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Abstract 
Topoisomerase 1 (Top1) resolves transcription-associated supercoils by 

generating transient single-strand breaks in DNA and is a major source of transcription-

associated mutagenesis in Saccharomyces cerevisiae.  Top1 generates a distinctive 

mutation signature characterized by deletions in short, tandem repeats, and a similar 

signature is associated with ribonucleoside monophosphates (rNMPs) in DNA. DNA 

polymerases incorporate rNMPs into genomic DNA, and such rNMPs are efficiently 

removed in an error-free manner by ribonuclease (RNase) H2.  In the absence of RNase 

H2, persistent rNMPs give rise to short deletions via a mutagenic process initiated by a 

Top1 incision at an rNMP.  There is only partial overlap, however, between Top1-

dependent deletion hotspots identified in highly transcribed DNA and those associated 

with rNMPs, suggesting the existence of both rNMP-dependent and rNMP-independent 

events.  Here I present evidence that rNMP-independent hotspots reflect processing of a 

trapped Top1 cleavage complex (Top1cc), and that rNMP-dependent hotspots reflect 

sequential Top1 reactions. A sequential-cleavage model for rNMP-dependent deletions 

is tested in vivo and in vitro, employing Top1 cleavage and ligation assays.  In addition, I 

report that rNMP-dependent hotspot activity is significantly enhanced when Top1 incises 

the non-transcribed strand of an actively transcribing reporter gene. Finally, I describe a 

novel type of mutagenesis that reflects repair of multiple Top1ccs. Specifically, 

expression of a mutant Top1 with reduced ligation activity (Top1-T722A) causes large 

deletion mutations that are distinct from Top1-dependent short deletions. Genetic data 

indicate that Top1-T722A-dependent large deletions are non-homologous end joining 

events. 
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Chapter 1. Introduction 

1.1 Transcription-Associated Mutagenesis 

1.1.1 Nature of Transcription 

Transcription refers to RNA synthesis performed by RNA polymerases using 

duplex DNA as a template. RNA polymerase II (RNAPII) produces messenger RNA 

(mRNA) using one strand of DNA as a template.  The template DNA is referred to as the 

transcribed strand (TS), and the complementary strand is called the non-transcribed 

strand (NTS).  In order to expose the TS, the strands of the DNA double helix must first 

be separated.  This strand separation results in accumulation of positive supercoils 

ahead of and negative supercoils behind the advancing RNAPII due to overwinding and 

underwinding of the helix, respectively [Figure 1;(1,2)].  Topoisomerases resolve this 

transcription-associated torsional stress using a strand-passage reaction. 

 

Figure 1: Effect of transcription on DNA template. 

Blue oval depicts RNAP, and the blue arrow indicates the direction of RNAP movement. 
The transcription bubble and a R-loop are marked with yellow and purple trangles, 
respectively. Black circles indicate DNA helix, and accumulation of positive supercoils 
and negative supercoils are depicted as compressed or extended ovals, respectively. 
Figure is adapted from (2) 
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During transcription, the nascent mRNA can stably hybridize to the TS, leaving 

the NTS single-stranded. This three-stranded nucleic acid structure is called an R-loop.  

Within a transcription bubble a short stretch of RNA:DNA hybrid is formed, but it is 

dissociated as each strand exits RNAPII from a different channel, and the TS re-anneals 

to NTS (3).  However, the nascent mRNA can thread back and hybridize to the TS, 

resulting in stable R-loop formation. In prokaryotes, stable R-loop formation is prevented 

by co-transcriptional engagement of the mRNA by ribosomes [Figure 1(4)].  In 

eukaryotes, co-transcriptional RNA processing and assembly into ribonucleoprotein 

particles prevent R-loop formation (5).  Importantly, a failure to deal with the 

underwinding of DNA behind RNAPII promotes R-loop formation.  If formed, R-loops can 

be resolved by the action of RNase H enzymes, which specifically degrade RNA:DNA 

hybrids, or an RNA:DNA helicase, such as Sen1 in yeast (6).  

1.1.2 Discovery of Transcription-Associated Mutagenesis 

Transcription-Associated Mutagenesis (TAM) is a phenomenon in which high 

levels of transcription cause sequence changes in the template gene (2).  The effect of 

transcription on mutagenesis was first reported in the 1970s using prokaryotic systems.  

In Escherichia coli and Salmonella typhimurium, induction of reporter-gene transcription 

was associated with increased mutagenesis (7,8).  In 1995, a direct cause-and-effect 

relationship between transcription and mutagenesis was established in eukaryotes using 

Saccharomyces cerevisiae as a model system (9).  Subsequently, a proportional 

relationship between the levels of transcription and mutagenesis was observed (10). In 

higher eukaryotes, TAM is important for the somatic hypermutation that occurs in the 

variable region of immunoglobulin genes (11).  TAM thus appears to be a universal 
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process that likely contributes to the diverse mutational landscape across the genomes 

of both prokaryotes and eukaryotes.  

1.1.3 Sources of TAM 

Early genetic studies in yeast demonstrated that TAM is elevated in the absence 

of the error-free excision-repair pathways or homologous recombination.  Conversely, 

TAM is reduced in the absence of error-prone DNA-damage bypass pathways, such as 

that reflecting translesion synthesis by Pol ζ (12,13). These observations suggested that 

TAM is primarily the consequence of DNA damage(s).  Types of damages that are 

known to contribute to TAM are described below. 

Chemical Modification of the NTS 

Single-stranded DNA (ssDNA) is more chemically reactive and is more 

vulnerable to DNA damaging agents than is double-stranded DNA (dsDNA).  

Nitrogenous bases of DNA are susceptible to chemical modifications and are protected 

by base pairing and stacking in dsDNA (14).  During transcription, the NTS becomes 

single-stranded within the transient transcription bubble and within more stable R-loops.  

Therefore, increased DNA damage at highly transcribed genes can be attributed, at least 

partially, to the single-strand character of the NTS.  Accordingly, some types of TAM 

have been shown to have a distinctive NTS bias in prokaryotes.  Using specific base 

substitution signatures, for example, the position of the mutation-causing DNA lesion can 

be deduced.  Both spontaneous oxidative damage (8-oxoG) and hydrolytic cytosine 

deamination occur more frequently on NTS compared to TS (15,16) Taken together, 

enhanced DNA damage to the NTS is likely an important source of TAM. 
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Topoisomerase 1-generated DNA Breaks 

Topoisomerase 1 (Top1) is recruited to transcriptionally active DNA and resolves 

transcription-associated torsional stress.  A prominent role for Top1 in TAM was 

discovered in yeast, where it is responsible for ~50% of mutations in an unbiased 

forward-mutation assay (17). Top1 activity generates a specific mutation signature 

comprised of 2-5 base pair (bp) deletions within low copy number tandem repeats.  The 

deletion size always corresponds to the repeat unit size.  The short deletions require the 

catalytic activity of Top1, indicating that DNA breaks introduced by Top1 are the source 

of TAM.  It should be noted that prokaryotes lack a comparable enzyme (a type IB 

enzyme; see below), so this particular mechanism is limited to eukaryotes. 

Ribonucleoside Monophosphates in DNA 

Ribonucleoside monophosphates (rNMPs) can be mis-incorporated into DNA 

during replication, and efficiently removed by the RNase H2 enzyme in yeast. Two types 

of TAM are observed in an RNase H2-defective background. First, a subset of Top1-

dependent short deletions is enhanced in an RNase H2-deficient strain. A greater-than-

multiplicative effect was observed under high-transcription condition, suggesting there 

may also be an increase in rNMP incorporation at actively transcribing genes (18).  In 

addition, conversion of a quasi-palindrome sequence to a perfect repeat (QP mutation) 

was observed in an RNase H2-deficient background, and the rate of QP mutations 

increased under high-transcription condition (19). QP mutations were proposed to arise 

from replication stalling at rNMPs in DNA followed by template switching. Taken 

together, rNMP incorporation into DNA is the source of at least two distinct types of 

TAM.  
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1.1.4 Significance of TAM  

Transcription is required for antibody diversification in the vertebrate immune 

system, which reflects somatic hypermutation (SHM) at immunoglobulin genes.  

Transcription exposes the NTS of relevant regions as ssDNA, and activation-induced 

deaminase (AID) acts on the single-stranded NTS to initiate SHM.  AID converts 

cytosine to uracil within immunoglobulin variable regions, creating U:G mismatches. 

Replication through the mismatch or repair of the mismatch via base excision repair 

(BER) or mismatch repair (MMR) results in mutations (20).  

In addition to its role in immune system diversification, TAM is a driving force of 

evolution. Comparative genome analyses of S. cerevisiae and Saccharomyces 

paradoxus, human germline mutations, and E.coli mutation accumulation lines reveal 

that the rate of mutation positively correlates with gene expression level (21,22).  In 

bacteria, amino acid starvation induces transcription of the gene involved in the 

biosynthesis of the deficient nutrient.  This response results in enhanced mutation of the 

up-regulated genes, which can, in principle, result in the acquisition of beneficial 

mutations. (23,24).  This phenomenon may be relevant to genetic changes that 

contribute to survival in nutrient-deficient environments.  

Finally, TAM may be a mechanism that contributes to carcinogenesis. 

Genotoxins, for example, stimulate transcription of the p53 tumor suppressor gene, and 

p53 mutations in tumor cells match predicted TAM signatures (25-27).  In addition, 

chronic inflammation stimulates transcription of tumor suppressor genes and ectopic 

expression of AID, which together have been implicated in tumorigenesis (28).  

Furthermore, in stationary-phase yeast cells, regions of replication-independent DNA 

synthesis correlate with regions of active transcription (29).  This suggests that TAM may 
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be particularly important for driving genetic changes in non-dividing cells and may 

contribute to cancer development in fully differentiated cells.   

1.2 Introduction to rNMPs in DNA 

1.2.1 Incorporation of rNMPs into DNA 

DNA polymerases cannot initiate polymerization de novo, requiring a “primer” 3'-

OH end to extend. In eukaryotes, RNA primase synthesizes a short RNA primer to 

initiate DNA synthesis during replication (30).  RNA primers are, in principle, only 

needed once to initiate leading-strand synthesis, but are required to initiate each 

Okazaki fragment during lagging-strand synthesis (31).  The estimated amount of rNMPs 

incorporated into the human nuclear genome as primers during a single round of 

replication is about 150 million.  Despite of this abundance, RNA primers are efficiently 

removed during the joining of DNA strands, so their presence in the genome is only 

transient. 

In vitro studies have revealed that DNA polymerases are very efficient, but not 

perfect, at discriminating between ribonucleoside triphosphates (rNTPs) from 

deoxyribonucleoside triphosphates (dNTPs), and consequently can misincorporate 

rNMPs in place of deoxyribonucleoside monophosphates (dNMPs) at a low level.  DNA 

polymerases prevent rNMP misincorporation via clashes between the 2’-hydroxyl group 

(2’-OH) of rNTP and “steric gate” residues of the polymerase (32-36).  However, the 

higher cellular concentration of rNTPs compared to that of dNTPs is predicted to 

increase the probability of rNMP incorporation in vivo (37-39).  Using in vivo 

concentrations of rNTPs and dNTPs as substrates in in vitro assays, researchers have 

estimated the amount of rNMPs incorporated by replicative polymerases, Pol α, Pol δ 

and Pol ε, from yeast and human [Figure 2 (40-42)]. Furthermore, rNMP incorporation is 
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affected by the identity of polymerase, identity of the rNMP, and template sequence 

context (37).  Based on these studies, more than 13000 rNMPs are estimated to be 

incorporated into the yeast genome in one round of nuclear DNA replication, making 

rNMPs the most abundant non-canonical component of DNA (43).  

 

Figure 2: Classical view of rNMP incorporation during DNA replication. 

Polε, Polδ and Polα are shown in green, blue and magenta rectangles, respectively. 
Black lines indicate template DNA strands. Wavy lines indicate RNA primers. Green and 
blue lines with arrowheads represent nascent leading and lagging strands, respectively. 
Figure is from (44). 
 

 In addition to the major replicative polymerases, other DNA polymerases from 

various organisms have been shown to incorporate rNMP into DNA in vitro.  Human Pol 

λ and Pol µ, which are implicated in gap filling during DNA repair, incorporate rNMPs into 

DNA (45).  In addition, the mitochondrial human DNA polymerase Pol ϒ (46), 

telomerase from Tetrahymena (47) murine terminal transferase (48), and yeast 

translesion synthesis polymerase Pol ζ (49) have all been shown to incorporate rNMPs.   

Taken together, DNA polymerases can incorporate rNMPs during replication or repair 

synthesis, and rNMP incorporation into genome is an evolutionarily conserved 

phenomenon.  

