 

These are mostly part of the catalytic site of the proteins as will be discussed in more detail below. 
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Figure 28: Structural comparison of DV-Hjc with archaeal Hjc proteins.  
A: Structural superimposition of DV-Hjc (in pink) with the archaeal P. furiosus Hjc protein (pdb ID: 1GEF) (in green). 
B: Topological diagram of DV-Hjc and archaeal Hjc proteins. From left to right: DV-Hjc, P. furiosus Hjc (pdb ID: 1GEF), 
S. solfataricus Hjc (pdb ID: 1HH1), A. fulgidus (pdb ID: 2WCW), S. solfataricus Hje, S. tokodaii (pdb ID: 2EO0)(Bond et 
al., 2001; Carolis et al., 2009; Nishino, Komori, Tsuchiya, et al., 2001; Sarai et al., 2007).  

C: Amino acid sequence alignment of the proteins named in B. The structure of DV-Hjc is shown on top and the structure of 
the P. furiosus Hjc on the bottom. 
The protein sequence alignment was generated using ESPript 3.0 (Robert & Gouet, 2014). Topology diagrams were 
generated in PDBsum (Laskowski, 2022). 

Nuclease Proteins with a Five-Stranded β-Sheet 

The structural motif of a five-stranded β-sheet flanked by several α-helices can also be found in other 

nuclease enzymes, as shown in the examples of the type II restriction endonucleases, like EcoRV and 

EcoRI, the RNase HI, RuvC, LHR exonuclease, RecJ, γ δ resolvase, and Colicin E5 riboendonuclease 
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in Figure 29 (Ariyoshi et al., 1994; Katayanagi et al., 1992; Lin et al., 2005; Pingoud et al., 2005; Rice 

& Steitz, 1994; Wakamatsu et al., 2010). The order of the β-sheets is the same in DV-Hjc, archaeal Hjc 

proteins and type II restriction endonucleases (1-2-3-4-5), but the direction of the β-sheets differs 

between the proteins. In RNaseHI and RuvC the order of the sheets is (5-4-1-2-3↑↑↑↓↑) (Ariyoshi et 

al., 1994; Breyer & Matthews, 2000; Katayanagi et al., 1992). The five-stranded β-sheet flanked by α-

helices appears to be a common structural feature in nuclease. The proteins shown in Figure 29, have 

additional structural elements to the five-stranded β-sheet core, which are unique to those proteins. DV-

Hjc does not have any additional features. 

 

Figure 29: Structures and topology diagrams of the following enzymes: 
A: Type II restriction endonuclease EcoRV (pdb ID: 1AZ0)(Perona & Martin, 1997). 
B: Type II restriction endonuclease EcoRI (pdb ID: 2OXV)(Sapienza et al., 2007). 
C: E. coli RNase HI (pdb ID: 1G15) (Goedken & Marqusee, 2001). 
D: E. coli RuvC (pdb ID: 1HJR)(Ariyoshi et al., 1994). 
E: Laribacter hongkongensis exonuclease (3SZ4)(Yang et al., 2011).  
Topology diagrams were generated in PDBsum (Laskowski, 2022). 

3.3.1 Metal Binding Residues of DV-Hjc 

Nucleolytic activity of nucleases may require one to three metal ions in the protein's active site (Yang, 

2011). If a nuclease requires a metal for its activity, it is referred to as a metallonuclease. 

Metallonucleases commonly utilise Mn2+ and/or Mg2+ for their activity, which is abundant in all living 
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cells (Dupureur, 2008a; Wolf & Cittadini, 2003). They may also use Ca2+ or Zn2+ (Dupureur, 2008a). 

As shown in Section 3.4.3, DV-Hjc requires magnesium or manganese for nucleolytic activity. Metal 

ions are required for the activity of all metallonucleases because they coordinate the scissile phosphate 

and are predicted to activate the nucleophile, stabilise the unstable intermediate and protonate the 

leaving group in some nuclease mechanisms (Dupureur, 2008a, 2008b). Crystallisation of DV-Hjc with 

a metal ion was not attempted during this project; therefore, the DV-Hjc metal binding site was 

predicted with a Mg2+ and a Mn2+ ion using the AlphaFold3 (Abramson et al., 2024). The predicted 

DV-Hjc protein as a monomer with Mg2+ bound to it had the highest ipTM of 0.91, which indicates that 

the position of the Mg2+ ion in the complex with the DV-Hjc protein is likely to be accurate.  

The prediction places the Mg2+ near the acidic residues Asp42 and Glu55 (Figure 30, A). Based on this 

prediction, Asp42 and Glu55 are hypothesised to be responsible for the orientation of a single metal ion 

in the protein’s predicted active site. The alignment of the DV-Hjc protein with archaeal Hjc proteins 

and sequences for UPF0102 family proteins show that the glutamic acid residues and the aspartic acid 

residue are conserved across both archaeal Hjc and UPF0102 family proteins (Figure 30, B).  

 

Figure 30: DV-Hjc metal binding site. 
A: Predicted metal binding site of DV-Hjc based on an AlphaFold3 (Abramson et al., 2024). The prediction was done using 
a single Mg2+ ion. The prediction of the whole metal-protein complex had an ipTM of 0.91. The confidence of the metal 
binding site was very high with a pIDDT >0.9 and the position of the Mg2+ had a pIDDT between 0.7 and 0.9. 
B: Alignment of archaeal Hjc and Hje proteins from Sulfurisphaera tokodaii (SULTO), Saccharolobus solfataricus 
(SACSO), Archaeoglobus fulgidus (ARCFU), and P. furiosus (PYRFU).  
The protein sequence alignment was generated using ESPript 3.0 (Robert & Gouet, 2014). 
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3.3.2 Catalytic Site of DV-Hjc 

Archaeal Hjc proteins have a conserved motif of two aspartic acid residues, one glutamic acid, and a 

lysine residue, which forms the catalytic site of those proteins (EXnDXmEXK) (Kvaratskhelia et al., 

2000). Based on sequence alignment of the DV-Hjc protein with characterised archaeal Hjc proteins 

this motif is also present in DV-Hjc. In DV-Hjc the residues of this motif correspond to Glu10, Asp42, 

Glu55, and Lys57 (Figure 31). Based on the presence of this motif DV-Hjc protein belongs to the large 

PD-(D/E)XK phosphodiesterase superfamily (Steczkiewicz et al., 2012). This protein family mainly 

consists of nuclease proteins, including type II restriction endonucleases, Holliday junction resolvases, 

and the UPF0102 domain proteins (Steczkiewicz et al., 2012). Aside from the active site residues 

proteins belonging to this family have low sequence similarity (Steczkiewicz et al., 2012). Like many 

other PD-(D/E)XK family proteins, DV-Hjc and other UPF0102 proteins do not have the proline residue 

before the aspartic acid residue, as highlighted in Figure 31 (A). In UPF0102 and YraN proteins the 

proline residue is substituted by a leucine or isoleucine residue. The proline residue is present in most 

archaeal Hjc proteins, apart from the P. furiosus Hjc, where it is substituted by valine. This agrees with 

the suggestion from Steczkiewicz et al. (2012), that proline can be substituted by hydrophobic side 

chains. As shown in Figure 31 (B), the substitution of proline to leucine in DV-Hjc does not affect the 

position of the other active site residues. The leucine residue is probably involved in the formation of 

the hydrophobic core of the protein. 

The DV-Hjc active site residues superimpose well with those from archaeal Hjc proteins, as shown in 

the example of the active site superimposition of P. furiosus and A. fulgidus with DV-Hjc (Figure 31, 

B, i and ii). The DV-Hjc Glu13, Asp42, Glu55, and Lys57 correspond to the Glu-9, Asp-33, Glu-46, 

and Lys-48 in P. furiosus and A. fulgidus (Komori et al., 2000; Nishino, Komori, Tsuchiya, et al., 2001). 

Biochemical assays (as described in Section 3.4.3) confirmed that this is true for Asp42, which is 

required for the catalytic activity of the DV-Hjc protein. The activity of the DV-HjcD42A mutant had 

over 50% activity reduction compared to the wild type. Therefore, we can be certain that this residue is 

involved in the cleavage of DNA by DV-Hjc. The other predicted active site residues (Glu13, Glu55, 

and Lys57) were not mutated to determine whether they are required for the activity of the DV-Hjc 

protein in the scope of this project. However, based on the sequence alignments and structure 

superposition with characterised archaeal Hjc proteins it is highly likely to form the active site of the 

protein (Figure 31, A and B)(Bond et al., 2001; Komori et al., 2000; Kvaratskhelia et al., 2000; 

Middleton et al., 2004; Nishino, Komori, Ishino, et al., 2001). The same active site residues can also be 

found in the EcoRV restriction endonuclease. The residues Glu12, Asp42, Glu55, and Lys57 in DV-

Hjc are equivalent to Glu45, Asp74, Asp90, and Lys92 in EcoRV (Vipond et al., 1995). 
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Glu13 shows alternative conformations in the solved structure of DV-Hjc and is shown as such. This 

may be due to the lack of a metal ion or substrate in the active site. The glutamic acid in this position is 

not part of the PD-(D/E)XK motif, but it is highly conserved across archaeal Hjc proteins and UPF0102 

family proteins and is required for nucleolytic activity. 

The lysine residue in the active site of DV-Hjc is a single basic amino acid, Lys57. This residue is part 

of the motif in PD-(D/E)XK phosphodiesterase family proteins. It is highly conserved and multiple 

studies have shown that it is required for the activity of homologous proteins (Komori et al., 2000; 

Kvaratskhelia et al., 2000; Nishino, Komori, Ishino, et al., 2001; Vipond et al., 1995). The lysine residue 

is predicted to play a role in stabilising the transition state during phosphodiester bond cleavage 

(Kvaratskhelia et al., 2000).  In two of the UPF0102 family proteins shown here, this residue is replaced 

by arginine, which due to the similar properties may be able to fulfil the same function as lysine in this 

position.  

An electrostatic potential surface of DV-Hjc shows that the acidic side chains in the active site form a 

negatively charged binding pocket (Figure 31, C, i). Figure 31 (C, ii) shows the acidic residues cluster 

together at one part of the active site, while the lysine is located at the other side. The active site is 

located in the centre of the positively charged predicted binding surface, suggesting that this positively 

charged surface binds the DNA and places it in the active site allowing interaction of the residues in the 

active site with the DNA. 
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Figure 31: Active site of DV-Hjc. 
A: Amino acid sequence alignment of DV-Hjc with YraN proteins from E. coli (ESCCO), Legionella pneumophila (LEGPN), 
and Synechococcus elongatus (SYNEL), and archaeal Hjc proteins from Sulfurisphaera tokodaii (SULTO), Saccharolobus 
solfataricus (SACSO), Archaeoglobus fulgidus (ARCFU), and P. furiosus (PYRFU). 
B: Active site of DV-Hjc showing the active site residues Glu13, Asp42, Glu55, and Lys57 superimposed onto those of P. 
furiosus (PYRFU) (pdb ID: 1IPI) (i) and Sulfurisphaera tokodaii (SULTO) (pdb ID: 1HH1)(ii). 
C: i: Electrostatic surface potential of DV-Hjc highlighting the position of the active site and catalytic residues in the active 
site. ii: position of the catalytic residues in the DV-Hjc structure showing the basic side chain in yellow and acidic side 
chains in blue.  

The protein sequence alignment was generated using ESPript 3.0 (Robert & Gouet, 2014). 

The active site of nucleases greatly differs between different enzymes (summarised in Table 8). 

However, a common feature is a cluster of acidic residues with one or two basic side chains, mostly 

lysine. The same active site organisation is present in DV-Hjc, which suggests its function as a nuclease 

protein.  

Table 8: Summary of the active site diversity of nuclease enzymes. 

Protein, Organism Active Site Residues  Reference 

DV-Hjc Glu12, Asp42, Glu55, Lys57  

Archaeal Hjc, P. furiosus Glu9, Arg10, Arg25, Asp33, 

Glu46, Lys48 

(Komori et al., 2000) 
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RecU, B. subtilis Glu36, Lys56, Asp88, Asp99, 

Glu101, Lys103 

(McGregor et al., 2005) 

RusA Asp70, Asp72, Lys76, Asp91 (Rafferty et al., 2003a) 

RuvC, E. coli Asp7, Glu66, Asp138, Asp141 (Saito et al., 1995) 

EcoRV Glu45, Asp74, Asp90, Lys92 (Vipond et al., 1995) 

 

3.3.3 Prediction of Dimer Formation by DV-Hjc 

As mentioned above DV-Hjc belongs to the structural family of type II restriction endonucleases. 

Proteins that belong to this family are predominantly dimeric and some tetrameric (Pingoud et al., 

2005). This includes all archaeal Hjc and Hje proteins, that have been characterised to date, which are 

homodimeric in solution and bind Holliday junctions in dimeric form (Wyatt & West, 2014). Archaeal 

Hjc dimers have two active sites allowing the enzyme to catalyse the cleavage of the two phosphodiester 

bonds on either side of the Holliday junction within one DNA binding event (Wyatt & West, 2014). 

The dimer interface is mainly formed by interactions of hydrophobic residues in the β-sheets at the 

dimer interface (Figure 32, B) (Bond et al., 2001; Komori et al., 2000; Nishino, Komori, Tsuchiya, et 

al., 2001). As shown in Figure 32 (B), in the P. furiosus Hjc protein the two aromatic residues Phe68 

and Phe72 are also involved in the dimer formation through cation-π interactions and mutation of those 

residues to alanine residues showed a reduction in dimer formation (Komori et al., 2000).  

Because it has a Type II restriction enzyme-like structure and its homology to archaeal Hjc proteins, 

the dimer formation of DV-Hjc was explored. This was done using AlphaFold3 predictions since the 

DV-Hjc protein was present in monomeric conformation in all crystal structures obtained during this 

project (Abramson et al., 2024). Multimers from two to four protein units were predicted using 

AlphaFold3 and the predicted dimeric Hjc had the highest ipTM with 0.18. This low score indicates 

that it is likely a failed prediction in terms of the position of the two complexes. This is further confirmed 

by the predicted dimer interface of this model between the α1 α-helices of the two monomers. The 

predicted dimer interface consists of interactions between Ser14, Glu19 and Asp22. The main 

interactions at the dimer interface would therefore be hydrogen bonds between the serine and the acidic 

residues as indicated in Figure 32 (A). The AlphaFold3 predicted dimer conformation, therefore, 

appears unlikely.  