In order to confirm rNMP incorporation by DNA polymerases in vivo, researchers 
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disabled rNMP removal pathways.  RNase H2 is an enzyme that cleaves single or 

multiple rNMPs embedded in DNA, or degrades the RNA component of RNA:DNA 

hybrids (50).  Using RNase H2-defective budding yeast and alkaline hydrolysis for rNMP 

detection, abundant rNMP incorporation in vivo was confirmed (37).  Introduction of a 

mutant Pol ε or Pol δ that incorporates fewer rNMPs compared to the WT enzymes 

resulted in decreased alkaline hydrolysis of genomic DNA (40,51).  Furthermore, 

evidence of in vivo incorporation of rNMPs into genome has been found in fission yeast, 

mouse cell lines and human cells from Aicardi-Goutières syndrome patients who carry 

mutations in RNase H2 (52-56).  Recently, four groups independently developed 

techniques mapping in vivo rNMPs to a single-nucleotide resolution (57-60).  These 

studies provided evidence further supporting the division of labor at replication fork: Pol ε 

as the major leading-strand polymerase and Pol δ as the major lagging-strand 

polymerase (Figure 2).  A recent study conducted by Johnson et al., however, reported 

data consistent with Pol δ replicating both leading and lagging strands and Pol ε 

primarily proofread errors on the leading strand (61).  The authors suggested that the 

increased amount of rNMPs on the nascent leading strand associated with expression of 

rNMP-permissive Pol ε (Pol2-M644G) could be due to its inability to remove rNMPs 

incorporated by Pol δ.  Although the polymerase responsible for rNMP incorporation into 

the nascent leading strand is currently controversial, it is generally accepted that Pol ε 

mutants specifically affect the amount of rNMPs in the nascent leading strand.  

1.2.2 Removal of rNMPs from DNA  

As mentioned above, RNA primase introduces large amounts of rNMPs into DNA, 

especially during lagging-strand synthesis.  In the process of generating a continuous 

lagging strand, RNA primers are removed from Okazaki fragment during maturation.  
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Okazaki fragment primers are converted to a 5’-flap via strand displacement synthesis 

by Pol δ, and this 5’-flap is cleaved by endonuclease Fen1 (Rad27 in yeast) (62).  In the 

absence of Fen1, a Dna2-dependent backup pathway removes RNA primers (31).   

The observation that RNase H2 deficiency alone results in a significant amount 

of rNMPs remaining in yeast genome suggested that RNase H2 is critical for rNMP 

removal.  An early study using crude yeast cell extract identified RNase H2 and Fen1 as 

ribonucleotide excision repair (RER) components (63), and more recent studies have 

reconstituted a complete RER reaction with additional, purified factors (64). RER begins 

with RNase H2 incision 5’ of an rNMP, which is then followed by strand-displacement 

synthesis by Pol δ or Pol ε (Figure 3).  This generates a 5’ flap that is removed by Fen1 

or Exo1, and then DNA ligase I seals the remaining nick to restore DNA integrity.  

Involvement of these additional factors in RER in vivo has not been fully addressed.  

 

Figure 3: Ribonucleotide excision repair pathway. 

The ribonucleotide is shown in red. The grey oval indicates RNase H2. The blue oval 
represents Pol δ or ε, and the green ring depicts proliferating nuclear antigen (PCNA). 
The yellow shape designates Fen1 or Exo1. Figure is from (64). 

 
 
RNase H1 removes a stretch of rNMPs embedded in duplex DNA as well as the 

RNA component of RNA:DNA hybrids (50).  It is generally believed that RNase H1 
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cannot remove a single rNMP from DNA (50,65).  A recent in vitro study, however, 

demonstrated that E. coli RNase H1 does cleave at a single rNMP when reaction 

conditions were modified, particularly in presence of manganese ions (66). This opens 

up the possibility that RNase H1, in addition to RNase H2 might be able to remove some 

rNMPs from DNA.  However, given that RNase H1 does not compensate for RNase H2 

loss in yeast, this proposed activity of RNase H1 (if there is any) seems to be very 

inefficient.  Nevertheless, RNase H1 is relevant to rNMP removal when consecutive 

rNMP incorporation is enhanced (67). 

Several studies have reported backup mechanisms for rNMP removal that 

become more prominent in the absence of RNase H2.  Nucleotide excision repair (NER) 

has been proposed as a backup pathway.  RNase H2 loss elicits up-regulation of NER 

genes in yeast (68).  More direct evidence was found in the E.coli system; UvrABC, 

which is responsible for NER, also removed rNMPs from DNA in vitro and in vivo (69,70).  

In humans, however, NER does not seem to be involved in rNMP removal (71).  In 

addition, yeast or human Pol ε and Pol δ can remove newly inserted rNMPs by 

proofreading, but with very low efficiency (41,42).  Finally, Top1 alone can remove an 

rNMP in vitro, but as discussed previously, it causes deletions in the process (72,73).  In 

vivo, the Srs2 helicase collaborates with Exo1 at Top1-induced single-strand breaks 

(SSBs) to prevent error-prone rNMP removal by Top1 (74).  

1.2.3 Consequences of rNMPs in DNA  

Negative Consequences 

A single rNMP in DNA causes helix distortion that may be sufficient to interfere 

with replication fork progression.  In support of this, multiple in vitro studies from bacteria 

and yeast have demonstrated that rNMPs in a DNA template can stall DNA polymerase 
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progression (37,41,74-78).  In agreement with this, RNase H2 loss reduces cell 

proliferation and causes embryonic lethality in mouse models (53,79).  It is important to 

note that replication stress due to rNMPs is largely Top1-dependent in yeast.  Therefore, 

whether the replication stress observed in higher eukaryotes, including embryonic 

lethality, is Top1-dependent would be interesting to examine.  

Multiple studies have demonstrated a positive correlation between the amount of 

rNMPs in DNA and genome instability.  Large-scale genome instability, such as loss of 

heterozygosity and non-allelic homologous recombination were exacerbated in RNase 

H2-defective background (80-82).  Interestingly, these phenotypes required Top1, 

suggesting Top1 incision at rNMPs is generating recombination-initiating double-strand 

breaks (DSBs).  It should be noted that an early hyper-recombination mutation identified 

in yeast was later shown to be in a gene encoding a component of RNase H2 (74).  In 

addition to the short deletions described earlier, increased amounts of rNMPs in DNA 

causes QP mutations in Top1-independent manner (19).  Finally, rNMPs in DNA impair 

BER.  The BER machinery does not efficiently recognize an oxidized base when it is 

paired with an rNMP, which can ultimately introduce a mutation during replication (83,84).  

Finally, RNase H2 defects are linked to the human diseases Aicardi-Goutières 

syndrome (AGS) and systemic lupus erythematous (SLE) (54).  AGS is an early-onset 

autoinflammatory disorder, and more than 50% of causal mutations are in RNase H2 

genes. AGS is phenotypically similar to SLE, which is an autoimmune disease 

characterized by formation of antibodies against nuclear antigens, including nucleic 

acids.  A recent study reported that a subset of SLE patients carry mutations in RNase 

H2, and SLE disease risk inversely correlated with RNase H2 activity.  In addition, cells 

from RNase H2-defective SLE and AGS patients had elevated amount of rNMPs in their 
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genomes. Interestingly, in response to UV irradiation, DNA containing rNMPs has 

increased formation of cyclobutane pyrimidine dimers, which may explain 

photosensitivity commonly found in SLE patients with RNase H2 mutations.  

Positive Consequences  

The fact that rNMP incorporation by DNA polymerases is an evolutionarily 

conserved phenomenon suggests that misincorporated rNMPs may have biological 

functions.  In support of this, multiple studies have reported role for rNMPs in cellular 

processes.  First, rNMPs have been proposed to function as strand discrimination 

signals for MMR in yeast (51,85).  This has also observed in bacteria, where RNase H2 

cleavage at rNMPs contributed to about 10% of MMR (86).  Second, in fission yeast, two 

rNMPs in DNA are used to initiate the recombination required for a mating type switch 

(87).  Finally, rNMPs in DNA have a beneficial effect on non-homologous end joining 

(NHEJ), with the presence of a single rNMP at the 3’-end of a broken molecule 

stimulating ligation by DNA ligase IV (88).  Consistently, bacterial DNA ligase function in 

NHEJ is also stimulated by the presence of a single rNMP at the 3’-end (89).  Human 

Pol µ incorporates rNMPs during NHEJ, and this increases the fidelity of NHEJ, 

especially when the substrate ends lack complementarity (90).  Finally, the archaea 

polymerase implicated in NHEJ incorporates rNMPs into DNA as well, which ultimately 

signals the termini for ligation (91).  

1.3 Introduction to Topoisomerase 1  

1.3.1 Classification of Topoisomerases 

Topoisomerases relieve torsional stress accumulated during transcription, 

replication and chromatin remodeling by creating transient DNA break(s).  According to 

the number of strands cleaved, a topoisomerase is classified as type Ι if it cleaves one 
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strand, or type II if it cleaves both strands and generates a DSB.  Type I enzymes pass 

the intact strand through the nick before resealing DNA, while type II enzymes pass 

duplex DNA through the DSB before rejoining the broken ends.  Both type Ι and type II 

enzymes use an active site tyrosine to form a covalent phosphotyrosyl bond with DNA 

during the cleavage reaction.  Type I enzymes are further subcategorized into types IA 

and IB.  Type IA enzymes relax negative supercoils and form a covalent bond with the 

5’-end of the nicked DNA.  By contrast, type IB enzymes relax both negative and positive 

supercoils and form a covalent bond with 3’-end of the nicked DNA.  

1.3.2 Yeast Topoisomerase 1 

Yeast has three topoisomerases: Topoisomerase 1 (Top1), Topoisomerase 2 

(Top2) and Topoisomerase 3 (Top3).  The subject of this study, Top1, is a type IB 

enzyme.  All eukaryotes carry at least one Top1 gene and the biochemistry of Top1 is 

highly conserved among eukaryotes.  While Top1 is essential in mammals and 

Drosophila, it is dispensable in budding yeast, which makes yeast a wonderful system to 

study the cellular role of this enzyme (92,93).  Yeast Top1 is a 769 amino acid, 90kDa 

monomeric enzyme and the active site tyrosine is at position 727 (94).  Of particular 

relevance to the studies in this thesis, mutation of threonine-722 to alanine (Top1-

T722A) alters the equilibrium between cleavage and re-ligation, increasing the life span 

of the covalent intermediate.  Although it can resolve both negative and positive 

supercoils, yeast Top1 mainly resolves negative supercoils, while Top2, which is a type 

II enzyme, resolves primarily positive supercoils (95).  Top1 has a very loose consensus 

recognition sequence [5’-(G/C)(A/T)T*-3’] and forms a covalent bond with the terminal 

thymine (T*), the most conserved site in the consensus sequence (96). 
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1.3.3 Biochemistry of Top1 

Catalytic Cycle  

The catalytic cycle of Top1 is composed of four steps.  (1) Top1 non-covalently 

binds and clamps down on duplex DNA, interacting with 20-30 bp region of the scissile 

and non-scissile strands, primarily upstream of the cleavage site (97).  (2) The active site 

tyrosine of Top1 attacks the DNA backbone, forming a 3’-phosphotyrosyl bond with the 

cleaved strand.  This Top1-DNA adduct structure is referred to as Top1 cleavage 

complex (Top1cc) (Figure 4A).  Top1 incision frees a 5’-OH on the other side of the 

break.  The minimal length of DNA required for incision is 10-bp, with 2-bp being 

downstream of the incision point (98,99).  (3) Controlled-rotation of the broken strand 

around the intact strand resolves torsional stress.  Compared to the protein-assisted 

strand-passage by type IA enzymes that remove only one supercoil per cycle, type IB 

enzymes resolves multiple supercoils.  Indeed, it was originally referred to as a “free” 

rotation reaction (100).  However, single-molecule assays revealed that Top1 clamps 

around duplex DNA, which hinders free rotation, hence leading to a “controlled” rotation 

model.  Top1 removes multiple supercoils per cycle, but it does not necessarily remove 

all supercoils at once.  The number of supercoils removed per cycle is torque-dependent 

in some enzymes and torque-independent in others (101,102).  (4) DNA base stacking 

realigns the broken ends and positions the 5’-OH for ligation.  The 5’-OH attacks the 3’-

phosphotyrosyl bond, and this reverse transesterification reaction reseals the DNA.  This 

final step is referred to as Top1-mediated ligation. 
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Figure 4: Top1 cleavage at a dNMP or at an rNMP. 

A. Top1 cleavage at a dNMP. Nucleophilic attack of the DNA backbone by the active 
tyrosine of Top1 (orange ball) is shown with curved arrows pointing downwards. The 
black arrow pointing to right corresponds to cleavage reaction, resulting in formation of 
the Top1cc. The arrow pointing to the left depicts the Top1-mediated ligation reaction. 
Black curved arrows pointing upwards designates nucleophilic attack of the 5’-OH on the 
3’-phosphotyrosyl bond. B. Top1 cleavage at an rNMP. The 2’-OH is marked with dotted 
red box. Nucleophilic attack of the 2’-OH on 3’ phosphotyrosyl bond is shown with red 
curved arrow. The red straight arrow pointing right depicts release of Top1 protein, 
resulting in an irreversible SSB. Figure adapted from (103,104). 

 

Substrate Specificity  

Top1 performs the transesterification reaction on duplex DNA or on a duplex molecule 

composed of a DNA strand and a RNA-p-DNA hybrid strand (104,105).  Top1 can form a 

covalent bond with an rNMP as well as with a dNMP.  In the former case, the covalent 

bond is attacked either by the 5’-OH on the other side of the nick or by the 2’-OH of the 
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rNMP bound to Top1.  The 2’-OH attack releases the Top1 protein, generating a SSB 

flanked by a 2’,3’ cyclic phosphate and 5’-OH (Figure 4B).  Interestingly, Top1 binding to 

such a break facilitates resealing of the DNA backbone in a Top1 catalytic activity-

independent manner in vitro (73).  Although Top1 has ribonuclease activity, it does not 

cleave at an rNMP when the substrate is a DNA:RNA or RNA:RNA duplex (105).  In 

addition, Top1 does not cleave single-stranded DNA or single-stranded RNA.  In the 

case of single-stranded DNA, however, cleavage can occur if the DNA strand 

intramolecularly forms a duplex region, such as a stem-loop structure (106).   

Interaction with Camptothecin 

Top1 is the target for the chemotherapeutic drug camptothecin (CPT) and its 

derivatives, topotecan and irinotecan, which are currently used in the clinic.  CPT 

intercalates between the bases pairs flanking the Top1cc and forms hydrogen bonds 

with amino acid residues of the Top1cc (107). A point mutation at an amino acid that 

destroys hydrogen bonding with CPT confers CPT-resistance to the enzyme, indicating 

that hydrogen bonding supports stabilization of the Top1cc.  CPT also interferes with the 

5’-OH positioning required for Top1-mediated ligation.  CPT most efficiently targets a 

Top1cc that has a guanine immediately downstream of the incision point (108,109).  

Top1cc stabilization by CPT, however, is very transient and is reversible.  CPT-induced 

lethality is S-phase specific, and co-treatment with replication inhibitors rescues cells 

from lethality.  This indicates that DSBs generated by replication runoff at CPT-stabilized 

Top1cc are the cause of lethality in vivo. 
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1.3.4 Cellular Functions of Top1 

Transcription 

Recruitment of Top1 to actively transcribing genes is a well-documented 

phenomenon (110-112) and involvement of Top1 in transcription initiation and elongation 

has been reported.  Top1 interacts with the enhancer, promoter and transcription factors 

to regulate transcription initiation (113-117) and activates transcription by aiding in 

assembling a pre-initiation complex at the promoter (112,115,118,119).  Interestingly, 

the catalytic activity of Top1 is dispensable for these functions, suggesting Top1 is 

serving an architectural role.  Top1 catalytic activity is required, however, for 

disassembling nucleosomes from the promoter region (120).  Furthermore, Top1 

catalytic activity is important for transcription elongation, indicating Top1 resolves 

torsional stress to ensure RNAP progression (121).  In support of this, in the absence of 

Top1, unresolved negative supercoils promote R-loop formation, blocking RNAP 

progression (122,123).  In addition, Top1 is especially important for transcription of 

RNAPII-driven long genes (>100 kb) and genes that have multiple exons (116,124-126).  

Top1 co-localizes with RNAPII, suggesting Top1 removes supercoils while traveling with 

RNAPII (127).  Physical interaction between Top1 and RNAPII has been observed in 

vivo and confirmed in vitro; Top1 interacts with phosphorylated C-terminal domain of 

RNAPII of Drosophila and S. cerevisiae in immunoprecipitation experiments (127-129).  

Altogether, Top1 controls transcription initiation and elongation by performing a 

structural role or by changing DNA topology.  Consequently, the transcription landscape 

changes in the absence of Top1.  In yeast, genes that are repressed in stationary phase 

are up-regulated in the absence of Top1 (130).  In human cells, Top1 knockdown alters 

the mRNA level of certain genes, indicating Top1 selectively regulates transcription 
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(131).  Finally, Top1 is involved in RNA maturation (5,132,133) in higher eukaryotes and 

phosphorylates serine/arginine-rich RNA-splicing factors to activate them (134).   

Replication 

During replication, the separation of DNA strands generates positive supercoils 

ahead of the replication fork.  Unresolved positive supercoils are predicted to impede 

replication fork progression, and Top1 has been identified as a component of the 

replisome progression complex (135).  Top1 is not essential for initiation of replication, 

but it is required for replication elongation.  Replication fork movement is retarded in the 

absence of yeast Top1 (136,137), and stalled replication forks accumulate during S-

phase in Top1-deficient yeast and human cells (133).  In addition, persistent R-loops not 

only impede transcription, but also block replication (138).  Recently, a novel role for 

Top1 during leading-strand synthesis was proposed (139).  It was suggested that Top1 

cleaves at rNMPs embedded in the nascent leading strand.  This Top1-induced 

cleavage may mimic naturally occurring nicks on the lagging strand and thereby resolve 

torsional stress that accumulates during nascent leading-strand synthesis.  Taken 

together, Top1 ensures replication elongation by preventing R-loop formation and/or by 

introducing nicks to resolve replication-associated torsional stress. 

Genome Maintenance  

A direct role for Top1 in genome maintenance has been inferred from the 

increased genome instability detected in the absence of functional Top1.  In human 

cells, for example, Top1 knockdown enhances chromosomal aberrations (131) and 

elevates contraction of CAG repeats (140).  In yeast, highly transcribed G-quadruplex 

(G4)-forming sequences became hotspots for spontaneous gross chromosomal 

rearrangements upon Top1 loss (141).  In the absence of yeast Top1 and Top2, 
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illegitimate recombination at the rDNA locus increased, resulting in the appearance of 

extra-chromosomal rings (123).  The elevated mitotic recombination observed in Top1-

deficient diploid yeast was limited to rDNA, and single-copy genomic regions were not 

affected by Top1 loss (142). In addition, yeast Top1 forms a reversible Top1cc at the 

ribosomal replication fork barrier, preventing unscheduled recombination (143).  In the 

absence of Top1, chromosomal breaks accumulate at gene-rich regions in mammalian 

cells, suggesting breaks arise from transcription and replication conflicts. (133).  In 

support of this, replication pause sites coincide with highly transcribed RNAPII genes in 

yeast (144).  Interestingly, the genome instabilities mentioned here are also associated 

with R-loop formation.  R-loops accumulate at rDNA, G-rich sequences, and extended 

trinucleotide repeats in association with RNAP pausing (6,145-147).  In addition, 

accumulation of R-loops has been observed at sites of replication and transcription 

collision, and R-loop dependent instability is S-phase specific (148,149).  Taken 

together, these studies suggest that Top1 maintains genome integrity by suppressing 

unscheduled R-loop formation.  

1.3.5 Top1 as a Source of Genome Instability  

Top1-induced SSBs 

Top1 generates a transient SSB during its normal catalytic cycle, and inhibition of 

Top1-mediated ligation results in potentially hazardous SSBs.  Top1-mediated ligation is 

performed by nucleophilic attack of the 5’-OH on the 3’-phosphotyrosyl bond, and this 

reaction requires perfect alignment of the 5’-OH.  Therefore, any kind of DNA distortion 

that disrupts the alignment can inhibit Top1-mediated ligation.  Endogenous lesions such 

as base-base mismatches, mismatched loops, abasic sites and preexisting nicks can 

trap Top1cc when Top1 cleaves nearby [reviewed in;(103)].  In particular, Top1 incision 
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near a mismatched loop or a nick can produce trapped Top1cc with an associated gap.  

Exogenous DNA damage such as UV lesions, IR-induced DNA breaks and O6-

methylguanine produced by alkylating agents can also trap the Top1cc [reviewed in 

(103)].  In addition to DNA distortions, RNAPII collision with a Top1cc on TS can cause 

SSBs in vitro (150).  Finally, Top1 incision at an rNMP embedded in DNA can result in 

an irreversible SSB with 2’,3’ cyclic phosphate and 5’-OH (104,151).  As discussed 

previously, rNMP-associated SSBs serve as a potent source of Top1-dependent TAM.  

Top1-induced DSBs and Associated Instability 

Top1-induced SSBs can be converted to lethal DSBs in multiple ways. For 

example, simultaneous formation of two Top1ccs within 10-bp of each other on 

complementary strands can result in a DSB (152,153).  In addition, when a non-scissile 

strand contains a preexisting nick, Top1 incision on the complementary strand can 

generate a DSB.  Formation of these DSBs depends on the strength of hybridization 

between the complementary strands flanked by two SSBs.  Furthermore, a SSB 

generated by RNAPII collision with Top1cc on TS can be converted to a DSB when the 

broken TS is used as a template for replication.  Such replication runoff at Top1cc 

results in one-ended DSB.  Recently, it has been shown that accumulation of torsional 

stress at the site of collision between a Top1cc and replication fork promotes fork 

reversal (154). Fork reversal normally prevents replication runoff and provides cell with 

time to repair the Top1cc, but persistent replication stalling can eventually cause DSBs 

via fork collapse.  

In fission yeast, Top1 mediates recombination at programmed RTS1 barrier 

(155).  In particular, Top1-mediated recombination is enhanced when Top1cc trapping is 

enhanced.  In budding yeast, either CPT treatment or Top1-T722A expression 
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significantly increases the loss of heterozygosity and genome-wide instability (142).  In 

mammalian cells, p53-stimulated homologous recombination was suppressed by Top1 

inhibition, suggesting Top1 causes recombination in higher eukaryotes as well (156).  In 

addition to stimulating homologous recombination, Top1 can also be a source of 

illegitimate recombination.  Trapped Top1cc, for example, can ligate an incoming DNA 

strand with a 5’-OH as long as the 5’-OH is perfectly aligned with the 3’-phophotyrosyl 

bond for nucleophilic attack (99). In addition, an in vitro study demonstrated that p53 

stimulates human Top1 cleavage near a trapped Top1cc to generate a single-stranded 

gap, which facilitates sequence-dependent recombination (157).  Whether similar 

reactions can occur in vivo is not known, although the frequency of illegitimate 

recombination of exogenous DNA fragments into genomic DNA positively correlated with 

level of Top1 protein in yeast (96). 

Human Disease Relevance  

Top1 has been implicated in multiple neuronal diseases.  Top1cc accumulation, 

for example, was observed in murine models for ataxia telangiectasia and 

spinocerebellar ataxia with axonal neuropathy 1 (SCAN1) (158).  In addition, disabling 

the Top1cc removal pathway or treatment with a Top1 poison, such as topotecan, 

phenocopied the neuropathology, indicating that Top1cc is the pathogenic lesion for 

these diseases. Top1 is also implicated in autism spectrum disorder (ASD).  Top1 

resolves torsional stress during transcription elongation, and this function is especially 

important for transcription of long genes.  In cortical neurons, Top1 inhibition causes 

down-regulation of genes (median length of 548 kb) that were significantly longer than all 

expressed genes (median 23.5 kb).  Interestingly, 27% of these long genes were known 

ASD candidate genes, and many of the down-regulated genes were also linked to 
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synapses (126).  Consistently, Top1 inhibition results in differential expression of 

synaptic proteins, which impairs synapsis formation and ultimately disrupts synaptic 

activity (159).  

Studies of Top1-induced Genome Instability Described in This Thesis 

As mentioned above, Top1 is responsible for deletion mutations at short tandem 

repeats (160,161).  Only a subset of Top1-dependent deletion hotspots was affected by 

a change in the amount of rNMPs in genome, indicating that there likely are two 

subclasses of Top1-dependent deletions: rNMP-dependent and rNMP-independent 

(18,151). Since this discovery, we have been focused on understanding the molecular 

mechanisms of Top1-dependent short-deletion formation.  In Chapter 2, we demonstrate 

that there are two distinct mechanisms for Top1 to generate SSBs, and their repair 

defines the two subclasses of Top1-dependent mutagenesis.  Stabilization of the Top1cc 

is a source for rNMP-independent deletions, while irreversible nick formation by Top1 

incision at rNMP is a source for rNMP-dependent deletions.  Based on our genetic data 

and previous reports on biochemistry of Top1, we propose a sequential-cleavage model 

for rNMP-dependent deletion process.  The nature of rNMP-dependent deletions is 

further discussed in Chapter 3, and we demonstrate that under high-transcription 

conditions deletions occur more frequently when Top1 nicks the NTS.  In Chapter 4, we 

provide further in vivo as well as in vitro data supporting the model of rNMP-dependent 

deletions proposed in Chapter 2.  Finally, in Chapter 5, we report a novel type of 

mutagenesis associated with Top1cc stabilization.  In yeast cells expressing Top1-

T722A, we observed deletion mutations that are distinct from short deletions at tandem 

repeats.  The sizes of the deletions are larger than 5-bp and as large as 4100-bp in 
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certain genetic backgrounds.  Genetic requirements and the model for the Top1-T722A-

dependent large deletion process are discussed in Chapter 5.    
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Chapter 2. Two Distinct Mechanisms of Topoisomerase 
1-dependent Mutagenesis in Yeast 
Chapter 2 was previously published as (18). 