Comparison of the DV-Hjc protein to archaeal Hjc proteins shows that the phenylalanine residues 

required for dimer formation are absent in DV-Hjc (Figure 32, C). However, Phe72, which is important 

for dimer formation in P. furiosus is substituted by an aromatic side chain in DV-Hjc, Trp89. As shown 
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in Figure 32, this conservational amino acid change is also present in the E. coli UPF0102 and a 

conservational amino acid change to tyrosine in the L. pneumophila and S. elongatus. Additionally, 

hydrophobic residues on the β-sheets β1 and β2 in the archaeal Hjc proteins are involved in the dimer 

formation. The amino acid sequence alignment shows that hydrophobic residues on β1 and β2 are 

conserved across both the UPF0102 proteins and the archaeal Hjc and Hje proteins shown. Overall, 

dimer formation of DV-Hjc seems likely based on the homology of DV-Hjc to other dimeric proteins, 

however, a confident prediction of this dimer could not be made and therefore possible dimer formation 

must be confirmed experimentally.  

 

Figure 32: Predicted dimer formation of DV-Hjc. 
A: AlphaFold 3 predicted DV-Hjc dimer (ipTM: 0.18). The full dimer is shown on the left and a closer look at the dimer 
interface on the right. 
B: P. furiosus Hjc protein dimer (1GEF)(Nishino, Komori, Tsuchiya, et al., 2001). The full dimer is shown on the left and a 
closer look at the dimer interface on the right.  
C: Amino acid sequence alignment of DV-Hjc with bacterial UPF0102 protein sequence and archaeal Holliday junction 
resolvases. The structural features of DV-Hjc and P. furiosus are shown on the top and bottom of the alignment, 
respectively. The black stars indicate the position of the residues required for dimer formation in P. furiosus (Komori et al., 

2000).  
The protein sequence alignment was generated using ESPript 3.0 (Robert & Gouet, 2014). 

Aside from the archaeal Hjc proteins, other known Holliday junction-resolving enzymes are also active 

dimers. Those include the RusA endonuclease, RuvC resolvase, RecU resolvase, Ydc2 resolvase, Phage 

T4 endonuclease VII, and MOC1 resolvase  (Ceschini et al., 2001; Gorecka et al., 2013; McGregor et 
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al., 2005; Rafferty et al., 2003b; Yan et al., 2020). Dimer formation in those proteins is facilitated mostly 

through hydrophobic interactions at the dimer interface. The predicted DV-Hjc dimer also has some 

hydrophobic interactions at the predicted dimer interface however, they are not as extensive as those 

found in similar proteins.  

When comparing the dimer formation between the mesophilic RuvC from E. coli with that of the 

thermophilic RuvC from Thermus thermophilus the dimer interface is packed more tightly in the T. 

thermophilus RuvC homodimer. There is also an increased number of aromatic amino acids at the dimer 

interface leading to a more stable dimer. This may contribute to the thermostability of the T. 

thermophilus RuvC compared to its mesophilic homologue. Dimer formation of the T4 endonuclease 

VII from bacteriophage T4 diverges from that of the Holliday junction resolving enzymes discussed 

above. Structural studies show that in its dimeric form, the protein is highly intertwined with high levels 

of domain swapping. The structure of T4 endonuclease VII is highly flexible and can cleave a wide 

range of DNA substrates, which may correlate with its high flexibility (Biertümpfel et al., 2007; 

Raaijmakers et al., 2001; Raaijmakers et al., 1999; Solaro et al., 1993). Similarly, the monomers of T7 

endonuclease I are highly intertwined forming a dimer with an intensive dimeric interface allowing for 

high stability of the dimer in solution. The recently characterised GEN1 protein – a unique Holliday 

junction resolving enzyme –  is monomeric in solution and dimerises when binding Holliday junctions 

(Rass et al., 2010).  

Based on similar proteins to DV-Hjc it would appear likely that it forms a dimer. However, based on 

the lack of the amino acids required for dimer formation, oligomerisation may only occur upon substrate 

binding, like in the Gen1 protein (Liu et al., 2015). To further characterise DV-Hjc it is important to 

determine its oligomeric state. For this purpose, size exclusion chromatography experiments and further 

structural analysis via protein crystallisation and small-angle X-ray scattering will be used. 

3.3.4 DNA Binding 

DV-Hjc-DNA Co-crystallisation 

As shown in Section 3.4.2 DV-Hjc binds to a range of DNA substrates. Trials of DV-Hjc-DNA co-

crystallisation did not result in a structure of DV-Hjc with DNA bound. Co-crystallisation was 

attempted with 10 nt long double-stranded DNA substrates as described in Section 2.4.2. In most 

conditions, crystal forming conditions crystal formed within two weeks. Crystals were obtained for the 

crystallisation screening conditions shown in Table 9. 

Table 9: Crystallisation conditions from the Hampton Research crystallisation screens PEGxR and Natrix, that showed 
positive results for DV-Hjc-DNA co-crystallisation. 

Crystallisation Screen Well Crystallisation solution composition 
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PEGRx F1 0.1 M Succinic acid pH 7.0, 0.1 M BICINE pH 8.5, 30% v/v Polyethylene 

glycol monomethyl ether 550 

PEGRx F5 0.2 M L-Proline, 0.1 M HEPES pH 7.5, 24% w/v Polyethylene glycol 1,500 

Natrix H5 0.08 M Potassium chloride, 0.04 M Sodium cacodylate trihydrate pH 7.0, 

60% v/v (+/-)-2-Methyl-2,4-pentanediol, 0.012 M Spermine 

tetrahydrochloride 

Based on these results fine screens were set up with the same conditions. Additionally, the pH, 

precipitant concentration and protein-to-reagent ratios were varied, as detailed in Section 2.4.1. Crystals 

formed in all conditions shown in Table 9. However, the quality of crystals varied between the 

conditions, some examples are shown in Figure 33. The 1:2 ratio of protein to mother liquor generally 

lowered the quality of the crystals and led to the formation of needle clusters (Figure 33). With a 1:1 

ratio of protein to mother liquor crystals formed mostly in plate form. Single plates from the conditions 

indicated by the blue boxes in Figure 33 were taken for X-ray diffraction data collection at the 

Australian Synchrotron. In the case of clustered plates, they were separated to retrieve single plates. 

The condition in B2 was the only one that formed a needle-shaped clustered crystal. The layers of the 

crystal were broken up to retrieve a single needle-shaped crystal from this condition.  

The quality of X-ray diffraction data collected from the crystals at the Australian synchrotron was 

highest from the B2 crystal with a resolution of 2.9Å., however, analysis of the data indicated that the 

crystal included only protein, and DNA had not co-crystalised. The other crystals did diffract but the 

resolution was not high enough and the precipitant interfered with the collection of some data. Analysis 

of the diffraction data from those crystals also indicated that the DNA had not crystallised with the 

protein. To further optimise the crystallisation of DV-Hjc with DNA different DNA substrates will be 

tried. Based on the binding activity of DV-Hjc to DNA substrates in electron mobility shift assays 

(shown in Section 3.4.2), where binding affinity was higher with the longer double-stranded DNA 

substrates, 20 and 40 nt long double-stranded DNA substrates will be tried for crystallisation instead of 

the 10 nt DNA substrate tested here. Additionally, the crystallisation solution will be further optimised 

to achieve a more defined formation of single crystals and reduce the amount of precipitant. 
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Figure 33: Crystal formation of DV-Hjc with double-stranded DNA in fine screens using the dropping vapour diffusion method. 
On top of the images, the plate position and protein-to-mother-liquor (ML) ratio are indicated. For the reaction conditions in 
each well refer to Table 9. The blue background indicates crystals, that were picked for diffraction data collection. 

DV-Hjc DNA Binding Prediction 

Because a structure of DV-Hjc with DNA could not be obtained during the project. A DNA-DV-Hjc 

complex structure was predicted using AlphaFold3.  

The DV-Hjc protein structure has a large positively charged surface, which is likely the DNA binding 

surface. The binding of the protein to DNA was shown using electron mobility shift assays with 

different DNA substrates as explained in more detail in Section 3.4.2.. DNA-DV-Hjc complex co-

crystallisation was attempted but no complex structure was obtained. The monomeric protein with 20 

nt long double-stranded DNA and a Mg2+ ion, shown in Figure 34, had the highest pTM (0.75) and 

ipTM (0.45) of the constructs tried. The pTM value above 0.5 indicates that the overall predicted fold 

is likely to be accurate; however, the ipTM value below 0.6 suggests that the position of the complexes 

in the prediction is incorrect. However, based on the assumption that the large positively charged surface 

is the DNA binding site the position of the DNA to the DNA binding site was identified correctly as the 

DNA is placed in the large positively charged surface of the DV-Hjc protein (Figure 34, B). In the 

predicted structure the DNA is located at the N-terminus of α1 and α2, and the loop region between β1 
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and β2 (Figure 34, A). The binding is facilitated by interactions between lysine and arginine residues 

in those regions and the positively charged DNA backbone (Figure 34, C). The Arg5 residue specifically 

has extensive interactions with the DNA nucleotides in the predicted structure (Figure 34, C, iii). 

Predicted binding of the DNA at the positively charged surface places the DNA phosphodiester 

backbone in the active site of the protein and near the Mg2+ ion (Figure 34).  

There are no structures of archaeal Hjc proteins in a complex with DNA, however, DNA binding has 

been studied using site-directed mutagenesis in P. furiosus (Nishino, Komori, Ishino, et al., 2001). This 

showed that the N-terminus of the protein is significantly involved in DNA binding, which agrees with 

the DV-Hjc prediction, in which five arginine (Arg5, Arg7, and Arg9) residues on the N-terminus of 

the protein have polar interactions with the DNA backbone and the nucleotides as shown in Figure 35 

(C, iii). In P. furiosus four lysine residues are also required for DNA binding, which are not conserved 

in the DV-Hjc sequence. In the predicted DV-Hjc-DNA structure complex only a single lysine residue 

(Lys81) forms a polar contact with the DNA. The main interactions between DV-Hjc and DNA are 

predicted to be formed by arginine residues, including the three arginine residues at the N-terminus 

mentioned above and two additional arginine residues (Arg5, Arg7, Arg9, Arg 33, and Arg38) (Figure 

34, C, ii). Site-directed mutagenesis of these residues could provide more insight into the DNA binding 

of DV-Hjc.  



91  

  

 

Figure 34: AlphaFold3 predicted monomeric DV-Hjc-DNA complex with a Mg2+ ion. 
The prediction was done using AlphaFold3 (Abramson et al., 2024).  
A: Cartoon structure of the predicted DV-Hjc-DNA complex.  
B: Electrostatic surface potential view of the predicted DV-Hjc-DNA complex.  
C: Close-up view of the DV-Hjc and DNA interface. The side chains of residues predicted to be involved in binding are 
shown. Polar contact between residues or Mg2+ and the DNA are shown in pink and polar contacts between active site 
residues and the Mg2+ ion are shown in yellow. 
 

3.4 Biochemical Characterisation of DV-Hjc 

3.4.1 Thermal Shift Assay 

Thermal stability analysis of DV-Hjc was done previously to the commencement of this project by Dr 

Williamson and was published in Rzoska-Smith; et al. (2023). The thermal stability of DV-Hjc was 

analysed using differential scanning fluorimetry and showed that the protein’s maximum melting 

temperature was at 50°C at a pH of 6.5 (Figure 35). The melting temperature rapidly decreases when 

increasing the pH above 7.0. Thermal stability also slightly decreased when the pH was lowered below 

6.5 however pH levels below 5.5 were not explored (Rzoska-Smith; et al., 2023). This information was 

used for the optimisation of purification and assay buffers to increase the stability of the protein. 
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Figure 35: Thermal stability analysis of DV-Hjc using differential scanning fluorimetry. 
A: Normalised fluorescence signal changer between 30°C and 100°C. 
B: Melting temperature (in °C) at the pH range measures (pH 5.5 to 9.5) based on A.  
This figure was taken from Rzoska-Smith; et al. (2023). 

3.4.2 DV-Hjc DNA-Binding  

DNA binding of DV-Hjc was first shown in Rzoska-Smith; et al. (2023) through electron mobility shift 

assays of DV-Hjc with double- and single-stranded 20 and 40 nt DNA substrates. The protein was 

incubated with the DNA substrate at 15°C for 30 min before electrophoresis. The binding of DV-Hjc 

to different substrates was further explored and optimised during this project as described in the 

following. 

Electrophoretic mobility shift assays (EMSAs) with the DV-Hjc protein showed binding of the protein 

to a wide range of DNA substrates with more or less affinity. The binding affinity was highest when 

substrate and protein were incubated on ice for 15 min before electrophoresis. Based on the amount of 

bound DNA on the higher position compared to the amount of unbound DNA substrate on the lower 

position of the gel, the protein binds 40 nt long double-stranded DNA with the highest affinity (Figure 

36, B), and with slightly less affinity to 40 nt single-stranded and Holliday junction substrates (Figure 

36, A and C). Binding affinity was lower with the shorter 20 nt DNA double-stranded and absent for 

the single-stranded DNA (see Section 7.2.1). High levels of binding were also observed for the 3’trail 

and splayed DNA substrates and lower levels of binding for the 5’tail and flap 5’ and 3’ substrates (see 

7.2.1). DV-Hjc has an extremely low binding affinity with 40 nt long damaged DNA substrates (8-oxo-

G; abasic site; uracil mismatch; uracil match; regular mismatch), which have a centrally placed damage 

(see 7.2.1). Based on this it appears that DV-Hjc preferably binds the longer 40 nt DNA over the short 

DNA substrates and has a higher binding affinity with double-stranded substrates over single-stranded 

substrates. Additionally, it does not bind damaged substrates, which points to the importance of an 

undistorted DNA double helix for DV-Hjc binding. 
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Figure 36: EMSA of DV-Hjc with three substrates as indicated above the gel images. 
An illustration of the substrate is shown above the corresponding gel images. The black strand and the star indicate the 
fluorescently labelled strand of the substrate. The protein concentrations (from 0 to 38 mM) are indicated above the gel 

images. The position of bound DNA and unbound DNA are indicated by the blue arrows. 
A: Single-stranded 40 nt DNA substrate B: Double-stranded 40 nt DNA substrate C: Holliday junction mimicking substrate. 