2.1 Introduction 

Spontaneous mutagenesis is a contributor to the development of somatic 

diseases as well as an underlying mechanism for evolutionary processes (162).  The 

rate of mutagenesis is modulated by transcription, with analysis in Saccharomyces 

cerevisiae demonstrating a proportional relationship between transcription and 

mutagenesis (10).  Studies of transcription-associated mutagenesis (TAM) in yeast have 

revealed several contributors to this phenomenon.  First, elevated DNA damage 

associated with active transcription can stimulate mutagenesis (9,13).  Such damage 

may be facilitated by the formation of R-loops in which the transcript remains stably base 

paired with the DNA template [reviewed in (56)].  This exposes the non-transcribed 

strand as a single-strand DNA region, which is expected to be more sensitive to 

endogenous DNA damaging agents than duplex DNA (163).  Second, increased dUTP is 

incorporated during active transcription and its removal can initiate TAM (164).  Finally, 

the major contributor to TAM in an unbiased forward mutation assay is activity of 

Topoisomerase I (Top1) (160,161).  Top1 produces a very distinctive mutation signature, 

2-5 base pair (bp) deletions at short, tandem repeats, in which deletion size coincides 

with the repeat-unit size.   

Transcription is associated with an accumulation of positive supercoils ahead of 

and negative supercoils behind the RNA polymerase complex (165).  In S. cerevisiae, 

such transcription-associated supercoils are primarily resolved by Top1 (121), which is 

recruited by interaction with the phosphorylated carboxy-terminal domain of RNA 
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polymerase II (166).  Top1 binds to duplex DNA and cleaves one of the strands, forming 

a covalent phosphotyrosine bond with the 3’-end of the nicked DNA and generating a 5’-

hydroxyl group (5’-OH) on the other side of the nick.  Rotation of Top1 around the intact 

strand relieves the torsional stress, and Top1-mediated re-ligation using the 5’-OH 

restores the integrity of the cleaved strand.  The covalent Top1-DNA intermediate is 

referred to as a Top1 cleavage complex (Top1cc) (103).  We previously suggested that 

irreversible trapping of the Top1cc can initiate the formation of the signature short 

deletions at tandem repeats (160).  In this model, processing of the Top1cc generates a 

small gap, which is converted to a ligatable nick by repeat-mediated realignment of the 

complementary strands (Figure 5).  

Top1-dependent deletions are also stimulated by ribonucleoside 

monophosphates (rNMPs) in DNA (151).  Replicative polymerases, such as Pol ε, can 

incorporate rNMPs into DNA (37), and RNase H2 initiates removal of such rNMPs in 

yeast (63,64,76).  In an RNase H2-defective background, a mutation signature identical 

to that of Top1-dependent TAM has been observed (167).  Significantly, these rNMP-

associated deletions also result from activity of Top1 (151).  Such deletions, however, 

are unlikely to reflect processing of a trapped Top1cc.  Following incision at an rNMP, 

the enzyme can be released by attack of the 3’-phosphotyrosyl bond by the 2’-OH of 

ribose, leaving a 2’,3’ cyclic phosphate on one side of the nick and a 5’-OH on the other 

(104,151).  We previously suggested that, as with a trapped Top1cc, rNMP-dependent 

deletions reflect processing of the non-canonical ends created by this reaction (Figure 

5).  
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Figure 5: Models for Top1-dependent deletion processes. 

End-processing model for Top1-dependent deletions initiated by a trapped Top1cc or 
Top1 incision at an rNMP. Yellow arrows designate Top1 cleavage.  
 
 

In the current study, we investigate the combined effect of active transcription  

and rNMPs in DNA on Top1-dependent deletions.  Through use of a mutant Top1 that 

retards the re-ligation reaction and a mutant Pol ε that inserts less rNMPs into DNA than 

WT, we provide further evidence that Top1-dependent deletions reflect the repair of two 

distinct types of Top1-generated DNA lesions: a trapped Top1cc and a nick generated 

by Top1 incision at an rNMP.  A new model for the Top1-dependent, rNMP-associated 
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deletion process is proposed that requires two sequential Top1 cleavage reactions and 

depends on the re-ligation activity of Top1.  

2.2 Material and Methods 

2.2.1 Strain Construction  

Yeast strains for the chromosomal CAN1 forward and lys2 reversion assays were 

descendants of SJR282 [MATα ade2-101oc his3Δ200 ura3ΔNco suc2 gal80Δ::HIS3;(9)] 

and YPH45 [MATa ura3-52 ade2-101oc trp1Δ1;(168)], respectively. The WT pGAL-

CAN1, pLYS-lys2ΔA746,NR,(AT)2, pTET-lys2ΔA746,NR,(AT)2, pLYS-

lys2ΔA746,NR,(TC)3, pTET-lys2ΔA746,NR,(TC)3, pLYS- lys2ΔA746,NR,(AG)4, pTET-

lys2ΔA746,NR,(AG)4, pLYS-lys2ΔA746, pTET-lys2ΔA746  and pTET-lys2ΔBgl strains 

were previously described (10,151,160).  RNH201 and/or TOP1 were deleted by one-

step allele replacement using PCR-generated deletion cassettes amplified from plasmids 

containing appropriate selectable markers.  POL2 was replaced with pol2-M644L using a 

two-step allele replacement strategy (76).  A complete list of strains is given in Appendix 

A. 

2.2.2 Mutation Rates and Spectra 

To determine mutation rates, cells were non-selectively grown to saturation in 

YEP medium (1% yeast extract, 2% Bacto-peptone, and 250 µg/mL adenine hemisulfate 

with 2% agar for plates) supplemented with 2% glycerol and 2% ethanol (YEPGE); 2 

µg/mL doxycycline (Sigma) was added as appropriate. Dilutions of individual cultures 

were plated on YEPD (1% yeast extract, 2% Bacto-peptone, 250 µg/ml adenine 

hemisulfate supplemented with 2% dextrose) to determine total cell numbers or on 

synthetic complete dextrose medium lacking lysine (SCD-Lys) to determine the numbers 
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of Lys+ revertants.  Canavinine-resistant colonies were selected on SCD-Arg plates 

containing 60µg/mL L-canavinine sulfate. Mutation rates were calculated using the 

method of the median (169) and 95% confidence intervals were determined as 

described previously (170). 

To obtain mutation spectra, the region of interest was PCR-amplified, and the 

resulting fragments were sequenced by the Duke University DNA Analysis Facility.  The 

rate of a specific type of mutation was calculated by multiplying its proportion in the 

spectrum by the total Lys+ rate.   

2.2.3 Mutation Frequencies with Top1-T722A Expression  

CEN plasmids expressing Top1-T722A or WT Top1 contained URA3 as a 

selectable marker, and both proteins were expressed from the CUP1 promoter. 

Transformants were selected on SCD-Ura plates, and independent cultures were directly 

started from individual colonies without prior purification.  Cells were grown in SCD-Ura 

medium for three days and then plated on SCD-Ura to determine plasmid retention and 

on SCD-Ura-Lys to obtain the Lys+ reversion frequency.  Addition of copper to induce 

transcription from CUP1 was unnecessary in our strain background.  At least six 

independent cultures were started for each strain, and each primary transformation was 

done twice.  Because the starting cell numbers were not same and cultures were at 

different cell densities when plated, median reversion frequencies rather than rates were 

determined.  Revertants were sequenced as above to determine the 2-bp deletion 

frequency and 95% confidence intervals of the median frequency of 2-bp deletions were 

calculated (171).  
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2.3 Results 

2.3.1 Combined Effect of Active Transcription and RNase H2 Loss on Top1-
dependent Deletions at CAN1 

We previously reported that Top1-dependent, 2-5 bp deletions at the CAN1 locus 

arise under two distinct conditions: (1) when transcription is highly activated from a 

galactose-regulated promoter in a WT background and (2) when rNMPs fail to be 

removed from DNA in an RNase H2-defective (rnh201Δ) background (151,160).  To 

compare how RNase H2 loss affects the rate of deletions under low-versus high-

transcription conditions, we deleted RNH201 in a strain containing CAN1 either 

regulated by its own promoter or by the highly activated GAL promoter (pGAL).  The rate 

of 2-5 bp deletions increased about 1600-fold under high- relative to low-transcription 

conditions when RNase H2 was active (Figure 6A).  Similar to the 10-fold increase 

observed under low-transcription conditions, loss of RNase H2 elevated the total rate of 

deletions an additional 13-fold under high-transcription conditions, and all deletions were 

Top1 dependent.  The observed multiplicative effect of transcription and RNase H2 loss 

is expected if the level of persistent rNMPs in CAN1 is the same under high- and low-

transcription conditions in an rnh201Δ background, and if the stimulatory effect of 

transcription reflects recruitment of Top1 to remove associated supercoils.  

2.3.2 Effect of Active Transcription and RNase H2 Loss on Isolated CAN1 
Hotspots 

Similar to the pattern observed when the low-transcription rnh201Δ and high-

transcription RNH201 spectra were compared (151), the positions of 2-bp deletion 

hotspots at CAN1 only partially overlapped when the high-transcription spectra 

generated from the RNH201 and the rnh201Δ backgrounds were compared (Figure 6B).  
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Figure 6: 2-5 bp deletions at CAN1. 

A. Rate of 2-5 bp deletions. The rate under low-transcription in an rnh201Δ top1Δ 
background is not shown because it was determined in a different strain background 
(151). Error bars show 95% confidence intervals. N/D; not determined. B. Locations of 2-
5 bp deletions. Only a part of CAN1 open reading frame is shown. Grey bars over the 
sequence and red bars below the sequence represent deletion events observed in the 
WT and rnh201Δ background, respectively (Table 1). The length of the bars corresponds 
to the size of deletion. Light grey boxes highlight all dinucleotide repeats. The (AT)2, 
(TC)3, and (AG)4 hotspot-containing sequences transplanted into the lys2ΔA746,NR 
reversion window are highlighted with yellow boxes. 
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Table 1: Summary of deletions at CAN1 and transplanted hotspots. 

 

The variable effects of RNase H2 loss on Top1-dependent hotspots under high-

transcription conditions support our previous interpretation that there are likely two 

classes of hotspots: those reflecting irreversible Top1 cleavage at an rNMP and those 

reflecting an rNMP-independent Top1 cleavage intermediate. 

In previous studies, three of the Top1-dependent 2-bp deletion hotspots [(AT)2, 

Allele Txn Relevant genotype Proportion of events at the hotspot  

CAN1a 

Lowb WT 1 / 82 
rnh201Δ 8 / 70 

Highc 
 

WT 50 / 91 

rnh201Δ 59 / 82 
(15 with no mutation) 

rnh201Δ top1Δ 1 / 93 
(25 with no mutation) 

lys2ΔA746,NR,(AG)4 

Lowd 
WT 18 / 84 
rnh201Δ 90 / 95 

Highe 

WT 43 / 89 
rnh201Δ 72 / 73 
rnh201Δ pol2-M644L 75/ 90 
rnh201Δ top1Δ 0 / 46 

lys2ΔA746,NR,(TC)3 

Lowd WT 38 / 74 
rnh201Δ 82 / 92 

Highe 

WT 83 / 94 
rnh201Δ 77 / 90 
rnh201Δ pol2-M644L 59 / 93 
rnh201Δ top1Δ 0 / 87 

lys2ΔA746,NR,(AT)2 

Lowd WT 67 / 80 
rnh201Δ 56 / 77 

Highe 

WT 88 / 93 
rnh201Δ 70 / 91 
rnh201Δ pol2-M644L 85 / 94 
rnh201Δ top1Δ 0 / 93 

a Deletions at CAN1 hotspots were 2-5 bp in length.  
b CAN1 was regulated by its own promoter.  
c GAL promoter.  
d LYS promoter.  
e TET promoter. 
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(TC)3, and (AG)4] identified at CAN1 were individually transplanted as ~30-bp fragments 

into the “reversion window” of a chromosomal lys2ΔA746,NR frameshift allele (151,160). 

The lys2ΔA746,NR allele contains a 1-bp deletion, and reversion to lysine prototrophy 

occurs via a compensatory net 1-bp insertion (172).  Importantly, this allele has a very 

low background reversion rate and thus can efficiently detect 2-bp deletions at Top1-

dependent hotspots, allowing each to be studied in isolation.  To more accurately assess 

the combined effects of RNase H2 loss and transcription at individual hotspots, we 

deleted RNH201 in strains containing the low (pLYS)- or high (pTET)-transcription 

lys2ΔA746,NR,(AT)2, lys2ΔA746,NR,(TC)3, or lys2ΔA746,NR,(AG)4 allele.  pTET is a 

tetracycline/doxycycline repressible promoter and drives high levels of transcription 

when cells are grown in the absence of doxycycline (10). 

In the presence of RNase H2, (AG)4 was not detected as a transcription-

associated deletion hotspot when the pGAL-CAN1 allele was examined (Figure 6B).  

When analyzed in isolation, however, a 28-fold stimulatory effect of transcription on 2-bp 

deletions within the (AG)4 tandem repeat was evident (Figure 7A).  Due to the absence 

of events under low-transcription conditions, the precise stimulatory effect of 

transcription on the (TC)3 and (AT)2 hotspots within CAN1 could not be determined 

(160).  This was possible with the transplanted hotspots, however, and we observed a 

95- and 71-fold transcription-associated increase, respectively, in the 2-bp deletion rates 

(Figure 7B-C).  Consistent with observations made under low-transcription conditions 

(151), deletion of RNH201 had very different effects on deletions within the individual 

(AT)2, (TC)3 and (AG)4 hotspots under high-transcription conditions.  While RNase H2 

loss had no significant effect on the rate of deletions at the (AT)2 hotspot, those at the 

(TC)3 hotspot increased an additional 7.6-fold and those at the (AG)4 hotspot increased  
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Figure 7: Reversion rates of lys2ΔA746NR alleles. 