3.4.3 DV-Hjc Activity Assays  

To determine whether DV-Hjc possesses nucleolytic activity with DNA, the purified DV-Hjc was 

assayed against a range of fluorescently labelled DNA substrates. Assays with the short and long 

oligonucleotide substrates shown in Section 7.2.2., did not show any cleavage of the substrates by the 

DV-Hjc protein. While Hardy et al. (2024) showed nuclease activity of a DV-Hjc homologue, the L. 

pneumophila YraN protein, on a 100 nt single-stranded DNA substrate, this activity was not observed 

with DV-Hjc on a similar 90 nt long single-stranded substrate (Supplementary Figure 3, E). Based on 

its homology to archaeal Hjc proteins, the activity of DV-Hjc was tested with a Holliday junction 

mimicking substrate, but no activity was observed with that substrate despite incubation times of up to 

14 hours and multiple rounds of optimisation (see Section 7.2.2.).  

3.4.4 pUC19 Plasmid-Based Assay 

Due to the lack of nuclease activity of DV-Hjc on the synthetic oligonucleotide, substrates the protein 

was tested with pUC19 plasmid. This assay provides a wider range of DNA sequences than the short 

oligonucleotides in case DV-Hjc has sequence-specific activity. pUC19 plasmid-based assays use an 

intact pUC19 plasmid as the substrate for the tested enzyme. After purification, the plasmid is present 
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in supercoiled form and, due to its compactness, runs as the smallest band on an agarose gel (Figure 37, 

B). Enzymes can then cleave a single one of the DNA strands producing a nick in the plasmid, which 

runs as the largest product on an agarose gel (Figure 37, B). Nucleases may also cut both DNA strands 

creating a linear product. If a single cut is made in both DNA strands the product will run at the size of 

the plasmid on the agarose gel, which is 2686 bp for the pUC19 plasmid (Figure 37, B). Nucleases that 

create multiple cuts within the plasmid may create a variety of linear products with different sizes. 

Preliminary assays of the DV-Hjc protein showed nuclease activity with pUC19 plasmid, which was 

optimised as described in the following paragraphs. 

Metal Ion Preference 

Since a majority of nuclease enzymes require a metal ion for their activity, DV-Hjc was first tested with 

common metal co-factors. To determine the preferred metal ion for DV-Hjc activity, purified protein 

was assayed with 10 mM of MgCl2, MnCl2, or ZnCl2 and in the absence of a metal ion (Figure 37, A). 

Without the addition of a divalent metal ion DV-Hjc activity is almost absent, so a metal ion is required 

for its activity (Figure 37, C). The low-level activity of DV-Hjc in the absence of a metal ion may be 

due to metal ions present in the purification buffers, which can be carried through the purification. 

Nuclease activity was highest with the addition of MnCl2, which resulted in a cleavage efficiency of 

40%. Due to the precipitation of MnCl2 in one of the reactions, as shown by the smeared band in lane 

11 ( Figure 37, C), the reaction result was removed from the data for calculation of the activity depicted 

in Figure 37 (D). The addition of MgCl2 showed nicking of the plasmid to 16% (Figure 37, C and D). 

The protein was not active with ZnCl2. Because of the inconsistent results caused by precipitation of 

MnCl2 in reactions, MnCl2 was eventually removed from assays and MgCl2 was used as a metal co-

factor to achieve more consistent results.  
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Figure 37: Metal ion testing of DV-Hjc nucleolytic activity with pUC19. 
A: Purified DV-Hjc and DV-HjcD42A proteins used in all assays shown. Protein samples were electrophoresed on 15% SDS-

PAGE gels. The Precision Plus Protein™ standard was used as a molecular weight indicator. 
B: Illustration of the plasmid-based assay results on an agarose gel with depictions of the plasmid on the right. Nicked 
plasmid runs highest, linear plasmid runs in the middle and supercoiled plasmid runs lowest on the gel. Plasmid is initially 
present in supercoiled. 
C: 1x SYBR SafeTM 1% agarose gel of pUC19 plasmid-based assay with 8µM DV-Hjc protein and 108mg/mL pUC19 
plasmid. Reactions were carried out in triplicates. The presence (+) and absence (-) of protein and metal are indicated 
above the gel. The position of supercoiled plasmid substrate, nicked plasmid and linearised plasmid are indicated by the 
blue arrows. A 1 kb+ DNA ladder was used as a molecular standard (M). 
D: Summary of the data shown in C. The Y-axis shows the % nicked product. Four bar graphs are shown representing from 

left to right the control reaction, MgCl2, MnCl2 and ZnCl2 reactions. The reactions were carried out in triplicates and the 
average of those is shown here, including standard error bars, except for the MnCl2, where one of the triplicates was 
removed. 

DV-Hjc pUC19 Plasmid-Based Assay Optimisation 

As shown in Figure 37, the activity of DV-Hjc with the ‘standard’ assay setup in 10 mM Bis-Tris pH 

6.5 and 50 mM NaCl only gave a product-to-substrate turnover of 40%. This was partially due to the 
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instability of the DV-Hjc protein in the purification buffer, which was therefore optimised as described 

in Section 3.2 by changing the protein into the DV-Hjc-specific storage buffer. Additionally, the 

reaction conditions were optimised to stabilise DV-Hjc in the reaction and achieve higher activity. The 

most optimal reaction conditions for the reaction buffer were: 50 mM HEPES (pH 6.5), 50 mM NaCl, 

0.1 mg/mL BSA (Bovines Serum albumin), 0.5 mM DTT, and 6% glycerol. The optimised conditions 

allowed for DV-Hjc reactions to be carried out at higher temperatures further increasing its activity 

(Figure 38). While at initial conditions protein activity decreased at temperatures above 5°C, the protein 

was stable and active at temperatures as high as 35°C with the adapted conditions. Additionally, even 

though the protein concentration was only 4.8 µM in the assay with the adapted conditions, cleavage 

efficiency reached 97% after just 2 hours at 5°C, while with the standard setup at the same temperature 

and a protein concentration of 8 µM a cleavage efficiency of only 32% was reached after an incubation 

period of 12 hours (Figure 38, C). These optimised conditions were used for all following assays of 

DV-Hjc. 



97  

  

 
Figure 38: Temperature testing of DV-Hjc nucleolytic activity with pUC19 and assay buffer adjusting. 
1x SYBR SafeTM 1% agarose gel of pUC19 plasmid-based assay with 108mg/mL pUC19 plasmid. Indicated above the gel 
are: presence (+) or absence (-) of protein; metal ion absence (-), presence (+) or the concentration of added metal ion (in 

mM); temperature (in °C). The position of the supercoiled plasmid substrate, nicked plasmid and linearised plasmid are 
indicated by the blue arrows. A 1 kb+ DNA ladder was used as a molecular standard (M). 
A: Protein assay using standard conditions to test a temperature gradient from 5°C to 35°C and a metal gradient from 2.5 to 
10 mM of MgCl2. The standard buffer at pH 8.0 (see Supplementary Table 11) was used. The reactions were incubated for 
12 hours before electrophoresis and had a protein concentration of 8 µM. 
B: Protein assay using adapted (DV-Hjc-specific) conditions to test a temperature gradient from 1°C to 35°C with the 
adjusted DV-Hjc specific buffer at pH 6.5 (see Supplementary Table 12) and 4.8 µM protein. The reactions were incubated 
for 2 hours before electrophoresis. 

C: Summarising graph of the %product (nicked and linearised) of the assays shown above. Keep in mind the differing 
protein concentrations used for the assays. The ‘Original conditions’ series shows the results from A, with a protein 
concentration of 8 µM and the standard assay setup. The ‘Adapted conditions’ series shows the results from B, with a 
protein concentration of 4.8 µM and the DV-Hjc specific assay setup. 

To further optimise DV-Hjc activity with the pUC19 plasmid substrate, a range of MgCl2 concentrations 

were tested. The assay was done with MgCl2 concentrations ranging from 0 to 25 mM at 10°C for 2 

hours. As shown in Figure 39, the highest activity level was achieved with MgCl2 added at a 

concentration of 10 mM with 98% of the substrate turned over into product. 80% of the product was 
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present as nicked plasmid and 18% as linear plasmid. Increasing the MgCl2 above 10 mM slowly lowers 

the activity of DV-Hjc. Concentrations above 25 mM need to be tested to determine at which 

concentration – if any – of MgCl2 will inhibit the activity of DV-Hjc. While the activity was highest at 

10 mM MgCl2, the percent linearised plasmid was highest at 1 mM MgCl2 with 31% linearised, 

followed by 5 mM MgCl2, where 27% of the substrate was linearised. At 1 mM MgCl2, the linear to 

nicked product ratio was near 1 (Figure 39, B). With increasing metal concentrations, the ratio of 

linearised to nicked product was lowered to 0.4 at 5 mM MgCl2, and 0.2 at 10 mM MgCl2. The same 

trend was observed when doing the assay over a narrower concentration gradient from 0 mM to 10 mM 

MgCl2 concentration in the assay in intervals of 2.5 mM. At a lower concentration of MgCl2 DV-Hjc 

appears to create a cut in both DNA strands of the plasmid DNA but the total substrate turnover into 

product (linearised and nicked) is lower compared to the higher MgCl2 concentrations (Figure 39, C).  

 

Figure 39: MgCl2 concentration gradient to test the nucleolytic activity of DV-Hjc with pUC19 plasmid and the adapted DV-

Hjc specific conditions. 
A: 1x SYBR SafeTM 1% agarose gel of pUC19 plasmid-based assay. Reactions contained 108mg/mL pUC19 plasmid and 1 
µM protein and were incubated for 2 hours at 5°C before electrophoresis. Indicated above the gel are: absence (-) of protein 
or presence of DV-Hjc or DV-HjcD42A; MgCl2 concentration (in mM); addition of EDTA (+). The position of the supercoiled 
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plasmid substrate, nicked plasmid and linearised plasmid are indicated by the blue arrows. A 1 kb+ DNA ladder was used 
as a molecular standard (M). 
B: Summary of the data from A. The x-axis shows the MgCl2 concentration in mM. Three graphs show 
the %Linear, %Nicked and %Total product (nicked and linear), which are represented on the left Y-axis showing the % 
product. One graph shows the linear to nicked DNA ratio represented on the right Y-axis. 

DV-HjcD42A Mutant Analysis  

Based on alignments of the DV-Hjc protein with other proteins belonging to the UPF0102 family and 

characterised archaeal Hjc proteins, the conserved Asp42 residue was mutated to an Ala to produce an 

inactive mutant. Mutation of the predicted active site aspartic acid residue (Asp42) reduced the activity 

of the protein by more than 50% (Figure 40, C). The DV-Hjc WT protein turned over 95% of the pUC19 

plasmid substrate into product (linear and nicked), while DV-HjcD42A turned over only 41%. This 

confirms that Aps42 in DV-Hjc is important for the activity of the protein, and it was used as an active 

site mutant in the assays. 
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Figure 40: Testing of the DV-HjcD42A active site mutant of DV-Hjc. 
A: 1x SYBR SafeTM 1% agarose gel of pUC19 plasmid-based assay. Reactions contained 108mg/mL pUC19 plasmid and 

4.8 µM protein and were incubated for 2 hours at 5°C before electrophoresis. Reactions were carried out in triplicates. 
Indicated above the gel are: absence (-) of protein or presence of DV-Hjc or DV-HjcD42A; absence (-) or presence of MgCl2. 
The position of the supercoiled plasmid substrate, nicked plasmid and linearised plasmid are indicated by the blue arrows. A 
1 kb+ DNA ladder was used as a molecular standard (M). 
B: 1x SYBR SafeTM 1% agarose gel of pUC19 plasmid-based assay. Reactions contained 108mg/mL pUC19 plasmid and 
0.25 to 1 µM protein and were incubated for 2 hours at 5°C before electrophoresis. Indicated above the gel are: absence (-) 
of protein or presence and concentration of DV-Hjc or DV-HjcD42A; absence (-) or presence of MgCl2, and the presence of 
EDTA (+). The position of the supercoiled plasmid substrate, nicked plasmid and linearised plasmid are indicated by the 
blue arrows. A 1 kb+ DNA ladder was used as a molecular standard (M). 

C: Summary of the data shown in A (i) and B (ii). (i) On the Y-axis the % product is shown which is separated into nicked 
and linearised product. Three bar graphs are shown representing (from left to right) the control reaction, DV-Hjc reactions 
and DV-HjcD42A reactions. The reactions were carried out in triplicates and the average of those is shown here, including 
standard error bars. (ii) Two graphs show the %product of DV-Hjc and DV-HjcD42A. The x-axis shows the protein 
concentration (in µM) and the y-axis shows the %Product. 
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Time Dependence of DV-Hjc 

To compare the turnover of supercoiled pUC19 plasmid into nicked and linear plasmid by DV-Hjc over 

time a time series was carried out over 8 hours in intervals of 2 hours at 5°C. The results show that after 

2 hours 93%, after 4 hours 97% and after 6 hours 100% of the substrate is turned over into product 

(linear and nicked combined) (Figure 41). When comparing the ratio of the nicked to linear product 

over time the amount of linear product increases, as shown in Figure 41 (B). Suggesting that DV-Hjc 

cleavages the second DNA strand over time. 

 

Figure 41: DV-Hjc nucleolytic activity assay over 8 hours. 
A: 1x SYBR SafeTM 1% agarose gel of pUC19 plasmid-based assay. Reactions contained 108mg/mL pUC19 plasmid and 1 
µM protein and were incubated for 2 to 8 hours at 5°C before electrophoresis. Indicated above the gel are: absence (-) or 

presence of DV-Hjc, incubation time (in hours). The position of the supercoiled plasmid substrate, nicked plasmid and 
linearised plasmid are indicated by the blue arrows. A 1 kb+ DNA ladder was used as a molecular standard (M). 
B: Summary of the data shown in A. On the Y-axis the % product is shown which is separated into nicked and linearised 
product. Four bar graphs are shown representing (from left to right) the 2-, 4-, 6-, and 8-hour incubation periods. The 
reactions were carried out in triplicates and the average of those is shown here, including standard error bars. 

3.4.5 Proposed DNA Cleavage Mechanism of DV-Hjc  

The biochemical and structural characterisation of the DV-Hjc protein, supported by predictions made 

using AlphaFold3, suggests that DV-Hjc is a nuclease enzyme with activity on double-stranded DNA. 

It uses a single Mg2+ ion, which is positioned in its active site by two acidic residues. The active site of 

DV-Hjc consists of Glu13, Asp42, Glu55, and Lys57, resembling the active site of archaeal Hjc 
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proteins. However, little is known about the specific catalytic mechanisms of archaeal Hjc proteins, 

largely due to a lack of structural data. 

As discussed above the active site lysine residue is conserved across a range of metallonucleases, 

including archaeal Holliday junction nucleases, and some Type II restriction endonucleases. While it 

was initially thought that the lysine in the active site stabilises the unstable transition state during the 

cleavage of the phosphate backbone, studies of EcoRV, suggest otherwise because of its position in the 

active site (Horton et al., 1998). Further evidence shows that, apart from a few nuclease enzymes such 

as BamHI, lysine cannot typically be replaced by an acidic side chain (Cowan, 2004). This suggests 

that the lysine residue is more likely to be involved in the stabilisation and orientation of the attacking 

hydroxyl ion. This is often done by the deprotonation of water by a general base, i.e. the lysine residue 

(Yang, 2011). In the case of EcoRV, the lysine also donates a second hydrogen bond to the 3’phosphate.  

The hypothesis for DV-Hjc is that the DNA is bound by lysine and arginine residues in the large 

positively charged binding surface, which orients the DNA phosphodiester backbone in the active site 

of the protein. In the active site, a single Mg2+ ion is oriented by Asp42 and Glu55. The lysine residue 

in the DV-Hjc active site activates the nucleophile via deprotonation of water and then orients the 

hydroxyl group for nucleophilic attack on the scissile phosphate (Figure 42). This results in the 

formation of an unstable penta-covalent intermediate, which is stabilised by the Mg2+. Finally, the 

leaving group is protonated, potentially by a metal-ion-coordinated water molecule, leading to a nick in 

the double-stranded DNA strand. The role of Glu13 was not determined and to determine its function 

further investigation is required, which could be done by site-directed mutagenesis. The predicted 

mechanism is indicated in Figure 42. 

 

Figure 42: Predicted phosphodiester bond cleavage mechanisms by DV-Hjc.  
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To more accurately determine the activity of the DV-Hjc protein a structure of the DV-Hjc protein 

bound to a DNA substrate will be required. This will give insight into the position of the DNA strand 

in the DV-Hjc active site and may also provide information about the quaternary structure of the protein. 

This may be achieved by comparing analytical size exclusion data of the apoprotein and the protein-

DNA complex of DV-Hjc with different types of DNA substrates. Additionally, a crystal structure of 

DV-Hjc bound to DNA substrates would be desirable or structural data of the protein-DNA complex in 

solution via small angle X-ray scattering  

3.5 In Vivo Characterisation of the E. coli UPF0102 Protein 

To determine the function of the UPF0102 protein family in cells in vivo, cells from the Keio knockout 

collection were grown under DNA-damaging conditions. The Keio knockout collection is a collection 

of E. coli K-12 cells, which have single-gene knockouts of every single non-essential gene in the E. coli 

genome (Baba et al., 2006). The yraN gene knockout strains were used for this purpose. UV radiation 

and H2O2 treatment were used as DNA-damaging stressors since they both induce high levels of DNA 

damage in cells as discussed in Section 1.1.2.. 

3.5.1 H2O2 Treatment  

H2O2 causes the formation of reactive oxygen species in cells most importantly hydroxyl radicals, which 

can cause a variety of DNA damages, including double-stranded breaks, and oxidised nucleotide bases, 

such as 8-oxo-G (Fasnacht & Polacek, 2021). 

For the H2O2 treatment, the ruvC gene knockout was used as a positive control. This knockout has a 

higher sensitivity to H2O2 compared to other knockouts (Dhawale et al., 2021). Additionally, it codes 

for the Holliday junction endonuclease RuvC, which shares some common functional features with the 

DV-Hjc protein as discussed above. The WT (BW25113), the yraN knockout (JW3117) and the ruvC 

knockout (JW1852) were grown with and without 3 mM H2O2 for 90 min. After 90 min the H2O2 was 

removed from the cells via centrifugation and growth was continued.  

The WT and yraN knockout growth curve based on OD600 shows that under normal conditions, they 

grow at similar rates. During their linear growth phase, the WT and yraN knockout had a slope of 

3.85*10-3 and 3.71*10-3, respectively (Figure 43, A). Compared to those the growth rate of the ruvC 

knockout is lower with a slope of 3.24*10-3. If this is compared to the growth with 3 mM H2O2, growth 

is reduced in all three strains with the treatment, with a slope of 2.54*10-3 for the WT, 3.12*10-3 for the 

yraN knockout, and 2.12*10-3 for the ruvC knockout. The highest reduction in the slope of the growth 
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curve can be observed for the WT with a reduction of 1.13, followed by the ruvC knockout with 1.12 

and the yraN knockout with 0.59.  

Following H2O2 treatment of 90 min cultures were also plated to record their CFU/mL. The average 

CFU/mL for each strain (treated and untreated) is shown in Figure 43 (B). The CFU/mL of untreated 

yraN knockouts was much higher compared to that of the other two strains. The survival of each strain 

was determined using the treated and untreated CFU/mL of each strain. The survival was lowest in the 

yraN knockouts, followed by the ruvC knockout and the WT E. coli (Figure 43, C). The fold-difference 

between the survival of the knockout strains and the WT showed the largest difference between the 

yraN knockout and the WT (Figure 43, D). As shown in Figure 43 (B), the CFU/mL of the untreated 

yraN knockouts is much higher compared to that of the WT and RuvC knockout, even though cells 

were treated with H2O2 at the same OD600. The colony morphology between the yraN knockout also 

differed from the other strains, with much smaller colonies. The high CFU/mL of the untreated yraN 

knockout strain may have affected the survival calculation shown in Figure 43 (C). Therefore, the H2O2 

treatment and specifically the OD600, at which the H2O2 treatment is started, requires optimisation to 

achieve the same CFU/mL for the untreated strains. This would give a stronger basis for a more accurate 

comparison of the three strains. 
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Figure 43: 90-minute 3 mM H2O2 treatment of E. coli strains (WT, yraN knockout and ruvC knockout).  
A: Growth kinetics of the stains in LB medium, with and without 3 mM H2O2 treatment. The H2O2 was removed after 90 min 
(as indicated by the dashed line). The graphs show the OD600 of each culture (y-axis) over a time span of 450 min (x-axis). 
B: Bar graph showing the CFU/mL of the three strains grown on LB agarose plates after 90 min of growth under H2O2 
treatment, or growth without treatment. 
C: Survival of the three strains after growth with H2O2 treatment. 
D: Fold-difference between the %survival of the WT E. coli and the yraN and ruvC gene knockout strains. 

Reactive oxygen species produce a range of DNA lesions including double-stranded DNA breaks and 

base modification. As discussed above different DNA repair pathways are responsible for the repair of 

those breaks. Most importantly homologous recombination for the repair of double-stranded DNA 

breaks and nucleotide or base excision repair pathways for the repair of base lesions. Previous studies 

of H2O2 treatment of E. coli knockouts showed a reduction in the survival of knockouts from different 

DNA repair pathways. Treatment of nucleotide excision repair pathway protein-deficient cells with 3 

mM H2O2 for 90 min had lower survival than the WT strain (Dhawale et al., 2021; Dhawale & Rath, 

2019). This was also shown for the RecFJQ-mediated double-stranded repair pathway under oxidative 

stress (Dhawale et al., 2021). Holliday junctions are an intermediate during double-stranded break repair 

in bacteria. Their resolution is important for the survival of cells after damage repair. E. coli deficient 

in the Holliday junction resolving enzymes RuvABC and RecA show higher sensitivity to oxidative 

stress (Dhawale et al., 2021). This highlights the importance of functional DNA repair during oxidative 

stress. The reduction in survival of UPF0102 protein-deficient E. coli may suggest its involvement in a 
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DNA repair pathway that is important for the repair of reactive oxygen species-induced damage. 

However, as mentioned above to more accurately determine the importance of the YraN (UPF0102) 

protein for H2O2 survival the experiment requires further optimisation. 

3.5.2 UV Treatment of UPF0102 Deficient E. coli Cells 

To test whether the YraN protein may help in UV-radiation-associated damages. YraN knockout cells 

from the Keio collection were treated with high levels of UV radiation (Baba et al., 2006). Growth 

curves of the YraN knockout and the WT E. coli cells show no great difference (Figure 44, A). The 

variability between the CFU/mL was large specifically at the start of the time series.  

The CFU/mL of three 10 Jm-2 UV-treated and untreated E. coli strains (YraB, YraN and WT), were 

used to determine the survival of the cells (Figure 44, B and C). The fold-difference between the survival 

of the WT and the yraN and ybaB knockouts was 1.31 and 3.23, respectively (Figure 44, D). The 

difference between the WT and yraN knockout was not large enough to make conclusions about the 

importance of the protein in UV-induced damage repair. The results do however show a difference in 

the survival between the yraN and ybaB knockouts. The survival of the ybaB knockout was lower 

compared to that of the yraN knockout. This suggests that the YraN protein is less important for UV-

radiation survival than the YbaB knockout. 

A comparable study by Sargentini et al. (2016) treated E. coli isogenic knockouts with 75 Jm2- resulting 

in 4.13*10-5 survival of the ybaB knockout and a 976-fold difference compared to the WT cells. This 

suggests that a higher UV dose may be required to determine significant differences in the survival 

between the WT and knockout strains of E. coli. A UV radiation dose over 10 Jm-2 was not possible 

with the instrument used here. However, a new instrument for UV treatment has been purchased and 

will be used to repeat this experiment with higher UV radiation levels. However, the results did not 

show whether YraN is important for UV radiation survival. Hardy et al. (2024) determined the growth 

of yraN knockouts from L. pneumophia and A. baylyi and the WT, comparison of them showed no 

difference between the growth of the knockouts and the wild type. 
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Figure 44: UV radiation treatment of E. coli strains (WT, yraN knockout and ybaB knockouts).  
A: Growth kinetics of the stains in LB medium, with UV-radiation over 30 min. 
B: Bar graph showing the CFU/mL of the three strains grown on LB agarose plates after 10 Jm-2 UV irradiation treatment. 
C: Survival of the three strains after treatment with 10 Jm2-UV irradiation treatment. 
D: Fold-difference between the % survival of the WT E. coli and the yraN and ybaB gene knockout strains 

3.6 Conclusion and Future Directions 

The DV-Hjc protein is a homologue of the archaeal Hjc proteins. Structurally the protein is most similar 

to the P. furiosus Hjc. However, DV-Hjc is missing the aromatic side chains for dimer formation and 

the two arginine residues (Arg10 and Arg25), that are important for the catalytic function of P. furiosus 

Hjc. While these residues are not part of the nuclease centre of Hjc, they are important for Holliday 

junction cleavage by the protein (Komori et al., 2000; Nishino, Komori, Ishino, et al., 2001). DV-Hjc 

has residues required for DNA binding and binds double-stranded DNA and Holliday junction 

substrates with similar high affinity. However, the protein does not cleave the Holliday junction 

substrate tested here. It does however cleave plasmid DNA, which suggests that DV-Hjc is either 

specific to linear coiled DNA or a DNA sequence. Other known Holliday junction resolvases, like the 

RuvC protein show sequence-specific activity on Holliday junctions (Górecka et al., 2019). The activity 

of DV-Hjc with DNA and the requirement of the UPF0102 protein in E. coli during oxidative stress, 

shown with H2O2 treatment of YraN knockouts, suggests that this protein may be required for a DNA 

repair process for repair of reactive oxygen-induced DNA damages. DV-Hjc is a homologue of the 

YraN protein, which was recently shown to be involved in a homologous recombination event during 
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natural transformation in L. pneumophila and S. elongatus. Its structure and active site are similar to 

archaeal Hjc proteins. Based on this the hypothesis is that DV-Hjc is involved in the resolution of 

Holliday junctions in a homologous recombination repair process. However, DV-Hjc did not show 

activity with Holliday junction substrates. 

The absence of activity with Holliday junction substrates may be due to sequence-specific cleavage of 

the protein. This will be addressed by narrowing down the sequence at which the protein cleaves the 

pUC19 plasmid. Additionally, the structural characterisation of a DV-Hjc-DNA complex by 

crystallisation and SAXS analysis may provide further insight into the activity of the protein. This could 

be further verified by using site-directed mutagenesis of the predicted DNA binding and active site 

residues. 

To determine the role of the UPF0102 protein in vivo, experiments with E. coli from the Keio collection 

need to be further optimised as mentioned above. Additionally, as the UPF0102 protein, is present in a 

range of bacterial strains, its role may also be explored in other bacterial strains in a similar way as was 

demonstrated here. To confirm whether the protein is required in DNA repair processes other treatments, 

like cisplatin treatment, could be explored. 
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4 CHAPTER FOUR: DV1-1 NUCLEASE  

4.1 DV1-1 Protein Background 

Many known DNA repair proteins have multiple functionally different domains. A well-known 

multidomain DNA repair protein is the LigD protein. LigD as described above is involved in the non-

homologous end-joining repair pathway for the repair of double-stranded breaks (Pitcher et al., 2007). 

Double-stranded breaks are the most deleterious type of DNA damage, which can be fixed by non-

homologous end joining as an alternative double-stranded break repair pathway to homologous 

recombination (Bertrand et al., 2019; Pitcher et al., 2007; Shuman & Glickman, 2007). In non-

homologous end joining the ends of the double-stranded break are bound by the Ku protein and the ends 

are then processed and sealed by a LigD ligase (Bertrand et al., 2019). This process can result in error-

free repair of double-stranded breaks, but due to the lack of a homologous template for repair errors 

may be introduced.  

LigD ligase and its function in non-homologous end joining was first identified in M. tuberculosis, but 

it has since been identified in a range of other bacteria, including Bacillus subtilis, Agrobacterium 

tumefaciens and Pseudomonas aeruginosa,  (de Vega, 2013; Weller et al., 2002; Zhu & Shuman, 2005; 

Zhu & Shuman, 2007). LigD is a unique ligase protein, which can have an ATP-dependent DNA ligase, 

phosphodiesterase and PrimPol domain and exhibits functions of all three domains (Pitcher et al., 2005) 

(Figure 45, A and B). Some LigD proteins have only the ATP-dependent DNA ligase and polymerase 

domains, like the LigD protein from B. subtilis (de Vega, 2013) (Figure 45, C). As shown in Figure 45, 

the domain order can vary between the LigD proteins from different organisms. The multiple domains 

of LigD allow it to carry out the same functions, which in eukaryotic organisms are carried out by many 

separate proteins (Pitcher et al., 2007). 
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Figure 45: The multidomain protein LigD.  