The LYS2 and TET promoters were used for low- and high-transcription conditions, 
respectively. Grey bars represent 2-bp deletions (Table 1). White bars represent other 
events. Low-transcription data and WT high-transcription data were previously reported 
(151,160). The 95% confidence intervals are indicated. 

 

870-fold. 

In the context of pGAL-CAN1, loss of RNase H2 was associated with a similar 

increase (approximately 10-fold; see section 2.3.1) in the overall rates of 2-5 bp 

deletions under either low- or high-transcription conditions.  A comparable effect of 

RNH201 deletion under different transcription conditions did not, however, necessarily 

extend to the isolated hotspots.  In particular, RNase H2 loss had a larger effect on 

deletions at the (AG)4 hotspot under high- than under low-transcription conditions (870- 

A. lys2ΔA746NR,(AG)4 

C. lys2ΔA746NR,(AT)2 

B. lys2ΔA746NR,(TC)3 

1.0 x 
240 x 

28 x 
24000 x 
< 3.8 x 

 

Relative rate of  
2-bp deletions 

1.0 x 
12 x 
95 x 

730 x 
< 0.4 x 

 

1.0 x 
1.3 x 
71 x 
93 x 

< 0.1 x 
 

1" 10" 100" 1000" 10000"100000"1000000"

rnh201'top1'High'

rnh201'High'

WT'High'

rnh201'Low'

WT'Low'

1" 10" 100" 1000" 10000"100000"

rnh201'top1'High'

rnh201'High'

WT'High'

rnh201'Low'

WT'Low'

1" 10" 100" 1000" 10000"100000"

rnh201'top1'High'

rnh201'High'

WT'High'

rnh201'Low'

WT'Low'

WT Low 
rnh201Δ Low 

WT High 
rnh201Δ High 

rnh201Δ top1Δ High 

1     10    102     103   104   105   106        

Mutation rate ( x 10-10 ) 
 

WT Low 
rnh201Δ Low 

WT High 
rnh201Δ High 

rnh201Δ top1Δ High 

WT Low 
rnh201Δ Low 

WT High 
rnh201Δ High 

rnh201Δ top1Δ High 

1      10    102     103   104   105 

1      10    102     103   104    105 



 

 34 

and 240-fold, respectively).  One interpretation of this result is that transcription has an 

effect on rNMP-dependent hotspots that extends beyond simply recruiting more Top1. 

2.3.3 Reduced Incorporation of rNMPs into DNA Decreases Deletions at 
rNMP-associated Hotspots 

The behavior of isolated deletion hotspots upon RNH201 loss under low- or high-

transcription conditions led us to speculate that the (TC)3 and (AG)4 hotspots are rNMP-

associated deletion hotspots, while (AT)2 is an rNMP-independent hotspot.  An 

alternative explanation, however, is that the (AT)2 hotspot is also rNMP-dependent, and 

the relevant rNMP is simply refractory to RNase H2 activity.  To provide more direct 

evidence for two distinct types of hotspots, we replaced WT Pol2, the catalytic subunit of 

Pol ε, with a mutant form (Pol2-M644L) that incorporates fewer rNMPs into genomic 

DNA than the WT enzyme (76).  The rationale behind this approach is that if deletions at 

a given hotspot are initiated by Top1 cleavage at an rNMP, then the frequency of these 

events should decrease when fewer rNMPs are incorporated into DNA.  If rNMPs are 

irrelevant to hotspot activity, however, then the deletion rate should not be affected by 

the replacement of Pol2 with Pol2-M644L.  Expression of Pol2-M644L in an rnh201Δ 

background decreased the rate of 2-bp deletions at the (AG)4 hotspot about 40-fold, and 

those at (TC)3 hotspot about 4-fold (Figure 8A), indicating that most deletions at these 

hotspots are initiated by Top1 cleavage at an rNMP normally inserted by Pol ε. By 

contrast, the rates of deletions at (AT)2 were comparable in strains expressing WT Pol2 

or Pol2-M644L, supporting the interpretation that deletions at (AT)2 arise in a 

predominantly, if not exclusively, rNMP-independent manner. 
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Figure 8: Effect of Pol2-M644L and Top1-T722A expression on 2-bp deletions 
under high-transcription conditions. 

A. Effect of Pol2-M644L on 2-bp deletion rates in an rnh201Δ background (Table 1). B. 
Effect of Top1-T722A expression on 2-bp deletion frequencies in top1Δ rnh201Δ 
backgrounds (Table 2). Frequencies observed with an empty vector control or WT Top1 
expression also are shown. Error bars represent 95% confidence intervals of rates (A) 
and median frequencies (B).  

 

2.3.4 Reduced Re-ligation Activity of Top1 Has Different Effects on rNMP-
associated and rNMP-independent Hotspots 

We previously suggested that rNMP-independent deletions reflect repair of a 

stably trapped Top1cc (151). The mutant Top1-T722A protein has been shown to have 

reduced re-ligation activity in vitro (173,174), which is expected to increase the half-life 

of the Top1cc in vivo and thereby promote more trapping. We predicted that if rNMP- 
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Table 2: Summary of deletions at transplanted hotspots with WT Top1 or Top1-
T722A expression. 

 

independent deletions at the (AT)2 hotspot were produced through processing of a 

trapped Top1cc, then expression of Top1-T722A should increase the frequency of these 

deletions.  We thus analyzed the effect of Top1-T722A expression on the frequency of 

deletions at the transplanted (AT)2 hotspot by transforming an rnh201Δ top1Δ strain with 

an empty plasmid, a plasmid expressing WT Top1 or a plasmid expressing Top1-T722A.   

As predicted, the frequency of 2-bp deletions at the (AT)2 hotspot was 11-fold higher with 

Top1-T722A expression than with WT Top1 expression (Figure 8B).  

In vitro data have demonstrated that vaccinia Top1 cleaves at an rNMP to form a 

transient Top1cc, and then is released from the DNA when the phosphotyrosine bond of 

the Top1cc is attacked by the vicinal 2’-OH group (104).  We proposed that, as with a 

trapped Top1cc, processing the resulting cyclic phosphate end would lead to formation 

of a small gap within the tandem repeat (151).  Because rNMP-dependent hotspots do 

not involve formation of a trapped Top1cc, we predicted that deletions at the (TC)3 and 

(AG)4 hotspots would occur at a similar level in rnh201Δ top1Δ cells expressing either 

Allele Txn Relevant genotype Plasmids 
Proportion of 
events at the 

hotspot 

(AT)2 High rnh201Δ top1Δ 
Empty 0 / 32 
WT Top1 21 / 23 
Top1-T722A 43 / 46 

(TC)3 High rnh201Δ top1Δ 
Empty 0 / 38 
WT Top1 16 / 22 
Top1-T722A 6 / 45 

(AG)4 High rnh201Δ top1Δ 
Empty 4 / 37 
WT Top1 24 / 24 
Top1-T722A 33 / 45 

All alleles were regulated by TET promoter.  



 

 37 

Top1-T722A or WT Top1.  As shown in Figure 8B, however, the frequency of 2-bp 

deletions at the (TC)3 and (AG)4 hotspots were 6-fold and 8-fold lower, respectively, with 

Top1-T722A expression than with WT Top1 expression.  The opposing effect of Top1-

T722A expression on deletions at isolated hotspots confirms that there are two 

distinctive classes of Top1-dependent deletion hotspots and furthermore suggests that 

the re-ligation activity of Top1 is important for deletion formation at rNMP-associated 

hotspots.  

 

Figure 9: Reversion rates of lys2ΔBgl and lys2ΔA746 alleles and deletions at 6A 
run. 

A. The lys2ΔBgl allele was under control of the TET promoter. Low-and high-
transcription conditions were created by growth in the presence or absence of 
doxycycline, respectively. Dark grey bars correspond to 4-bp deletions at (AGCT)2 and 
light grey bars to 1-bp deletions at the 6A run (Table 3). B. The LYS2 and TET 
promoters were used for low- and high- transcription conditions, respectively. Black bars 
correspond to 2-bp deletions at the 6A run and white bars to other events (Table 3). The 
95% confidence interval of the total Lys+ rate is indicated. C. 1-bp deletions at the 6A 
run in lys2ΔBgl. Δ indicates 1-bp deletion, -4 indicates 4-bp deletion, and cins indicates 
complex insertions D. 2-bp deletions at 6A run in lys2ΔA746. -2 indicates 2-bp deletion; 
+ indicates 1-bp insertion. Partial spectra of high-transcription, rnh201Δ backgrounds are 
shown. Yellow boxes indicate the 6A run. 

A. C. 

B. D. 
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Table 3: Summary of deletions at endogenous Top1-dependent hotspots found in 
lys2 reversion window. 

 

2.3.5 Effect of Active Transcription and Increased rNMPs on a 4-bp Deletion 
Hotspot 

We previously described a Top1-dependent, rNMP-associated 4-bp deletion 

hotspot [(AGCT)2] in the lys2ΔBgl reversion assay under low-transcription conditions 

(151).  The chromosomal lys2ΔBgl allele contains a +1 frameshift mutation and reverts 

to lysine prototrophy via a compensatory, net 1-bp deletion within a reversion window 

that coincides with that of the lys2ΔA746,NR allele (175).  To examine the combined 

effect of high transcription and RNase H2 loss on deletions at the (AGCT)2 hotspot, 

reversion of a pTET-lys2ΔBgl allele was examined in the presence or absence of 

doxycycline (low- and high-transcription conditions, respectively).  Loss of RNase H2 

was associated with a 26-fold increase in hotspot activity under low-transcription 

conditions, and 110-fold increase under high-transcription conditions (Figure 9A).  

Allele Txn Relevant 
Genotype 

(AGCT)2 6A run 
4-bp Deletion 2-bp deletion 1-bp deletion 

lys2ΔBgl 

Lowa WT 5 / 73 

NA 

13 / 73 
rnh201Δ 69 / 84 1 / 84 

Highb 
WT 1 / 77 26 / 77 
rnh201Δ 35 / 92 6 / 92 
rnh201Δ top1Δ 0 / 89 11 / 89 

lys2ΔA746 

Lowc WT 

NA 

0 / 73 

NA 

rnh201Δ 26 / 91 

Highd 

WT 17 / 117 
top1Δ 0 / 104 
rnh201Δ 27 / 78 
rnh201Δ top1Δ 0 / 87 

NA; not applicable. 
a TET promoter with 2 µg/mL of doxycycline. 
b TET promoter with no doxycycline. 
c LYS2 promoter. 
d TET promoter. 
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Although there also may be a greater-than-multiplicative effect of active transcription and 

RNase H2 loss on the 4-bp deletions, the effect of transcription alone could not be 

accurately gauged because only one 4-bp deletion was observed in the spectrum under 

high-transcription conditions in the WT background.  

2.3.6 rNMP-Dependent Deletions at a 6A Hotspot are at Least 2-bp 

In an earlier TAM study, we described an increase in 2-bp deletions at a 6A 

mononucleotide run within the chromosomal lys2ΔA746 reversion window under high-

transcription conditions [pTET-lys2ΔA746, (10)].  This allele is the parent of the 

lys2ΔA746,NR (NR, no-run) allele, which was constructed by eliminating all 

mononucleotide runs longer than 3N from the lys2ΔA746 reversion window (176).  When 

initially described, the mechanism for generating the transcription-associated, 2-bp 

deletions at the 6A run was not known.  Because the 6A run is a tandem repeat, which 

seems to be a necessary condition for Top1-dependent deletions, we hypothesized that 

2-bp deletions at this position might similarly require Top1.  The deletion of TOP1 

completely eliminated 2-bp deletions at the 6A run, indicating that the 6A run is indeed 

an additional Top1-dependent deletion hotspot (Figure. 9B).  Furthermore, deletion of 

RNH201 strongly increased the rate of deletions at the 6A run under either low- or high-

transcription conditions, demonstrating that the 6A run is also an rNMP-associated 

deletion hotspot.  

The 6A run in the pTET-lys2ΔA746 reversion window can be considered an (AA)3 

dinucleotide repeat.  When viewed in this manner, it is striking that all Top1-dependent 

deletion hotspots we have observed to date are comprised of repeat units that are at 

least 2-bp.  The 6A hotspot provides a unique opportunity to examine whether Top1-

generated deletions of only a single base pair also are possible.  We thus monitored 
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deletions at this position using the pTET-lys2ΔBgl allele, which detects net 1-bp 

deletions (Figure 9C-D).  One bp deletions in the 6A run are, in fact, the most common 

event that reverts the lys2ΔBgl allele in RNH201 backgrounds, comprising 34% and 18% 

of the reversion spectrum under high- and low-transcription conditions, respectively 

(151).  Although high transcription enhanced 1-bp deletions in the 6A run by 47-fold, 

neither RNH201 deletion nor TOP1 deletion had a significant effect on these events 

(Figure 9A).  This indicates that Top1 cleavage at rNMPs only rarely generates 1-bp 

deletions, if it does so at all, and suggests that the minimum size of efficient Top1-

dependent, rNMP-associated deletions is likely 2-bp. 