The structures of these proteins were predicted using AlphaFold3. The ligase domain is shown in green, the polymerase 
domain in blue, and the nuclease domain in pink.  
A: M. tuberculosis LigD. B: P. aeruginosa LigD. C: B. subtilis LigD. 

4.1.1 Identification of a Unique Nuclease-Ligase Fusion Protein from 

Antarctic Dry Valley Metagenomes 

As described in Rzoska-Smith; et al. (2023) metagenomes from the Dry Valleys were mined for protein 

sequences of unique DNA repair enzymes, including the search for an N-terminal DNA-binding 

domain, that is found in the LigB class DNA_ligase_A_N (PF04675). Multiple sequences with this 

domain were found in the Dry Valley metagenomes. A sequence similarity network of those sequences 

with LigB type ligase domain containing UniRef sequences (PF04675) at a 50% threshold formed four 

large clusters. Most sequences from the Dry Valley metagenomes formed a cluster with the UniRef 

sequences (Figure 46, A, i, iii, and iv). One cluster contained fewer UniRef sequences than those (Figure 

46, A, ii). A hmmer search of the sequences in this cluster revealed that 13 sequences contain an N-

terminal Zn-dependent metallo-hydrolase RNA specificity domain RMMBL (PF07521) fused to the 

LigB ligase DNA-binding domain (Figure 46, B).  

As shown in Figure 46 (C), there is little synteny between the clusters in which this unique DNA ligase 

protein is located. In contig Ga0136611_10000860, the DNA ligase protein sits in a gene cluster with 
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other predicted DNA repair and replication enzymes, including a RecA-domain protein, two error-prone 

DNA polymerases, and an AP endonuclease (Rzoska-Smith; et al., 2023). Based on its uniqueness and 

its position in a cluster with other DNA repair and replication enzymes the nuclease-ligase protein (Gene 

ID: Ga0136611_1000086013) (DV1-1 from here on) is predicted to be involved in a unique DNA repair 

pathway and was chosen for further characterisation.  

 

Figure 46: Identification of the DV1-1 protein from Dry Valley metagenomes.  

A: Sequence similarity network of hmmer search results to LigB-type DNA ligase proteins at a 50% identity threshold. The 
blue coloured circles indicate nodes from Dry Valley metagenome sequences and the red arrows indicate nodes from 
UniRef50 sequences. The sequence of the DV1-1 protein is indicated by the green circle in cluster ii. 
B: Alignment of Dry Valley metagenome sequences with a N-terminal Zn-dependent metallo-hydrolase domain and a C-
terminal ATP-dependent DNA ligase domain with the sequence of the Opititus terrae DNA ligase gene OTER_RS15935 from 
the genome sequence NC_010571_Opitutus_terrae_PB90-1. The results from Pfam/Interpro sequence searches of the 
sequences are shown below the alignment. 
C: Genomic context of Dry Valley contigs with a homologue of the DV1-1 ligase-nuclease fusion protein. The ligase-

nuclease fusion protein is shown in red. Predicted DNA repair proteins are shown in blue. Hypothetical proteins are shown 
in grey. All other proteins are shown in yellow.  
This figure was taken from Rzoska-Smith; et al. (2023). 

4.1.2 Full-length DV1-1 Protein 

A protein BLAST search with the DV1-1 protein showed that homologues are present in multiple 

bacteria belonging to the Verrucomicrobiota phylum (Altschul et al., 1997; Altschul et al., 2005). This 

aligns with the IMG (IMG/M: https://img.jgi.doe.gov/m/) prediction which places the DV1-1 gene in 

https://img.jgi.doe.gov/m/
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the genome of Chthoniobacter flavus, which also belongs to the Verrucomicrobiota phylum (Chen et 

al., 2023). A similar ligase-nuclease fusion protein is present in Opititus terrae but the function of such 

a ligase-nuclease fusion protein has not yet been characterised (Ejaz & Shuman, 2018). An InterPro 

scran places the N-terminus of this protein in the protein superfamily of Metallo-

hydrolase/oxidoreductase (SSF56281) and the C-terminus in the protein family of ATP-dependent 

ligases (IPR050191) (Jones et al., 2014). Therefore, the N- and C-terminal domains are named DV1-1 

NucDom and DV1-1 LigDom, respectively (referred to as NucDom and LigDom from here on).  

As mentioned earlier, the DV1-1 protein is co-located in a gene cluster with other DNA repair proteins. 

These include a predicted RecA protein, an imuB polymerase, an error-prone polymerase and an AP 

endonuclease protein. The location of these proteins in the same operon suggests that they are involved 

in the same DNA processing process (Kountz & Balskus, 2021). Based on this the hypothesis is that 

DV1-1 is a DNA processing enzyme. 

Full-length DV1-1 Protein Structure 

The structure of DV1-1 has not yet been determined; therefore, an AlphaFold3 predicted structure was 

used for the structural characterisation of the DV1-1 protein. The whole protein has a mass of 105 kDa, 

and the NucDom and LigDom have a mass of 44.3 kDa and 61.5 kDa, respectively. The predicted 

structure of DV1-1 is a mixed α-β-protein with a globular shape. The NucDom and LigDom are located 

close to each other and connect at the DNA-binding domain and the oligonucleotide/oligosaccharide-

binding of LigDom and an α-helix from the MBL-domain of NucDom. The interactions between the 

two domains are mainly polar ones. The two domains are linked by a 37-residue-long linker region, 

which is a relatively long linker region compared to linker regions of other proteins (Reddy Chichili et 

al., 2013). The flexibility of the linker may be determined through small-angle X-ray scattering (SAXS) 

of the whole DV1-1. 
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Figure 47: DV1-1 ligase-nuclease fusion protein.  
A: Graphical depiction of DV1-1 amino acid sequence (left to right: N- to C-terminus) showing the nuclease domain 
(NucDom) in pink and the ligase domain (LigDom) in green.  
B: Cartoon figure of DV1-1 showing NucDom in pink and LigDom in green. The linker region is shown in black.  
This figure was adapted from Rzoska-Smith (2023). 

Purification and Biochemical Characterisation of DV1-1 

Biochemical characterisation of the full-length DV1-1 protein was done previous to the commencement 

of this project by my co-supervisor Dr Rzoska-Smith (Rzoska-Smith, 2023). While initial purification 

of the full-length DV1-1 protein construct was unsuccessful, truncation of the N-terminus allowed for 

the production of soluble protein (Rzoska-Smith, 2023). This truncation was based on a sequence 

alignment of the initial DV1-1 construct with homologous proteins, which lack this N-terminal region 

(Figure 48, A). In the predicted structure of DV1-1, this N-terminal region is an unstructured loop region 

(Figure 48). The start of the protein may have been annotated wrongly initially, which is supported by 

the increased solubility of the protein after the removal of the N-terminus. 

 

Figure 48: Truncation of the N-terminal region of the DV1-1 protein, which led to soluble expression of the full-length 
protein.  

A: Amino acid sequence alignment of DV1-1 with homologous proteins.  
B: AlphaFold3 predicted the structure of the DV1-1 full-length protein. The truncated N-terminal region is shown in black. 
The NucDom is shown in pink and the LigDom is shown in green. 
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The protein sequence alignment was generated using ESPript 3.0 (Robert & Gouet, 2014). 

The MBP-tagged full-length DV1-1 protein showed both nuclease activity and ligase activity with the 

same substrates as the NucDom and LigDom alone, but activity was reduced for both activities in the 

full-length DV1-1 compared to the separate domains (Rzoska-Smith, 2023). The nucleolytic activity of 

DV1-1 was tested against a range of DNA substrates and the highest activity was observed with the 

abasic site substrate (Rzoska-Smith, 2023). NucDom had the highest activity at 30°C with almost 60% 

cleavage efficiency (Figure 49, A). The nucleolytic activity of DV1-1 creates a specific cut at the abasic 

site of the substrate. The ligase activity of the protein was tested against nicked DNA substrate, which 

resulted in a low activity of around 13% ligation of the substrate at 50°C after an 8-hour incubation 

(Figure 49, B) (Rzoska-Smith, 2023). 

 

Figure 49: The DV1-1 full-length protein nucleolytic and ligation activity with abasic site substrate and nicked substrate over 
a temperature gradient.  
A: Nucleolytic activity of DV1-1 on abasic site DNA substrate. The assay was done with the standard conditions for 8 hours 
with 10 mM MgCl2. The presence (+) or absence of 1.5 mg/mL DV1-1 protein and incubation temperatures are indicated 
above the gel. Results were visualised on a Urea-PAGE gel (i) and results were quantified and are shown on the graph with 
the %Product against the temperature (ii).  
B: Ligation activity of DV1-1 on nicked DNA substrate. The assay was done using the standard assay conditions with 1 mM 
APT and 10 mM MgCl2 over 8 hours. The presence (+) or absence of 1.5 mg/mL DV1-1 protein and incubation temperatures 

are indicated above the gel. Results were visualised on a Urea-PAGE gel (i) and results were quantified and are shown on the 
graph with the %Ligated product against the temperature (ii).  
This figure was adapted from Rzoska-Smith (2023). 

The DV1-1 NucDom and LigDom were expressed separately to increase the protein purification yield 

and to characterise the protein domains separately (Figure 50). Based on the AlphaFold structure of the 

full-length protein, the constructs were designed, and parts of the linker region were removed. The N-
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terminal region of NucDom and the C-terminal region of the LigDom were kept as in the original 

construct (Rzoska-Smith, 2023; Rzoska-Smith; et al., 2023).   

 

Figure 50: Separation of the DV1-1 into the nuclease domain (NucDom) and ligase domain (LigDom).  
A: Graphical depiction of the amino acid sequence showing the nuclease domain (pink), linker (yellow), and ligase domain 
(green) from N- to C-terminus. 1. shows the full-length protein. 2. shows the nuclease domain. 3. shows the ligase domain. 
The protein size in kDa of each protein is indicated on the right.  
B: AlphaFold3 predicted full-length DV1-1 protein (i), nuclease domain in pink (ii) and ligase domain in green (iii) (Abramson 
et al., 2024).  
This figure was adapted from Rzoska-Smith (2023). 

4.1.3 DV1-1 LigDom 

DNA ligases are part of the enzyme group of nucleotidyl transferases and they catalyse the reaction that 

joins two DNA fragments (Pergolizzi et al., 2016). They are essential in all living organisms due to 

their role in DNA repair, replication and recombination. The ligation of nicks in the DNA backbone is 

often one of the final steps during DNA repair pathways. Ligation is carried out by a conserved lysine 

residue, which transfers an adenylated group from a co-factor to the 5’-phosphate end of the DNA. The 

adenylated end is then joined to the 3’OH of the neighbouring nucleotide (Pergolizzi et al., 2016). The 

co-factor used for adenylation is either NAD+ or ATP and they often use a metal co-factor for catalysis. 

DNA ligases are useful tools in biotechnological applications, including recombinant DNA technology, 

ligase chain reaction and DNA sequencing methods (Chambers & Patrick, 2015). The bacteriophage 

T4 DNA ligase is the most commonly used ligase in biotechnological applications (Chambers & 

Patrick, 2015). Additionally, due to their essential roles in bacteria, ligases are potential targets for 

antibiotic treatment (van Eijk et al., 2017). Therefore, ligases are an extensively studied enzyme group. 
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Characterisation of the DV1-1 LigDom protein was done by Dr Rzoska-Smith previous to the start of 

this project (Rzoska-Smith, 2023). The DV1-1 LigDom based on its structure and sequence is a LigB-

type ligase protein (Rzoska-Smith, 2023; Rzoska-Smith; et al., 2023). The structure of DV1-1 LigDom 

has not yet been determined. Crystallisation of the protein has been attempted and protein crystals were 

produced using the hanging-drop diffusion method. However, the resolution of MX2 data collected at 

the Australian Synchrotron was too low for further processing. Therefore, a predicted structure was 

used for the structural analysis of DV1-1 LigDom by Rzoska-Smith (2023). The LigDom structure 

resembles that of a LigB-type ligase protein with a DNA-binding domain at the N-terminus, a central 

nucleotidyltransferase (NTase) adenylation domain, and a C-terminal oligonucleotide-binding fold 

(Rzoska-Smith et al., 2023; Williamson et al., 2016).   

The DV1-1 LigDom was recombinantly expressed in E. coli (DE3) Origami cells and purified as 

described in Rzoska-Smith et al. (2023). LigDom is monomeric in solution and has a melting 

temperature of 45°C and a pH optimum between 7 and 8 (Rzoska-Smith, 2023). As demonstrated by 

Rzoska-Smith (2023) the DV1-1 ligase domain (LigDom) is an ATP/ADP-dependent ligase that 

adenylates nicked DNA substrates. LigDom requires additional metal co-factors for activity and can 

use both Mg2+ and Mn2+. The protein has the highest ligation activity with both metal co-factors between 

25°C and 30°C. LigDom ligates nicked DNA substrates with an 80% turnover from the substrate to the 

ligated product after an 8-hour incubation, which is the highest ligation efficiency observed with 

LigDom and all the tested substrates.  

For a detailed characterisation of the full-length DV1-1 protein and DV1-1 LigDom see Rzoska-Smith 

(2023) and Rzoska-Smith; et al. (2023). 

4.2 Results – DV1-1 NucDom 

4.2.1 DV1-1 NucDom Purification 

As described by Rzoska-Smith (2023), purification of the original NucDom construct yielded very low 

amounts of soluble protein. Therefore, the protein sequence was revisited to increase the protein 

solubility. Based on amino acid sequence alignments with similar protein sequences, the NucDom 

sequence was truncated at the N- and C-terminus. The N-terminal region is the same as the predicted 

wrongly annotated region of the full-length DV1-1 protein and the C-terminal region is part of the long 

linger between NucDom and LigDom, which might contribute to the insolubility of the protein. In the 

predicted structure of NucDom, these regions correspond to unstructured regions of the protein and are 

likely to have no function. Removal of these regions increased soluble protein yield allowing for the 
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characterisation of the protein, which was established prior to the start of this project through 

collaboratively work by myself and my co-supervisor, Dr Rzoska-Smith (Rzoska-Smith, 2023).  