2.4 Discussion  

The separate examination of the effect of transcription and RNase H2 loss on 

Top1-dependent deletions previously led us to propose that there are two distinct 

classes of these events: rNMP-associated deletions initiated by Top1 incision at an 

rNMP and rNMP-independent deletions initiated by Top1 trapping.  Here, we tested the 

combined effect of the high transcription and RNase H2 loss on Top1-dependent 

deletions at CAN1, on three individual 2-bp deletion hotspots originally identified at 

CAN1 and on the endogenous 4-bp and 2-bp deletion hotspots found within the lys2 

reversion window.  We additionally examined the effect of rNMP-restrictive Pol2-M644L 

or ligation-deficient Top1-T722A on deletions at representative hotspots.  Below we 

discuss the results obtained in these analyses and propose a new model for the Top1-

dependent, rNMP-associated deletion process. 

At CAN1 and at most of the individual hotspots examined, the combined effect of 

RNase H2 and high transcription was multiplicative (Figure 6A, Figure 7A-C).  This is the 

result expected if transcription only enhances the recruitment of Top1 and the amount of 
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rNMPs in DNA remains the same regardless of the level of transcription.  At the (AG)4 

hotspot, however, we observed a greater-than-multiplicative effect when transcription 

and RNase H2 loss was combined.  An intriguing possibility suggested by this result is 

that more rNMPs are incorporated into highly transcribed DNA.  It is possible, for 

example, that the DNA damage associated with high-transcription is repaired outside of 

S phase, when the ratio of rNTPs to dNTPs is highest.  Such a scenario could also 

explain why more dUTP is incorporated into highly transcribed DNA (164).   

Previous studies have suggested that the most of the rNMPs in the yeast 

genome are incorporated by Pol ε rather than by Pol δ(37).  Deletions at (AG)4 and (TC)3 

hotspots decreased in a pol2-M644L rnh201Δ background (Figure 8A), indicating that 

most rNMP-associated deletions at these positions are initiated by Top1 incision at 

rNMPs inserted specifically by Pol ε.  The residual rNMP-dependent deletions observed 

in the pol2-M644L rnh201Δ background could originate from rNMPs incorporated by the 

mutant Pol ε, WT Pol δ or WT Pol α. An alternative possibility is suggested by a recent 

Escherichia coli study, which demonstrated the incorporation of rNMPs into DNA by the 

Pol V translesion synthesis DNA polymerase (177,178).  rNMP incorporation by the 

yeast Rev1, Pol ς, and Pol η TLS polymerases and their potential contribution to rNMP-

associated deletions has not yet been investigated. 

Recapitulating what was seen under low-transcription conditions at the (AT)2 

hotspot (151), there was no significant rate increase in 2-bp deletions associated with 

RNase H2 loss under high-transcription conditions.  The large increase in deletions 

associated with Top1-T722A expression (Figure 8B) supports the model that deletions at 

this rNMP-independent hotspot originate from a trapped Top1cc (151,160).  The source 

of Top1cc trapping, however, is unclear.  In principle, any condition that perturbs the 
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position of the 5’-OH, which is required for Top1-mediated re-ligation, could promote 

Top1cc trapping.  Top1 incision near mismatches or transcription-associated damage, 

for example abasic sites, can prevent re-ligation in vitro (179).  In addition, collision 

between the RNA polymerase complex and a Top1cc can displace the 5’-OH and trap 

the enzyme (152).  In the latter case, the relevant Top1 cleavage site would be expected 

to be located on the transcribed strand. 

Whereas we expected no effect of Top1-T722A expression on deletions at 

rNMP-associated hotspots, Top1-T722A expression actually decreased deletions at the 

(AG)4 and (TC)3 hotspots (Figure 8B).  There are two possible explanations for this 

result.  First, more Top1-T722A is expected to be bound to DNA than WT enzyme, and 

this might limit the amount of free enzyme available to incise at rNMPs.  A second 

possibility is that proficient re-ligation is required for the completion of the rNMP-

associated deletion process.  Although we cannot exclude the first explanation, we favor 

the latter because it is consistent with in vitro studies using purified Top1.  When a Top1 

cleaves less than 6 nucleotides upstream (5’) of DNA end, the short fragment 

downstream of the transient Top1cc diffuses away, trapping the enzyme at the cleavage 

site – a classic “suicide” reaction (98).  When a trapped Top1cc is provided with a single-

strand DNA with 5’-OH, however, the enzyme can catalyze re-ligation (99).  The re-

ligation by trapped Top1cc can occur across gaps, but it works better when the 5’-OH is 

perfectly aligned to the region immediately downstream (3’) of the Top1cc (99).  Based 

on these in vitro data, we propose a sequential Top1 cleavage model for the rNMP-

associated deletion process in vivo (Figure 10).  First, Top1 incises at an rNMP to 

generate a nick flanked by a 2’,3’ cyclic phosphate and 5’-OH (step (i)).  Either the  
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Figure 10: Sequential-cleavage model for rNMP-associated deletions. 

Light grey boxes indicate the relevant dinucleotide repeat. Yellow arrows designate Top1 
cleavage.  
 

released Top1 or a different Top1 then cleaves immediately upstream (5’) of the nick, 

releasing a short oligonucleotide between the first and second Top1 cleavage sites and 

trapping the enzyme (step (ii)-(iii)).  Re-alignment of complementary strands facilitated 

by the tandem repeats directly juxtaposes the Top1cc and the 5’-OH (step (iv)).  Using 

this 5’-OH, the Top1cc then catalyzes re-ligation (step (v)).  The last step can explain 
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why rNMP-associated deletions require proficient Top1 re-ligation activity and are 

reduced in the presence of the Top1-T722A protein.  This model also can explain why 

the maximum deletion size observed for rNMP-dependent events thus far is 5-bp.  For 

efficient diffusional loss of the short fragment between two cleavage sites, in vitro data 

suggest the fragment should be smaller than 7 nucleotides (98).  Finally, biochemical 

studies using vaccinia Top1 have shown that Top1 incision one nucleotide upstream of a 

nick is much less efficient than incision further away (180), which can explain the rarity of 

1-bp relative to 2-bp deletions in the 6A run. 

In summary, data reported here support the model that Top1-dependent 

deletions are initiated either by Top1cc trapping or by Top1 incision at an rNMP in DNA.  

We propose a new sequential-cleavage mechanism for the Top1-dependent, rNMP-

associated deletions that are stimulated upon RNase H2 loss.  RNase H2 is an essential 

enzyme in mice (53); in humans, mutations in RNase H2 are associated with the 

neuroinflammatory disorder Aicardi-Goutières syndrome (181).  Either permanent single-

strand break formation by Top1 incision at rNMPs, or a mutagenic effect at rNMPs may 

contribute to the deleterious consequences of RNase H2 loss in mammals.  

Alternatively, a Top1-dependent rNMP-associated deletion process might provide an 

alternative pathway for removing potentially deleterious rNMPs from genome.  Finally, 

the Top1-dependent, rNMP-independent deletion process presumably reflects the 

removal of trapped Top1cc.  The mode of action of chemotherapeutic agents such as 

camptothecin involve trapping of the Top1cc (103).  Top1-dependent mutagenesis, 

therefore, might be relevant to how cancer cells escape drug treatment and/or evolve to 

form secondary tumors.  
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Chapter 3. Topoisomerase 1-dependent Deletions 
Initiated by Incision at Ribonucleotides are Biased to the 
Non-transcribed Strand of a Highly Activated Reporter 
Chapter 3 was previously published as (182). 

3.1 Introduction 

Ribonucleoside monophosphates (rNMPs) are the most abundant noncanonical 

nucleotide present in eukaryotic DNA [reviewed in (43)].  During replication, rNMPs can 

persist as remnants of Okazaki fragment priming or can be directly inserted in place of 

the corresponding dNMPs.  With regard to the latter, rNTP exclusion from the active site 

pocket of replicative DNA polymerases is efficient but not perfect (32), and rNTP levels 

in the nucleotide pool are high relative to those of dNTPs (37).  The Polε leading-strand 

DNA polymerase of the yeast Saccharomyces cerevisiae is more rNMP-permissive than 

lagging-strand Polδ in vitro (76), and most likely in vivo as well [reviewed in (183)].  In 

addition to rNMP incorporation during replication, other types of DNA synthesis, such as 

damage bypass by rNTP-permissive translesion synthesis DNA polymerases (37,184) or 

gap filling during repair/recombination reactions, can introduce rNMPs into DNA.  At 

least some of these reactions likely occur outside of S phase, when ribonucleotide 

reductase levels are low (185), and rNTP:dNTP ratios are correspondingly elevated.  

Finally, recent work has shown that RNA transcripts can be used to directly repair DNA 

double-strand breaks (186), providing another potential source of rNMPs in DNA.  If not 

removed, rNMPs in a DNA template can slow down subsequent DNA synthesis and 

generate replication stress (187) or can trigger mutagenesis (76). 

The heterotrimeric RNase H2 complex is responsible for the removal of one or a 

few rNMPs embedded in DNA [reviewed in (50)].  In the absence of yeast RNase H2, 
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deletions within short tandem-repeat hotspots accumulate; repeat unit sizes range from 

2-5 bp, and hotspots typically contain 2-4 tandem repeats (76,151).  rNMP-associated 

deletions absolutely require the activity of Topoisomerase 1 (Top1) (151), a type IB 

topoisomerase that transiently forms a covalent, 3ʹ′-phosphotyrosyl complex with nicked 

DNA (121).  Top1 is important for removing transcription-associated torsional stress and 

interacts with the phosphorylated C-terminal domain of RNA polymerase (RNAP) II 

(129).  Accordingly, rNMP-dependent mutagenesis is highly elevated under conditions of 

robust transcription, and Top1 is the major source of transcription-associated 

mutagenesis (160,161).  When Top1 cleaves at an rNMP embedded in DNA, the 2ʹ′-OH 

of ribose can attack the 3ʹ′-phosphotyrosyl linkage with Top1, which releases the enzyme 

and leaves a nick flanked by a 2ʹ′,3ʹ′ cyclic phosphate and a 5ʹ′-OH (104).  We previously 

proposed that mutagenesis associated with rNMPs requires sequential-cleavage by 

Top1, first at an rNMP to generate a non-ligatable nick and then at an upstream (5ʹ′) 

dNMP, which generates a small gap between the cleavage sites (18).  The gap is 

predicted to be the size of the relevant repeat unit and to be flanked by 3ʹ′-linked Top1 

cleavage complex and a 5ʹ′-OH.  Spontaneous misalignment between repeats could then 

convert the gap to a nick, thereby facilitating enzyme-mediated ligation.  Recent in vitro 

data have provided support for sequential Top1 cleavage during rNMP-dependent 

deletion formation (72,73).  

Understanding the precise mechanism of rNMP-dependent mutagenesis at 

hotspots require knowledge of where rNMPs are incorporated into and where Top1 

cleaves genomic DNA.  Methods that map rNMPs to single nucleotide resolution in vivo 

have been recently described (57,58,60), but it is difficult to predict where the enzyme 

nicks DNA given the very weak consensus site for Top1 cleavage in vitro [5ʹ′-A/T-G/C-



 

 47 

T/A-T; (188)].  In addition, cleavage-site mapping in vitro is typically done using short, 

linear DNA fragments and detection generally requires either a suicide substrate or 

chemical stabilization of the covalent enzyme-DNA intermediate.  Which strand of a 

hotspot is cleaved in vivo can be deduced, however, if placement of the hotspot in both 

orientations near a well-defined origin of replication is accompanied by an orientation-

dependent bias for associated deletions.  This reflects Top1 cleavage only at rNMPs that 

are incorporated by the Polε leading-strand DNA polymerase; rNMPs incorporated by 

the Polδ lagging-strand polymerase are not mutagenic (139).  It was suggested that the 

replication-associated bias might reflect a need for Top1 to remove supercoils that 

accumulate behind the fork during leading-strand synthesis; nicks that naturally 

accumulate during discontinuous lagging-strand synthesis would prevent similar 

torsional stress.  While it is generally accepted that precatenanes, which are substrates 

only for type 2 topoisomerases, can form behind the fork (189), the occurrence of 

leading-strand specific supercoiling is not well established (190). 

In this chapter, we focus on an rNMP-dependent, 2-bp deletion hotspot whose 

activity was previously shown to be profoundly affected by the direction of DNA 

replication (76).  To specifically examine the effect of transcription on 2-bp deletions, the 

hotspot was transplanted into a highly transcribed reporter placed in both orientations 

next to a well-defined origin of replication.  We demonstrate that, in contrast to low-

transcription conditions, the direction of DNA replication has little, if any, effect on 

deletion rates under high-transcription conditions.  Instead, mutagenesis under high-

transcription conditions is primarily determined by whether the Top1 cleavage site is 

located on the TS versus NTS of the reporter.  These data suggest that a transcription-
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related asymmetry between DNA strands either dictates which strand is cleaved by Top1 

and/or determines the genetic outcome of Top1 incision at an rNMP. 