NucDom was recombinantly expressed in E. coli Origami cells as described in Section 2.1.2. The cells 

were lysed, and the crude lysate was applied to an IMAC column. The protein eluted at approximately 

0.25 M imidazole. The presence of NucDom was confirmed via SDS-PAGE electrophoresis (Figure 

51) and protein-containing fractions were pooled and changed into TEV-protease suitable buffer. The 

protein was incubated with TEV protease overnight, which resulted in approximately 80% cleavage 

efficiency, as shown in (Figure 51, B, ii). The cleaved protein was applied to an IMAC column for 

reverse IMAC (Figure 51, B). A large amount of NucDom eluted in the flow through with an over-

expressed 50 kDa E. coli contaminant, which carried through from the IMAC elution. One peak 

contained clean NucDom protein and the fractions corresponding to this peak were further purified 

using an S200 gel filtration chromatography column. The protein eluted after approximately 90 mL 

eluent had passed through the column (Figure 51, C). The protein-containing fractions, as determined 

by SDS-PAGE electrophoresis, were pooled and up-concentrated (Figure 51, C, ii). The presence of 

NucDom was further confirmed by LC-MS/MS of the protein band in Figure 51 (C, ii). 

 

Figure 51: NucDom protein purification chromatograms and SDS-PAGE gels.  
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All SDS-PAGE gels have the Precision Plus Protein™ standard as a molecular weight indicator (M). Blue arrows indicate 
the position of NucDom on the gel. Blue lines indicate, which fractions were taken into the next step. 
A: i: Chromatogram of the IMAC elution of MBP-tagged protein. ii: 12% SDS-PAGE gel, showing the insoluble proteins (I) 
in the first lane and crude soluble proteins (S) in the second lane. Lane 3 contains the flow through (FT). Lanes 4 to 16 are 
fractions from the IMAC elution. The pink underlined A, B, and C indicate the position of the chromatogram peaks on the 

SDS-PAGE gel. 
B: Chromatogram of the reverse IMAC elution of untagged NucDom. ii: 12% SDS-PAGE gel showing the pooled protein from 
before and after TEV incubation in lanes 1 and 2, respectively (BT and AT, respectively) (ii). Lanes 3 to 14 are fractions from 
the reverse IMAC elution. The pink underlined A, B and C indicate the position of the chromatogram peaks on the SDS-PAGE 
gel. 
C: Gel filtration chromatogram. ii:15% SDS-PAGE gel with fractions from the gel filtration elution. The pink underlined A 
indicates the position of the chromatogram peak on the SDS-PAGE gel. 

4.2.2 DV1-1 NucDom Protein Structure 

Crystallisation Attempts 

To determine the structure of NucDom crystallisation of the protein was attempted. Initially, 

crystallisation screens were used to determine conditions that favour the crystal formation of NucDom. 

NucDom protein at a concentration of 181 µM was used for crystal screens with apo-protein and 

protein-DNA complexes at a 1:1 ratio of protein to mother liquor from the PEGxR and NATRIX 

Hampton Research crystallisation screens. NucDom protein with DNA formed crystals in the conditions 

shown in Table 10 and the most promising crystals are shown in Figure 52. These conditions were used 

and further adapted by varying the pH and precipitant concentration for crystallisation in hanging drop 

diffusion; however, these did not result in the formation of any protein crystals. Therefore, the NucDom 

structure predicted by AlphaFold3 will be used for the structural characterisation of the protein 

(Abramson et al., 2024). 

Table 10: Crystallisation screening conditions of DV1-1 NucDom (181 µM) with DNA.  
Conditions are from the Hampton Research Natrix crystallisation screen.  

Position Condition 

F5 0.08 M Potassium chloride, 0.02 M Barium chloride dihydrate, 0.04 M Sodium cacodylate trihydrate pH 

6.0, 40% v/v (+/-)-2-Methyl-2,4-pentanediol, 0.012 M Spermine tetrahydrochloride 

F7 0.08 M Sodium chloride, 0.04 M Sodium cacodylate trihydrate pH 6.0, 45% v/v (+/-)-2-Methyl-2,4-

pentanediol, 0.012 M Spermine tetrahydrochloride 

F10 0.08 M Potassium chloride, 0.04 M Sodium cacodylate trihydrate pH 6.0, 55% v/v (+/-)-2-Methyl-2,4-

pentanediol, 0.012 M Spermine tetrahydrochloride 

G10 0.04 M Lithium chloride, 0.08 M Strontium chloride hexahydrate, 0.02 M Magnesium chloride hexahydrate, 

0.04 M Sodium cacodylate trihydrate pH 7.0, 30% v/v (+/-)-2-Methyl-2,4-pentanediol, 0.012 M Spermine 

tetrahydrochloride 

H5 0.08 M Potassium chloride, 0.04 M Sodium cacodylate trihydrate pH 7.0, 60% v/v (+/-)-2-Methyl-2,4-

pentanediol, 0.012 M Spermine tetrahydrochloride 
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Figure 52: NucDom crystallisation screening results.  
The number and letter above the images refer to the Hampton Research Natrix screening conditions shown in Table 10. 

NucDom Structure Predictions 

Based on an InterPro search the NucDom belongs to the Ribonuclease Z/Hydroxyacylglutathione 

hydrolase-like protein family (IPR036866) and has a Zn-dependent metallo-hydrolase, RNA specificity 

domain (IPR011108). NucDom has been identified as an MBL-β-CASP family protein. The MBL 

(metallo-β-lactamase) fold superfamily, is a large and diverse group of enzymes that share a common 

αββα fold (González, 2021). They can be found in all domains of life and proteins from this superfamily 

fulfil a wide range of functions, including multiple phosphoesterases, glyoxalases, quorum-quenching 

lactonases, organophosphorus hydrolases, and persulfate dioxygenases (González, 2021). The MBL-

fold is usually the catalytic domain of the protein with the conserved site for metal binding and Zn, Mn, 

and Fe are often found in the active sites of MBL-fold proteins (González, 2021). Within the MBL-fold 

protein superfamily sits the β-CASP protein family, to which the NucDom belongs. The β-CASP 

(CPSF, Artemis, SNM1, PSO2) protein family was first identified in the SNM1 and PSO2 proteins 

from Saccharomyces cerevisiae. Homologues of these have been identified in vertebrates, which are 

called SNM1A, SNM1B/Apollo, and SNM1C/Artemis (Isabelle Callebaut et al., 2002). β-CASP family 

proteins are involved in DNA repair and RNA processing (I. Callebaut et al., 2002). The β-CASP 

domain can be found in proteins from all domains of life, but human β-CASP family proteins – SNM1A, 

SNM1B/Apollo and SNM1C/Artemis – are the most well-characterised ones, because they are 

promising cancer therapy targets (Yosaatmadja et al., 2021). 

NucDom has the typical MBL and β-CASP domains of β-CASP family proteins as shown in Figure 53. 

The β-CASP domain consists of a five-stranded β-sheet with parallel β-sheets flanked by seven α-

helices surrounding (Figure 53, A). The MBL domain has a typical α-β/β-α sandwich fold with two 
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mixed β-sheets flanked by three α-helices. (Figure 53). Both the N-terminal (residues 1 to 137) and C-

terminal (residues 275 to 325) regions form the MBL-fold domain of the protein and the β-CASP 

domain is located in between the MBL-fold domain (residues 138 to 274).  

 

Figure 53: The MBL and β-CASP domain of NucDom.  
The AlphaFold3-generated structure was used to generate these images (Abramson et al., 2024).  

A: Topology of NucDom showing the MBL and β-CASP domain. Topology diagrams were generated in PDBsum (Laskowski, 
2022). 
B: Cartoon representation of NucDom. Showing α-helices in green, β-sheets in blue and loop regions in pink. 
C: Cartoon and surface representations of NucDom highlighting the position of the β-CASP domain in green and the MBP-
fold domain in blue. 

Structural superimposition of NucDom with the structures of other β-CASP family proteins shows a 

moderate level of structural conservation between the proteins (Figure 54). The organisation of the 

domains is conserved across the proteins and the MBL-fold shows high structural similarity. The β-

CASP domain appears less conserved. The sequences of the proteins also show low levels of 

conservation from the human proteins to the bacterial NucDom with around 20% sequence identity 

between NucDom and the human β-CASP family proteins shown in Figure 54.  
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Figure 54: Structure superimposition of the predicted NucDom structure (in pink) with DNA processing β-CASP family 
proteins.  

From left to right: human DNA cross-link repair protein in green (pdb ID: 5NZY) (Newman et al., 2017), human SNM1A in 
blue (pdb ID: 5AHR) (Allerston et al., 2015), human Artemis/SNM1C in yellow(pdb ID: 6WNL) (Karim et al., 2020), and 
human SNM1B/Apollo in orange (pdb ID: 5AHO) (Allerston et al., 2015). 

DV1-1 NucDom Metal Binding and Active Site 

NucDom as discussed above belongs to the MBL-β-CASP family. MBL-fold family proteins share four 

common motifs (motif 1-4), which form the active site of MBL-fold protein families (motif 1 [Asp], 

motif 2 [HxHxDH], motif 3 [His], and motif 4 [Asp]). These motifs are also conserved in proteins from 

the β-CASP family (I. Callebaut et al., 2002). Alignments of NucDom with the Human SNM1C, 

SNM1A, and SNM1B exonucleases, the pre-mRNA 3’-end processing endonuclease (CPSF3) and the 

Human tRNase Z (ELAC1) show that these motifs are conserved across nucleases from the β-CASP 

family (Figure 55, A). The NucDom Motif 2 corresponds to His32, His34, Asp36, and His37, motif 1 

corresponds to Asp20, motif 3 to His87 and motif 4 to D108.  In the predicted NucDom structure the 

motifs are located in the same region and show a similar conformation as in other β-CASP family 

proteins, as shown on superimpositions of NucDom with the CPSF73, SNM1A, and SNM1C proteins. 

Residues in the active site of these known β-CASP align with the location of these residues in the 

predicted structure of NucDom as shown in Figure 55 (B). The main function of these conserved 

residues is the orientation of metal ions in the active site.  

Mutations in this motif cause a reduction or abolishment of the nuclease activity in MBL-fold nuclease 

proteins, which shows that these residues are important for the activity of the protein (Allerston et al., 

2015). For example, in the human Artemis/SNM1C protein mutation of the D37A, H33A, and H35D 

which correspond to Asp36, His32 and His34 in NucDom, cause a complete loss of exonuclease 

function of the protein (Yosaatmadja et al., 2021). 
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Figure 55: NucDom predicted catalytic site. 
A: Amino acid sequence alignment of NucDom with β-CASP nucleases (Larkin et al., 2007; Madeira et al., 2024). The MBL-
fold specific motifs 1-4 are highlighted and the black triangles indicate to amino acids of each motif. Motif 1 = Asp, motif 2 
= HxHxDH, motif 3 = His and motif 4 = Asp. 
B: Superimposition of the predicted NucDom active site in pink with the CPSF3 in green (pdb ID: 8T1Q), SNM1A in blue 
(pdb ID: 5AHR), and SNM1C in yellow (pdb ID: 6WNL) protein active site (Allerston et al., 2015; Karim et al., 2020; Tao et 
al., 2024). The side chains of residues from motifs 1-4 are shown and labelled.  

In addition to the MBL-fold-specific motifs, β-CASP family proteins have three motifs, that are much 

less conserved than the MBL motifs 1-4 (Isabelle Callebaut et al., 2002). Those are motif A [Asp/Glu], 

motif B [His] and motif C [His/Val]. Motifs A to C are located near the active site of the proteins as 

shown in Figure 56. Sequence and structural alignment of NucDom with β-CASP family proteins show 

that these motifs are conserved in NucDom. Motif A is Glu131, motif B is His273, and motif C is 

His295. Regarding these motifs, NucDom is therefore more similar to the CSPF73 protein. 
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Figure 56: NucDom predicted catalytic site. 
A: Amino acid sequence alignment of NucDom with β-CASP nucleases (Larkin et al., 2007; Madeira et al., 2024). The MBL-
fold specific motifs A-C are highlighted, and the amino acids of each motif are indicated by the black triangles. Motif A = 
Asp/Glu, motif B = His, and motif C = Val/His. 
B: Superimposition of the predicted NucDom active site in pink with the CPSF3 in green (pdb ID: 8T1Q), SNM1A in blue (pdb 
ID: 5AHR), and SNM1C in yellow (pdb ID: 6WNL) protein active site (Allerston et al., 2015; Karim et al., 2020; Tao et al., 
2024). The side chains of residues from motifs A-C are shown and labelled. 

Predicted Metal-Binding Site of NucDom 

Activity assays of NucDom showed that Zn2+, Mg2+ or Mn2+ is required for NucDom activity. To 

determine, where the metal ion is positioned in the NucDom structure, it was predicted using AlphaFold 

Server with varying numbers of metal ions used for the prediction (Abramson et al., 2024). The 

AlphaFold3 prediction places two Mg2+ ions in the predicted active site in the MBL domain of NucDom. 

Based on their predicted position in the active site His32, His34, His38, His87 and Asp108 appear to 

be involved in the coordination of the metal ion (Figure 57, B). In the homologous structure of DV1-1 

metal ions are positioned in the same position in the active site of the proteins. Additionally, water 

molecules in the active site of β-CASP family proteins have been shown to help with the orientation of 

metal ions.  

Other β-CASP family proteins have one or two metal ions in their active site. SNM1A is the only β-

CASP family protein with a single zinc ion in its active site. The SNM1B/Apollo, CSPF73 and Artemis 
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have a nickel and an iron ion, two zinc ions, and two zinc ions in their active sites, respectively. Based 

on its structural similarity to these proteins NucDom may be a one or two metal ion proteins. As shown 

in Figure 57 (B, i), a third metal ion was placed near the interface of the β-CASP and MBL-domain of 

the protein. However, no residues for metal orientation are present at this site, suggesting that this 

prediction is likely not correct, which is supported by a pLDDT between 50 and 70 at the position of 

this metal ion, indicating low confidence in this position.  

 

Figure 57: Position of the NucDom active site and orientation of metal ions in the active site.  
A: AlphaFold3 predicted structure of NucDom shown in cartoon representation (i) and the electrostatic surface potential 
surface showing negatively charged areas in red and positively charged areas in blue (iii)(Abramson et al., 2024). The 
active site is highlighted in each by a black box, which is shown more closely showing the side chains of the conserved 
residues from motifs 1-4 (ii). 
B: AlphaFold3 predicted structure of NucDom with three Mg2+ ions bound (i) (Abramson et al., 2024). Two ions bind to the 
active site of the protein and are located near the conserved residues from motifs 1-4 (ii and iii).  

An active site mutant of NucDom was designed as a negative control for assays. The first mutant was 

designed prior to the start of this project by Dr Rzoska-Smith, which was a D36A and H37A mutant 

(NucDomD36A, H37A) of the protein in the hope of disrupting metal ion binding in the active site of the 

protein (Rzoska-Smith, 2023). However, while the activity of this mutant was slightly reduced it was 

not reduced enough for this mutant to be used as a negative control (Rzoska-Smith, 2023). This may be 

due to the activity of the second metal ion in the active site of NucDom, which is oriented by His87, 

Asp108, and His34, as predicted by AlphaFold3 (Abramson et al., 2024). Therefore, a second attempt 



125  

  

was made by mutating the His34 and Asp36 to alanine. Mutation of the corresponding residues showed 

reduced activity in the SNM1C/Artemis, and SNM1B/Apollo (Baddock et al., 2021; Pannicke et al., 

2004; Sengerová et al., 2012; van der Burg et al., 2007). Mutation of the same residues in SNM1A 

caused fully abolished activity with magnesium, however with manganese residual amounts activity 

was observed (Sengerová et al., 2012). This was hypothesised to be due to tighter binding of manganese 

to the protein's active site. The NucDomH34A, D36A mutant has been successfully cloned into the 

expression vectors pHMGWA and pDEST17 and has been transformed into the multiple E. coli strains 

for recombinant expression, which will be done in the future to complete the initial biochemical 

characterisation of this protein. 

4.2.3 DV1-1 NucDom Biochemical Characterisation  

Thermal Stability 

The thermal stability of NucDom was determined via differential scanning fluorimetry. As shown in 

Figure 58, the thermal melt with 1µL and 2 µL of NucDom showed similar Tm values of 59°C and 60°C.  

 

Figure 58: Results of differential scanning fluorimetry using SYPRO orange with NucDom protein.  
The differential scanning fluorimetry experiment was carried out with 0.9 µM (pink) and 1.9 µM (blue) of protein and a 
negative control (green). A graph of the fluorescence over temperatures from 25°C to 100°C is shown. The Tm based on the 
max d(fluorescence)/d(T) is indicated by the dotted line. 

The Activity of NucDom with Synthetic DNA Substrates 

The difference between endo- and exonuclease activity can be observed when electrophoresing the 

DNA substrates on denaturing Urea PAGE gels after processing by the nuclease enzymes (Figure 59). 

If the fluorescently labelled strand of the substrate is cut by nuclease activity this results in shorter 

fluorescently labelled products. During electrophoresis, these smaller nuclease-processed labelled 

strands run below the uncut fluorescently labelled strand of the substrate. In the substrate used here, the 

damage is placed in the centre of the 40 nt long fluorescently labelled strand, so that cleavage at the 
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damaged site results in a 20 nt long fluorescently labelled product strand. Therefore, damage-specific 

endonuclease activity results in a single 20 nt long product band on denaturing Urea-PAGE 

electrophoresis gels. Exonucleic activity causes gradual degradation of the DNA substrate, which 

results in fluorescently labelled DNA strands with varying lengths below 39 nt (Figure 59, B, i). When 

the product is electrophoresed on denaturing Urea-PAGE gels this results in multiple bands below the 

substrate band on the gel (Figure 59, B, ii).   

 

Figure 59: Illustration of a nuclease assay showing endonuclease and exonuclease activity.  
A: Damage-specific endonuclease activity. i: Abasic substrate is cut specifically at the site of the abasic damage (indicated by 
‘x’) by a nuclease. The abasic damage is located on the fluorescently labelled DNA strands (indicated by the yellow star). ii: 
after denaturation of the product, it will run at 20 nt on a Urea-PAGE gel producing a single band on the gel. The substrate 
is larger than the product due to nuclease activity and will run higher on the gel. The substrate and product are indicated by 
the blue arrows on the right. The size of the product and substrate are indicated on the left. The presence (+) or absence (-) 
of the protein is indicated below the gel. 
B: Unspecific exonuclease activity shown on a single-stranded DNA substrate. i: The single-stranded DNA substrate is cut 
into strands of differing lengths by exonuclease activity. This results in DNA fragments of different lengths. These fragments 

will electrophorese at different sizes on a Urea-PAGE gel, producing a ladder of products on the gel (ii). Substrate and product 
positions are indicated by the blue arrow and bracket on the right. The size of the product and substrate are indicated on the 
left. The presence (+) or absence (-) of the protein is indicated below the gel.  
This figure was adapted from Stelzer et al. (2024). 

NucDom showed both endo-and exonuclease activity with multiple DNA substrates during preliminary 

assays. This was demonstrated by assaying the protein with synthetic oligonucleotide substrates as 

described in Stelzer et al. (2024). Damage-specific endonuclease activity was seen with uracil-mismatch 

and abasic site substrates. NucDom cleaved those substrates specifically at the damaged sites leading 

to the production of a 20 nt long product, as shown in Figure 60. Exonuclease activity was seen with 

single- and double-stranded DNA substrates, including 3’ and 5’ flapped, and splayed DNA substrates. 
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NucDom Temperature Dependence 

To further characterise NucDom activity, it was tested at temperatures ranging from -40°C to 80°C with 

an 8-hour incubation period. No protein activity was observed at temperatures above 65°C. This aligns 

with the thermal stability data of NucDom which showed that the protein has a melting temperature of 

approximately 60°C. The highest activity of the protein was seen at 35°C with over 98% activity. 

Activity at below-freezing temperatures was observed but was low with around 3% at both -20 and -

40°C. 

 

Figure 60: NucDom activity with abasic site substrate over a temperature gradient.  
The assay was carried out using the standard assay conditions with protein at 10.423μM and 10 mM MgCl2 and an 
incubation period of 8 hours. Temperatures from -40°C to 80°C were tested. The reactions were done in triplicates. 
A: Denaturing Urea-PAGE gel showing the assay results. The incubation temperature (in °C) is indicated above the gel. The 
position of the substrate and product are indicated on the right. Lanes 1-3 show the results from a no-protein control, which 
was incubated at 20°C. 

B: Graphical summary of the data shown in A. The Y-axis shows the % Product over the temperature range shown on the X-
axis. The average %product of the triplicates is shown with the corresponding standard error shown in black. 

NucDom was active at extremely low temperatures. The ability to cleave DNA at below 5°C, even 

though activity is higher at ambient temperatures, makes the protein a psychrotolerant protein. The 

optimum temperature of NucDom aligns with that of LigDom which is also at 30°C. However, in the 

full-length protein ligation activity was highest at 50°C, while nucleolytic activity remained at its 

highest at 30°C (Figure 49) (Rzoska-Smith, 2023). 
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Time Dependence of NucDom 

The nucleolytic activity of NucDom was further characterised with the abasic site substrate over 16 

hours with manganese and magnesium as metal ion co-factors. This showed that the protein initially 

cuts DNA with an abasic site at the site of the damage, causing a 20nt-long product. This product is 

then further degraded by the exonuclease activity of NucDom (Figure 61, A). With the undamaged 

double-stranded DNA substrate, the protein has only exonuclease activity which is shown by the 

different size products on the Urea-PAGE gel (Figure 61, B). There is no specific cutting with the 

double-stranded DNA substrate, so the product is present at sizes <40 nt, whereas with the abasic site 

substrate cutting occurs initially at the abasic site and the substrate is then further degraded into products 

<20 nt long. 

 

Figure 61: Time series assay of NucDom showing the difference between endonuclease and exonuclease activity of the protein. 
The assay was carried out at 25°C with 10.423μM and varying incubation times. Manganese or magnesium were used at 10 
mM.  

A: Assay with the abasic site substrate. The incubation times (2, 4, 8, and 16 hours) are indicated above the gel. The absence 
(-) or presence of 10 mM manganese (MnCl2) or magnesium (MgCl2) and the presence (+) or absence (-) of protein are 
indicated above the gel.   
B: Assay with double-stranded DNA substrate. The incubation times (8 and 16 hours) are indicated above the gel. The absence 
(-) or presence of 10 mM manganese (MnCl2) or magnesium (MgCl2) and the presence (+) or absence (-) of protein are 
indicated above the gel. 

Its activity on DNA substrates makes NucDom the first β-CASP nuclease protein from bacteria with 

DNA degrading activity rather than RNA. DNA processing β-CASP family proteins have only been 

identified in eukaryotic organisms so far (Isabelle Callebaut et al., 2002). The SNM1A/Artemis protein 
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is involved in V(D)J recombination and DNA repair like non-homologous end joining. Like NucDom 

this protein has both exo- and endonuclease activity. In the case of the Artemis protein, endonuclease 

activity is activated by DNA-PKcs (Goodarzi et al., 2006; Ma et al., 2002). As demonstrated here the 

endonuclease versus exonuclease activity of NucDom appears to be determined by the substrate and no 

additional factors are required for endonuclease activity.  

Metal Dependence of NucDom 

The human β-CASP nuclease proteins SNM1A and SNM1B can use manganese, magnesium, zinc and 

calcium for nucleolytic activity (Sengerová et al., 2012). Activity with zinc was lower than with 

manganese, magnesium and calcium, and activity with zinc is highest at low concentrations (0.01 

mg/mL), while higher concentrations have an inhibitory effect on those proteins. This is similar to the 

results with NucDom, where activity with 0.15 mM zinc showed activity above the higher 

concentrations and at 1 mM zinc inhibited the activity of NucDom (Figure 62). 

 

 

Figure 62: NucDom zinc gradient assay with abasic site substrate. 
NucDom at a final concentration of 10.423 µM was tested with abasic site substrate at standard assay conditions. The 
reactions were incubated at 25°C for 8 hours and varying amounts of ZnCl2 as indicated above the gel. The presence (+) or 

absence (-) of protein is indicated above the gel. The position of the substrate and product are indicated by the blue arrows. 
‘*’ indicates where EDTA was added at 10 mM instead of ZnCl2. 

4.2.4 DV1-1 NucDom DNA-Binding  

Initial tries to show NucDom binding with DNA substrates were unsuccessful. However, an additional 

formaldehyde cross-linking step in the electron mobility shift assay successfully showed DNA binding 

by NucDom (Hoffman et al., 2015). This involves a short incubation of the DNA and substrate after the 

initial incubation period as described in Section 2.2.4. Binding was tested with double-stranded DNA, 

the abasic site, uracil mismatch and A/C mismatch DNA substrates. NucDom had the highest binding 

affinity with the abasic site substrate (Figure 63), this is consistent with the specific activity seen with 

this substrate. Binding was also observed with the double-stranded, uracil mismatch and A/C mismatch 
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substrate. To ensure that the formaldehyde cross-linking was not producing a false positive, the assay 

was tested with BSA (Bovine serum albumin) protein, which did not show binding (Supplementary 

Figure 4). 

 

Figure 63: Electron mobility shift assay of NucDom with four DNA substrates.  
The reactions were incubated with 12 µM NucDom protein and the substrate at 10°C for 30 min before a 10-minute 
incubation with 1% (v/v) formaldehyde. The presence (+) or absence (-) of protein and the substrate type are indicated 
above the gel. The positions of the un-bound substrate and the bound substrate are indicated by the blue arrows. 

4.3 Conclusion and Future Directions 

The DV1-1 protein is a unique nuclease-ligase fusion protein, which is the first one of its kind to be 

characterised (Rzoska-Smith, 2023). It is located in a gene cluster with other DNA repair enzymes, that 

are likely to be involved in the same process. Therefore, it would be desirable to purify and characterise 

those proteins too, to get insight into this process. 

The NucDom protein is a β-CASP family protein with structural similarity to characterised eukaryotic 

DNA processing β-CASP family proteins. The protein has the conserved MBL-family motifs 1-4 and 

the β-CASP family protein-specific motifs A-C. In other members of the β-CASP protein family 

residues from the motifs 1-4 were shown to be required for nucleolytic activity of the protein (Baddock 

et al., 2021). Bacterial and archaeal β-CASP proteins that have been characterised to date are mostly 

RNA processing enzymes, for example, the Thermus thermophilus TTHA0252 protein, which is 

thought to be a functional homologue of the bacterial RNase E protein and the B. subtilis RNase J 

(Dominski et al., 2013; Ishikawa et al., 2006; Newman et al., 2011). This makes NucDom the first 
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bacterial β-CASP protein that is active on DNA. Many β-CASP proteins have both endo- and 

exonuclease activity, similar to what was observed with NucDom on different DNA substrates 

(Dominski et al., 2013).  

Biochemical characterisation of the DV1-1 full-length protein, LigDom and NucDom is at an advanced 

state and this project has contributed to the characterisation of NucDom specifically by characterising 

its binding affinity and nucleolytic activity with DNA substrates, design of an active site mutant, and 

crystallisation attempts. To complete the biochemical characterisation of NucDom, the active site 

mutant must be purified and characterised. This mutant has been designed and will be recombinantly 

expressed and assayed. Furthermore, structural analysis of the DV1-1 protein, LigDom and NucDom 

would be desirable to understand the interactions between the two protein domains and their interactions 

with DNA. Crystallisation of the proteins will continue to be attempted and further optimised based on 

crystallisation screens. However, as the proteins appear difficult to crystallise, alternative methods, like 

small angle X-ray diffraction (SAX) and CryoEM could be used, which can be carried out with proteins 

in solution. 
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5 CONCLUSION 

Analysis of metagenomes from the harsh Dry Valley environment revealed many DNA repair-

associated genes. As demonstrated here and in (Rzoska-Smith, 2023), the main difficulty when 

characterising those proteins is protein production. Many of these novel DNA repair enzymes show low 

expression levels in the vectors and expression systems trialled. Their analysis here, in Rzoska-Smith 

(2023) and in Rzoska-Smith et al. (2023) has demonstrated that these proteins –  as predicted – process 

DNA. Multiple LigB-type ligases with DNA ligation activity were identified in the Dry Valley 

metagenomes. A nuclease homolog to NucS nucleases was identified, which showed specific 

endonuclease activity on several damaged DNA substrates (abasic, uracil match, uracil mismatch and 

A/C mismatch) (Rzoska-Smith, 2023). To further characterise the DNA repair processes and DNA 

repair enzymes in Dry Valley organisms, additional enzymes need to be characterised. The 

characterisation of multiple DNA repair proteins from a single operon, like that of the DV1-1 protein, 

would be desirable to identify potentially novel DNA repair processes. Attempts of this have been 

unsuccessful so far due to difficulties with soluble protein expression. Therefore, different protein 

production strategies may be required, like the use of a different expression system.  