3.2 Material and Methods 

3.2.1 Strain Construction 

Yeast strains SJR2259-SJR2262 were derived by transformation of YPH45 

[MATa ura3-52 ade2-101oc lys2-801am trp1Δ1; (168)], a strain congenic to S288C.  

Strains SJR2259 and SJR2260 contain a pLYS-LYS2 construct in both orientations near 

ARS306 on chromosome III; in SJR2261 and SJR2262, pLYS was replaced by pTET 

[for construction details, see (10)].  Transcription and replication forks move in the same 

direction in strains designated LYS2F; in strains designated LYS2R, transcription and 

replication forks converge.  Strains containing the pLYS-lys2FΔA746NR,(TG)2 and 

pTET-lys2FΔA746NR,(TG)2 alleles were constructed via two-step allele replacement 

following transformation of SJR2259 and SJR2261(10), respectively, with AflII-digested 

pSR1030.  pLYS-lys2RΔA746NR,(TG)2-inv and pTET-lys2RΔA746NR,(TG)2-inv strains 

were constructed via two-step allele replacement following transformation of strains 

SJR2260 and SJR2262(10), respectively, with AflII-digested pSR1031. pSR1030 and 

pSR1031 were constructed by ligating BglII-digested pSR963 (172) to annealed 

oligonucleotides 5ʹ′-GATCTCCATGGAGGGCACAGTTCAGCC and 5’-

GATCGGCTGAACTGTGCCCTCCATGGA; the introduced sequence is from URA3 and 

the hotspot is underlined.  pSR1030 has the (TG)2 sequence on the TS of lys2 and 

pSR1031 has (TG)2 sequence on the NTS of lys2.  The RNH201, TOP1 or RAD14 gene 

was deleted by one-step allele replacement using PCR-generated deletion cassettes 

amplified from a plasmid containing an appropriate selective marker.  The pol2-M644L or 

pol2-M644G allele was introduced by two-step allele replacement using AgeI-digested 
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p173-pol2-M644L or p173-pol2-M644G (76), respectively.  Strains with the pol3-L612M 

allele were constructed via two-step allele replacement using HpaI-digested p170-pol3-

L612M (191).  Mutant pol2 and pol3 alleles were confirmed by sequencing an 

appropriate genomic DNA fragment.  The mating type of SJR2805 (MATa pTET-lys2F 

top1Δ strain) was switched to MATα using a pGAL-HO plasmid.  This allowed 

construction of double- and triple-mutant strains by mating, sporulation and tetrad 

dissection.  Appendix B provides a complete strain list. 

3.2.2 Mutation Rates and Spectra 

All growth of yeast was at 30°C.  To determine the Lys+ reversion rate, 

independent cultures were started either by inoculating 2 x 105 cells from an overnight 

starter culture or by inoculating each culture with an independent colony.  Cultures were 

grown in YEPGE (1% yeast extract, 2% Bacto-peptone, 250 µg/ml adenine hemisulfate 

supplemented with 2% glycerol and 2% ethanol) until saturated.  Appropriate dilutions 

were plated on YEPD (1% yeast extract, 2% Bacto-peptone, 250 µg/ml adenine 

hemisulfate supplemented with 2% dextrose) to determine the total number of viable 

cells and on synthetic complete dextrose medium lacking lysine (SCD-Lys) to determine 

the total number of revertants in each culture.  Mutation rates were calculated using the 

method of the median (169) and 95% confidence intervals were determined as 

described previously (170). 

Independent Lys+ revertants were selected on SCD-Lys following non-selective 

growth in YEPGE medium.  A portion of lys2 containing the (TG)2 hotspot was PCR-

amplified using primers LYSWINF (5-GCCTCATGATAGTTTTTCTAACAAATACG) and 

LYSWINR (5ʹ′-CCCATCACACATACCATCAAATCCAC) and the product was sequenced 

by the Duke University DNA Analysis Facility, Eurofins MWG Operon, or Eton 
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Bioscience INC.  The rate of 2-bp deletions was calculated by multiplying the total 

reversion rate by the proportion of 2-bp deletions in the corresponding mutation 

spectrum. 

3.2.3 RNH1 Overexpression 

Yeast strains were transformed with an empty URA3-CEN vector or with the 

same plasmid containing a pGAL-RNH1 construct (141).  Following the selection of Ura+ 

transformants, cultures were started directly from individual colonies.  Growth was in SC-

Ura supplemented with 2% galactose to induce expression of RNH1.  Cells were plated 

onto SCD-Ura to determine total cell number or on SCD-Ura-Lys plates to determine the 

number of revertants.  Independent revertants were sequenced as described above and 

the 2-bp deletion frequency was similarly calculated. 

3.3 Results 

The rNMP-dependent hotspot used in the current study was initially detected 

when analyzing URA3 forward mutations isolated in an rnh201Δ strain expressing an 

rNTP-permissive form of Polε [pol2-M644G allele; (76)].  The hotspot was referred to as 

CACA because this sequence is on the URA3 coding strand, the strand that has the 

same sequence as the mRNA and hence is the non-transcribed strand (NTS); the 

complementary TGTG sequence is on the noncoding/transcribed strand (TS).  A striking 

feature of the rNMP-dependent CACA hotspot was its strong dependence on the 

direction of DNA replication through URA3, which had been inserted in both orientations 

relative to ARS306 on chromosome III.  In Ori1, CACA was on the nascent leading 

strand and synthesized by Polε; in Ori2, TGTG was synthesized by Polε.  Here, we refer 

to Ori1 and Ori2 as SAME and OPPO, respectively, to indicate the direction of 

replication fork movement relative to that of the transcription machinery (Figure 11).   
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Figure 11: lys2 reporter constructs containing the (TG)2 hotspot adjacent to 
ARS306. 

The white arrow corresponds to the coding strand of the lys2 reporter; (CA)2 and (TG)2 
sequences are indicated as gray and black boxes, respectively.  Solid lines correspond 
to template strands for replication and dotted lines to newly synthesized DNA; 
arrowheads correspond to 3′ ends.  Red pentagon depicts Polε; the rNMPs inserted into 
nascent DNA by Polε are indicated by red R’s. 
 
In the URA3 system, hotspot activity was estimated to be ~100-fold greater in 

Ori2/OPPO than in Ori1/SAME.  This indicates that Top1-dependent deletions arose 

mostly, if not exclusively, when Polε synthesizes and inserts rNMPs into the TGTG-

containing strand.  The replication-related bias for rNMP-dependent deletions was 

initially reported in a pol2-M644G background, but a similar bias occurs in a POL2 

background (192).  Because it is the TGTG-containing strand where the deletion 
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intermediate is generated, we will hereafter refer to this site as the (TG)2 hotspot to 

reflect the strand cleaved by Top1 to initiate mutagenesis. 

3.3.1 The Replication Bias of the (TG)2 Hotspot is Recapitulated in a 
Frameshift-reversion Assay under Low-transcription Conditions 

We previously demonstrated that small (~20-bp) DNA fragments containing 

Top1-dependent, 2-bp deletion hotspots are fully functional when transferred into a 

LYS2-based, frameshift-reversion assay that detects 2-bp deletions (17).  To focus 

specifically on the (TG)2 hotspot, a hotspot-containing fragment was introduced into a 

lys2 reporter inserted in both the SAME and OPPO orientations near ARS306 on 

chromosome III(10).  In initial experiments, the reporter was under the control of its 

endogenous promoter (pLYS), which promotes a low level of transcription.  No 2-bp 

deletions were seen in either orientation when RNase H2 was functional (Table 4), but 

were readily detected in the absence of the catalytic subunit (rnh201Δ; Figure 9A).  All 

subsequent experiments were performed in an rnh201Δ background.  Although the total 

rate of Lys+ revertants was only two-fold higher in the OPPO than in the SAME 

orientation, the proportion of mutants with a 2-bp deletion in the (TG)2 hotspot increased 

from 10% in the SAME to 67% in the OPPO orientation (6/61 and 36/54, respectively).  

The rate of deletions at the (TG)2 hotspot was obtained by multiplying the total Lys+ rate 

by the proportion of hotspot deletions in the corresponding spectrum; the 2-bp deletion 

rate was thus 16-fold higher in the OPPO than in the SAME orientation (Figure 12A).  No 

hotspot activity was observed in the rnh201Δ top1Δ OPPO strain (Table 4), confirming 

that rNMP-dependent deletions are also Top1 dependent. 

In addition to reversing the leading- and lagging-strand templates by inverting the 

orientation of the entire lys2 reporter relative to ARS306, we also inverted only the 
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Table 4: 2-bp deletions under low-transcription conditions (pLYS-lys2 frameshift reporter) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 a C.I.; confidence interval. 
 b ND; Not determined.  

*Rate is calculated assuming there is one event. 

Hotspot Orientation Genotype Lys+ rate x 10-10 
(95% C.I.a) 

Fraction  
2-bp deletions 

2-bp deletion 
rate x 10-10 

(TG)2 

SAME 
WT 12.6 (5.19-18.9) 0/24 < 0.53* 

rnh201Δ 36.0 (27.7-49.4) 6/61 3.54 

OPPO 

WT 16.9 (7.55-18.9) 0/23 < 0.73* 

rnh201Δ 82.2 (29.2-137) 36/54 54.8 

rnh201Δ top1Δ 14.7 (10.2-20.8) 0/57 < 0.26* 

rnh201Δ pol2-M644L 7.75 (4.62-13.9) 7/47 1.15 

(TG)2-inv 

SAME 

WT 8.13 (6.19-8.74) 0/31 < 0.26* 

rnh201Δ 265 (239-293) 31/43 191 

rnh201Δ top1Δ 13.9 (12.6-18.7) 0/60 < 0.23* 

rnh201Δ pol2-M644L 6.08 (4.73-8.51) 27/48 3.42 

OPPO 
WT 26.4 (6.37-60.1) NDb ND 

rnh201Δ 44.6 (24.8-62.5) 3/47 2.85 
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hotspot-containing fragment [(TG)2-inv alleles] within the SAME and OPPO reporters.  

As illustrated in Figure 11, (TG)2-inv SAME is equivalent to (TG)2 OPPO in terms of the 

(TG)2-containing strand being synthesized by Polε during leading-strand synthesis; in 

(TG)2-inv OPPO and (TG)2 SAME, the complementary (CA)2 sequence is synthesized by 

Polε.  Consistent with results obtained with the (TG)2 constructs, the rate of 2-bp 

deletions at the hotspot was 67-fold higher for (TG)2-inv when it was in the SAME than 

when it was in the OPPO orientation (Figure 12A).  This was evident both in terms of the  

 

Figure 12: Effect of transcription on 2-bp deletions in the (TG)2 hotspot. 

All experiments were performed in an rnh201Δ background. Under low-transcription 
conditions (panel A), deletion rates are high when (TG)2 is on the nascent leading strand 
of replication.  Under high-transcription conditions (panel B), deletion rates are high 
when (TG)2 is on the NTS of the reporter. 
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overall Lys+ reversion rate (six-fold difference) and in the proportion of mutants at the 

hotspot (31/43 and 3/47 for the SAME and OPPO, respectively).  Finally, introduction of 

the rNTP-restrictive pol2-M644L allele into (TG)2-inv SAME and (TG)2 OPPO strains 

reduced 2-bp deletions approximately 50-fold (Table 4), confirming that the relevant 

rNMP was introduced by Polε during leading-strand synthesis.  Although these 

experiments were designed to recapitulate the earlier replication-related observations 

using our specific reporter, it is important to note that, in addition to switching leading- 

and lagging-strand specificities, inversion of just the hotspot-containing fragment also 

moves the (TG)2 sequence from the TS to the NTS of the reporter. 