The presented work describes two nuclease enzymes found in the Dry Valley metagenomes, an archaeal 

Hjc homologue (DV-Hjc) and a β-CASP protein family nuclease (NucDom), that is part of a nuclease-

ligase fusion protein (DV1-1). While the basics of their functions were identified during this project, 

both proteins required further characterisation to fully understand their function. Both proteins showed 

nucleolytic activity with DNA substrates at low temperatures. Proteins with activity at low temperatures 

are promising biotechnological tools and additional proteins with low-temperature activity could be 

discovered and characterised in a similar manner as DV-Hjc and NucDom. The optimum temperatures 

were observed at median temperatures (around 35°C) in DV-Hjc and NucDom, which makes these 

proteins psychrotolerant. So far no truly psychrophilic DNA repair enzymes have been identified from 

the Dry Valley metagenomes, which may be linked to the temperature fluctuations in the environment, 

and the ability of some organisms to grow at both cold and ambient temperatures. Their activity at low 

temperatures may indicate that some DNA repair processes in Dry Valley organisms are active at cold 

temperatures, highlighting the importance of DNA repair in this environment.  
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7 SUPPLEMENTARY  

7.1 Supplementary Methods 

7.1.1 Bacterial Strains and Plasmids used 

Supplementary Table 1: Optimised expression conditions for the DV-Hjc and DV1-1 NucDom protein. 

 Expression conditions Purification conditions 

 Vector E. coli Strain Temperature TEV cleavage Gel filtration 

column 

DV-Hjc pHMGWA Origami™ 

(DE3) 

15°C Yes S75 

DV1-1 

NucDom 

pHMGWA BL21(DE3) 

pLysS 

30°C Yes and No* S200 

*as mentioned with the results 

Supplementary Table 2: Bacterial strains used in this study. 

E. coli Strain Use in this study  

DH5α Plasmid propagation 

Origami™ (DE3) Recombinant protein expression 

BL21(DE3) pLysS Recombinant protein expression 

K-12 Negative control for the in vivo nuclease assay 

K-12 yraN gene knockout (JW3117) Single-gene deletion of the yraN gene in E. coli K-12 used 

for the in vivo nuclease assay 

K-12 ybaB gene knockout (JW0460) Single-gene deletion of the ybaB gene in E. coli K-12 used 

for the in vivo nuclease assay 

K-12 ruvC gene knockout (JW1852) Single-gene deletion of the ruvC gene in E. coli K-12 used 

for the in vivo nuclease assay 

 
Supplementary Table 3: Plasmids used in this study. 

Plasmid Description and use in this study Antibiotic resistance  
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pENTR Entry clone containing the genes of interest Kanamycin 

pHMGWA Gene expression vector with an N-terminal 6xHis-

MBP tag 

Recombinant expression of the DV-Hjc and DV1-1 

NucDom protein 

Ampicillin 

pProEx Bacterial gene expression with an N-Terminal 6xHis 

tag 

Used here to express the DV-Hjc protein in E. coli K-

12 yraN gene knockout cells 

Ampicillin 

pUC19 Cloning vector 

Used for the pUC19 plasmid-based assay 

Ampicillin 

 

7.1.2 Transformation 

Transformation of chemically competent cells was carried out by adding 2 μL of the plasmid to thawed 

competent cells and incubating on ice for 30 min. This is followed by ‘heat shock’ at 42C for 45 sec. 

The cells are put back on ice for 2 min before adding 1 mL of SOC media (20 mg/L Tryptone, 5 g/L 

Yeast Extract, 0.5 g/L NaCl, 2.5 mM KCl, pH 7.5) and incubating for 1 hour at 37C with 350 rpm 

shaking. The cells are then pelleted and grown on LB agar plates with the appropriate antibiotic for 16 

hours at 37C.  

7.1.3 Purification Supplementary:  

Purification Buffers 

Supplementary Table 4: Lysis Buffer recipe. 

Component Concentration 

Tris (pH 8) 0.05 M 

NaCl 0.75 M 

Glycerol  5% 

MgCl2 1 mM 
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Supplementary Table 5: Purification ‘Buffer A’ recipe. 

Component Concentration 

Tris (pH 8) 0.05 M 

NaCl 0.75 M 

Glycerol  5% 

Imidazole  0.01 M 

 

Supplementary Table 6: Purification ‘Buffer B’ recipe. 

Component Concentration 

Tris (pH 8) 0.05 M 

NaCl 0.75 M 

Glycerol  5% 

Imidazole  0.5 M 

 

Supplementary Table 7: Purification ‘Buffer C’ recipe. 

Component Concentration 

Tris (pH 8) 0.05 M 

NaCl 0.1 M 

Glycerol  5% 

DTT 1 mM 

  

Supplementary Table 8: Protein ‘Storage Buffer’ recipe. 

Component Concentration 

Bis-Tris (pH 6.5) 0.05 M 

NaCl 0.2 M 

Glycerol  10% 

DTT 1 mM 
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7.1.4 Oligonucleotide Assay Supplementary 

Oligonucleotide sequences 

Supplementary Table 9: Assay oligonucleotide sequences. Shown from 3’ to 5’. ‘/56-FAM/’ indicates the location a FAM-
label and ‘/5Phos/’ indicates phosphorylation of the 3’end. 

Oligonucleo

tide Name 

Sequence (3’ to 5’) 

NL1 /56-FAM/AGGCCATGGCTGATATCGCA 

NL3 CGACGGAGCTCGAATGCCTATGCGATATCAGCCATGGCCT 

NL5 /56-FAM/AGGCCATGGCTGATATCGCATAGGCATTCGAGCTCCGTCG 

NL6 /5Phos/CGACGGAGCTCGAATGCCTA 

NL7 TGCGATATCAGCCATGGCCT 

NL10 CGACGGAGCTCGAATGCCTACGCGATATCAGCCATGGCCT 

HJ1 GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCACCTG

CAGGTTCACCC 

HJ2 TGGGTGAACCTGCAGGTGGGCAAAGATGTCCTAGCAATGTAATCGTCAA

GCTTTATGCCGTT 

HJ3 CAACGGCATAAAGCTTGACGATTACATTGCTAGGACATGCTGTCTAGAG

GATCCGACTATCGA 

HJ4 ATCGATAGTCGGATCCTCTAGACAGCATGTCCTAGCAAGGCACTGGTAG

AATTCGGCAGCGT 

HJ5 ATCATAGCTAACATGACTAGTGCGATATCAGCCATGGCCT 

HJ6 CTAGTCATGTTAGCTATGAT 

MD6 /56-FAM/AGGCCATGGCTGATATCGCA/idSp/AGGCATTCGAGCTCCGTCG 

MD9 /56-

FAM/AGGCCATGGCTGATATCGCA/ideoxyU/AGGCATTCGAGCTCCGTCG 

MD10 CGACGGAGCTCGAATGCCTGTGCGATATCAGCCATGGCCT 
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Supplementary Table 10: Oligonucleotide combinations for the assay substrate mastermixes. 

Substrate Name  3’fluorescently 

labelled 

oligonucleotide 

Complement oligonucleotide 

Double-Strand 40nt NL5 NL3 

Single-strand 40nt NL5  

3’tail NL5 NL6 

5’tail NL1 NL3 

Double-strand 20nt NL1 NL6 

Single-strand 20nt NL1  

Flap3’ NL5 HJ6 

  HJ5 

Flap 5’ NL5 NL7 

  HJ5 

Splayed NL5 HJ6 

Holliday Junction HJ1 HJ2 

  HJ3 

  HJ4 

Abasic Site  MD6 NL3 

Uracil Mismatch MD9 MD10 

A/C Mismatch NL5 NL10 

 

7.1.5 Nuclease Assay Supplementary 

 
Supplementary Table 11: 'Standard' assay recipe. 

Component  Stock concentration  Final assay concentration 

Bis-Tris (pH 6.5) 0.1 M 0.01 M 

NaCl 0.5 M 0.05 M 
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Supplementary Table 12: DV-Hjc-specific buffer recipe. 

Component  Stock concentration Final assay concentration 

Hepes (pH 6.5) 0.25 M 0.05 M 

NaCl 0.25 M 0.05 M 

BSA (Bovine Serum 

Albumin) 

0.5 mg/mL 0.1 mg/mL 

DTT (Dithiothreitol) 2.5 mM 0.5 mM 

Glycerol 30% 6% 

7.1.6 Primer and Protein Sequences 

Supplementary Table 13: Primer sequences 

Name Sequence 3’ to 5’ 

p.20240423.1 TTAGAACGCCGCACGCGGATCC 

p.20240423.2 GGATCCTCTGCGGCGCGTCAGC 

T7 forward TAATACGACTCACTATAGGG 

T7 reverse GCTAGTTATTGCTCAGCGG 

 

Supplementary Table 14: Amino acid sequence of DV-Hjc, DV-HjcD42A, DV1-1 NucDom, and DV1-1 NucDomH34A, D36A. 

Name Sequence  

DV-Hjc MSAARQRTGRLAESLVAEQLRDAGWEILARNARTSEVRGELDLIALDGPDLV

FVEVKARRAGTSSGPETPAMAVGARKRAKLRSLATAWLRDAGSGVPRHRAL

RFDVVGIRLDARGRAREYEHLRAAF* 

DV-HjcD42A MSAARQRTGRLAESLVAEQLRDAGWEILARNARTSEVRGELDLIALAGPDLV

FVEVKARRAGTSSGPETPAMAVGARKRAKLRSLATAWLRDAGSGVPRHRAL

RFDVVGIRLDARGRAREYEHLRAAF* 

DV1-1 NucDom LLPIRFHRGVELPEQSLWLDPHDPKPFAFVSHAHSDHLGTHAEIITSKGTSALM

RERLPGERIEHVLEFDSPATIRGLNVTLLPAGHVFGSAQLFLQTENESLLYTGD

FKLRRGLSAEPTGWRHADTLIMETTYGLPKYAMPPTEETLARMIAFCQEAQEE

GAVPVLLGYSLGKAQEILCALVQAGLTPMLHGAVWNMTEVYRKLRPDFPCG

YERYAAGETAGKVLVCPPSAIRMKMVTQIKQRRVAVLTGWALDPGAIYRYQ
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CDAAFPLTDHADYPDLLRYVELVQPKRVLTLHGFAAEFARDLRERGVEAWA

LSEENQLELTL* 

DV1-1 

NucDomH34A, D36A 

LLPIRFHRGVELPEQSLWLDPHDPKPFAFVSHAASAHLGTHAEIITSKGTSALM

RERLPGERIEHVLEFDSPATIRGLNVTLLPAGHVFGSAQLFLQTENESLLYTGD

FKLRRGLSAEPTGWRHADTLIMETTYGLPKYAMPPTEETLARMIAFCQEAQEE

GAVPVLLGYSLGKAQEILCALVQAGLTPMLHGAVWNMTEVYRKLRPDFPCG

YERYAAGETAGKVLVCPPSAIRMKMVTQIKQRRVAVLTGWALDPGAIYRYQ

CDAAFPLTDHADYPDLLRYVELVQPKRVLTLHGFAAEFARDLRERGVEAWA

LSEENQLELTL* 

 

 

7.2 Supplementary Results – DV-Hjc 

7.2.1 Supplementary – DV-Hjc Binding  

 

Supplementary Figure 1: EMSA of DV-Hjc with DNA substrates indicated above the gel images. 
The presence (+) or absence (-) of the protein at 19 nM are indicated above the gel images. The position of bound DNA and 
unbound DNA are indicated by the blue arrows and brackets. 
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7.2.2 Supplementary – DV-Hjc Assays 

 

Supplementary Figure 2: Optimisation of DV-Hjc assays with proteinase K or 0.1% SDS and 0.1mM EDTA treatment. 
Incubation with proteinase K or SDS and EDTA was done before the reactions were run on the gel to inhibit DV-Hjc binding 
to the substrate and stopping the substrate from getting stuck in the wells of the gel. The treatment type (proteinase K or 
0.1% SDS and 0.1 mM EDTA), presence of MgCl2, presence (+) or absence (-) of the protein (198 nm) and the pH of the 
reaction are indicated above the gel. 

 

Supplementary Figure 3: DV-Hjc assays with DNA substrates. Protein at a concentration of 198 nm was used and the 

presence (+) or absence (-) of protein are indicated above the gel. The protein concentrations are indicated above the gel, 
where no concentration is specified 10 mM of the metal was used. The substrate is indicated above the gel and the location 
of the substrate is indicated by the blue arrowa. 

7.2.3 Supplementary – In vivo Characterisation of UPF0102 in E. coli 

Supplementary Table 15: 90-minute 3 mM H2O2 treatment of E. coli strains from the Keio collection including the Wild 
Type K-12 E. coli, the yraN gene knockout (JW3117) and the ruvC knockout (JW1852). Indicated in red are CFU/mL, which 
were suspected to be contaminated, which were removed from the final results. 

Strain  CFU/mL (untreated) CFU/mL (H2O2 treated) 
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Wild-type 7.58E+12 4.85E+08 

2.70E+12 4.70E+08 

2.10E+12 4.20E+08 

yraN knockout 4.30E+14 1.30E+09 

8.70E+14 9.00E+08 

6.30E+14 3.00E+08 

ruvC knockout 4.20E+12 5.30E+07 

2.20E+12 7.40E+07 

2.00E+12 5.70E+07 

 

Supplementary of DV1-1 

 

Supplementary Figure 4: Negative control for the formaldehyde crosslinking method in electron mobility shift assays using 

BSA was used as a negative control. The protein concentrations are indicated above the gel. The reactions were 
electrophoresed on a 20% acrylamide 7 M UREA PAGE gel. 