3.3.2 High Transcription Eliminates the Replication-associated Bias at the 
(TG)2 Hotspot 

The effect of transcription on deletions at the (TG)2 hotspot was examined by 

placing the four lys2 alleles shown in Figure 8 under control of the highly active TET 

promoter (pTET).  Previous analyses demonstrated that the direction of replication 

through LYS2 has little, if any, effect on pTET activity (193).  As observed under low-

transcription conditions (pLYS constructs), 2-bp deletions were highly elevated in an 

rnh201Δ background (Table 5), confirming rNMP dependence; all subsequent 

experiments were done in an rnh201Δ background.  Our expectation was that, under 

high-transcription conditions, the distinctive replication bias for 2-bp deletions would be 

maintained and elevated transcription thus would have a similar stimulatory effect on 2-

bp deletions within each construct.  In contrast to this prediction, however, the 

replication-associated bias observed for the (TG)2 allele was completely eliminated and 

that for the (TG)2-inv allele was reduced 10-fold under high-transcription conditions 

(Figure 12B).  The net result was that the effect of high transcription varied three orders  
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Table 5: 2-bp deletions under high-transcription conditions (pTET-lys2 frameshift reporter) 

Hotspot Orientation Genotype Lys+ rate x 10-10 
(95% C.I.a) 

Fraction  
2-bp deletions 

2-bp deletion 
rate x 10-10 

(TG)2 
 

SAME 

WT 169 (134-584) 0/44 < 3.84* 
rnh201Δ 2050 (1590-3390) 9/92 201 

rnh201Δ pol2-M644L 1620 (1410-6180) 0/87 < 18.6* 
rnh201Δ rad14Δ 5480 (3120-7710) 2/48 228 

OPPO 

WT 132 (104-173) 3/42 9.43 

rnh201Δ 1170 (970-1480) 11/88 146 
rnh201Δ pol2-M644L 1120 (732-1770) 2/95 24.6 

rnh201Δ rad14Δ 2990 (2410-4900) 7/43 486 

(TG)2-inv 
 

SAME 

WT 185 (127-414) 8/41 36.1 

rnh201Δ 58,900 (45,800-90,000) 83/92 53,100 
rnh201Δ pol2-M644L 7940 (5860-19,800) 24/91 2090 

rnh201Δ pol2-M644G 137,000 (123,000-156,000) 40/46 119,000 

rnh201Δ pol3-L612M 70,300 (61,200-80,400) 85/90 66,400 

OPPO 

WT 300 (228-436) 8/64 37.5 

rnh201Δ 13,900 (12,000-17,500) 87/92 13,100 
rnh201Δ pol2-M644L 7750 (6940-12,800) 79/80 7650 

rnh201Δ pol2-M644G 13,200 (11,700-17,400) 41/47 11,500 

rnh201Δ pol3-L612M 152,000 (130,000-178,000) 92/92 152,000 
a C.I.; confidence interval. 
*Rate is calculated assuming there is one deletion event. 
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of magnitude among the four constructs, from only 3-fold for (TG)2 OPPO to 4,600-fold 

for (TG)2-inv OPPO.  Importantly, for either direction of replication through the pTET-lys2 

reporter, deletion rates in the (TG)2-inv constructs were much higher than in the 

corresponding (TG)2 constructs.  The transcription-associated mutation bias thus 

correlated with whether the site of Top1 cleavage [(TG)2] was located on the TS or on 

the NTS of the reporter, with the rate being several orders of magnitude higher when 

(TG)2 was on the NTS.  

3.3.3 Mutagenic rNMPs on the NTS of (TG)2-inv Constructs are Inserted by 
Polδ as well as Polε 

The data in Figure 12B demonstrate that highly elevated transcription eclipses 

the replication-associated bias in hotspot activity observed under low-transcription 

conditions.  This suggests that, in contrast to low-transcription conditions where only 

rNMPs inserted by Polε are mutagenic, the Polδ lagging-strand polymerase can be the 

primary source of mutagenic rNMPs under high-transcription conditions.  We confirmed 

this for the (TG)2-inv alleles using mutant forms of Polε and Polδ that incorporate either 

fewer or more rNMPs than the WT polymerases (Figure 13).  The catalytic subunit of 

Polε is encoded by POL2; the pol2-M644G and pol2-M644L alleles render the enzyme 

more and less rNTP permissive, respectively, than WT during leading-strand synthesis 

(37).  The catalytic subunit of Polδ is encoded by POL3; the pol3-L612M allele renders 

Polδ more rNMP-permissive than WT and is associated with increased rNMP-

incorporation during lagging-strand synthesis (139).  In experiments with the (TG)2-inv 

SAME reporter (Top1 cleavage site on the NTS/leading strand), where Polε is expected 

to incorporate rNMPs into the (TG)2-containing strand, 2-bp deletions were elevated ~2-

fold in the rNMP-permissive pol2-M644G background and reduced ~50-fold in the rNMP- 
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Figure 13: Effects of DNA polymerases with altered rNTP permissiveness on 2-bp 
deletions. 

Details of the substrate cartoons are provided in the Figure 11 legend.  The red and blue 
pentagons indicate Polε and Polδ, respectively, and their inserted rNMPs (R’s) are 
similarly color-coded. 
 
restrictive pol2-M644L background (Figure 13A).  There was no significant increase in 

the deletion rate in the rNMP-permissive pol3-L612M background.  For the (TG)2-inv 

OPPO allele (Top1 cleavage site on the NTS/lagging strand), however, there was a 13-

fold increase in the rate of 2-bp deletions in the rNMP-permissive pol3-L612M 

background, while altering the rNMP permissiveness of the Polε leading-strand 

polymerase had no significant effect on mutagenesis (Figure 13B).  This confirms that 

the mutation-initiating rNMPs were inserted into the (TG)2-containing NTS strand of the 

(TG)2-inv OPPO construct by the Polδ lagging-strand polymerase.  Thus, in contrast to 

the strong, Polε-specific bias observed under low-transcription conditions, hotspot 
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activity is strongly biased to the NTS under high-transcription conditions and either Polδ 

or Polε can be the primary source of the mutagenic rNMPs. 

3.3.4 Neither Biased Repair nor R-loops Account for the NTS Bias for 2-bp 
Deletions 

The data presented above suggest that, relative to the NTS, the TS of a highly 

transcribed gene is a very poor substrate for the rNMP-dependent mutagenesis initiated 

by Top1.  One possible explanation for this bias is that cleavage of the NTS by Top1 is 

more efficient than cleavage of the TS.  Alternatively, it is possible that the cleavage 

efficiency of the two strands is similar, but that incision of the NTS is much more likely to 

produce the 2-bp deletions detected by our reporter constructs.  This could reflect either 

some feature of the NTS strand that promotes mutagenesis and/or some feature of the 

TS that limits mutagenesis. 

There are two well-characterized asymmetries between the DNA strands during 

transcription: DNA damage on the TS is repaired more efficiently and the TS can stably 

hybridize to the transcript to form an R-loop (Figure 14).  With respect to asymmetric 

repair, the nucleotide excision repair (NER) pathway is triggered when RNAPII stalls at a 

lesion on the TS, resulting in more efficient repair of lesions on the TS than on the NTS 

(194).  Either a Top1 cleavage complex (Top1cc) or a Top1-generated nick on the TS 

would be expected to stall RNAPII.  To examine whether transcription-coupled NER (TC-

NER) limits mutagenesis when Top1 cleaves the TS, we deleted the RAD14 gene, the 

product of which is essential for NER [reviewed in (195)].  If TC-NER were solely 

responsible for preventing mutagenesis initiated by Top1 cleavage of the TS, then we 

would predict that a similar rate of 2-bp deletions for all constructs in a rad14Δ 

background.  That is, the relatively low deletion rates for the (TG)2 constructs (Figure  
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Figure 14: Neither TC-NER nor R-loop formation limits mutagenesis on the TS 
under high-transcription conditions. 

In the cartoons shown, the gray and yellow ovals represent RNAPII and Top1, 
respectively; DNA and RNA are black and dotted red lines, respectively.  In panel (A), 
the triangle corresponds to the 2ʹ′,3ʹ′ cyclic phosphate that results from Top1 incision at 
an rNMP.  EV, empty vector 
 

12B) should be greatly elevated and should be similar to those observed with the 

corresponding (TG)2-inv constructs.  There was no effect of Rad14 loss on 2-bp 

deletions in the (TG)2 SAME construct, however, and only a modest, 3.3-fold increase in 

the rate of 2-bp deletions in (TG)2 OPPO construct (Figure 14A and Table 5).  With 

regard to the latter, the rate of 2-bp deletions was still 30-fold less than with the 

corresponding (TG)2-inv OPPO construct, leading us to conclude that TC-NER is not 

responsible for the transcription-related asymmetry. 
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Table 6: RNase H1 overexpression does not increase 2-bp deletions under high-
transcription conditions. 

Reporter Relevant 
Genotype 

Plasmid 
insert 

Lys+ rate x 
10-10 

(95% C.I.a) 

Fraction 
2-bp 

deletions 

2-bp deletion 
rate x 10-10 

pTET-
lys2,(TG)2 

OPPO 
 

rnh201Δ 
None 563 

(505-744) 19/91 118 

pGAL-RNH1 691 
(486-922) 15/66 157 

rnh201Δ 
rad14Δ 

None 1222 
(736-2150) 19/81 286 

pGAL-RNH1 1170 
(407-1810) 20/78 300 

a C.I.; confidence interval. 

Within an R-loop, the TS is base-paired with the transcript and such RNA:DNA 

hybrids are not a substrate for Top1 (104).  Although the single-stranded NTS within an 

R-loop would also not be a substrate for Top1 (196), it could potentially fold into 

secondary structures that can be cleaved by the enzyme (106).  We examined whether 

R-loops limit mutagenesis initiated by Top1 cleavage of the TS by overproducing RNase 

H1, which degrades R-loops in yeast.  Overproduction of RNase H1 did not significantly 

alter the rate of 2-bp deletions in the (TG)2 OPPO construct in either the presence or 

absence of Rad14 (Figure 14B and Table 6).  Our data thus indicate that neither R-loops 

nor biased repair is responsible for the transcription-related strand bias in Top1-

dependent mutagenesis. 

3.4 Discussion  

Top1 relieves torsional stress associated with transcription and replication, and 

Top1-dependent deletions that reflect incision at rNMPs are associated with both 

processes.  Although both Polδ and Polε insert rNMPs at a low level during replication, 

only those inserted by the Polε leading-strand DNA polymerase are mutagenic (139).  A 

favored explanation for the replication-associated asymmetry is that Top1 is needed to 
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remove supercoils that accumulate on the leading strand behind the replication fork; 

nicks that are naturally generated during lagging-strand synthesis can serve a similar 

role.  For the (TG)2 hotspot used here, synthesis of the (TG)2-containing strand by Polε 

is associated with rNMP-dependent, 2-bp deletions at a level that is orders of magnitude 

higher than when Polε synthesizes the complementary (CA)2-containing strand (76).  

This behavior specifically identifies the (TG)2-containing strand as the target of Top1-

dependent mutagenesis in vivo. 

Top1-dependent mutagenesis that occurs in the context of transcription can be 

rNMP dependent or independent (18), and the primary goal of the current study was to 

examine transcriptional effects on rNMP-dependent mutagenesis.  The (TG)2 hotspot 

was thus moved into a reporter that (1) efficiently detects 2-bp deletions, (2) can be 

transcribed at either a low or high level and (3) was inserted in both orientations relative 

to a strong replication origin (ARS306).  A unique aspect of our system is that, in 

addition to inverting the entire reporter relative to a replication origin (SAME and OPPO 

constructs), we can invert only the hotspot-containing fragment within the reporter [(TG)2 

and (TG)2-inv constructs].  Each type of inversion switches the (TG)2 sequence between 

the leading and lagging strands of replication, but the hotspot-only inversion additionally 

switches (TG)2 between the TS and NTS of the reporter (see Figure 11).  Data obtained 

using these constructs are summarized in Table 7  and discussed below. 

Under low-transcription conditions, we recapitulated and extended results 

obtained when the (TG)2 hotspot was at its natural position within URA3 (197).  The 

effect of replication was evident with both the (TG)2 and (TG)2-inv constructs, confirming 

that deletions occur when the (TG)2-containing strand is synthesized by the Polε leading- 
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Table 7: Summary of rNMP-dependent 2-bp deletion rates in the (TG)2 hotspot. 

Construct 

(TG)2 Location 

2-bp deletion 
rate relative to 
(TG)2 SAME, 

low txn 
High/low 

transcription 

Replication Transcription Low 
txn 

High 
txn 

(TG)2 SAME

 

nascent 
lagging 

TS 1.0X 57X 57X 

(TG)2 OPPO

 

nascent 
leading 

TS 15X 41X 2.7X 

(TG)2-inv SAME

 

nascent 
leading 

NTS 54X 
15,000

X 
280X 

(TG)2-inv OPPO

 

nascent 
lagging 

NTS 0.8X 3700X 4600X 

The open arrow corresponds to the LYS2 coding sequence and indicates the direction of 
transcription.  Filled and open boxes correspond to the (TG)2 and (CA)2 sequence, 
respectively. 
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strand polymerase.  Given the high sensitivity of our assay for 2-bp deletion formation, 

we were able to more accurately quantitate the magnitude of the replication effect.  With 

the (TG)2 construct, the direction of replication had a 15-fold effect; with the (TG)2-inv 

construct, the effect was ~70-fold. 

Unexpectedly, the replication-associated bias for the (TG)2 hotspot was 

abolished when the reporter was highly transcribed.  In contrast to low-transcription 

conditions, the rate of 2-bp deletions correlated with whether the (TG)2 sequence was on 

the TS or the NTS of the highly transcribed reporter.  When the (TG)2 sequence was on 

the NTS, deletion rates were several orders of magnitude higher than when it was on the 

TS (Table 7).  Replacing a leading-strand bias under low-transcription conditions with an 

NTS bias under high-transcription resulted in a highly variable effect of transcription on 

mutagenesis.  As summarized in the final column of Table 7, the stimulatory effect of 

transcription on 2-bp deletions was only 3-fold for the (TG)2 OPPO construct, but almost 

5000-fold for (TG)2-inv OPPO.  The observation that mutagenesis is driven by the 

location of the (TG)2 sequence on the TS versus NTS of the reporter indicates that the 

mutagenic rNMP can be inserted by the lagging- as well as the leading-strand DNA 

polymerase.  We confirmed this for the (TG)2-inv OPPO construct, where altering the 

rNTP permissiveness of Polδ, but not that of Polε, affected the deletion rate.  This 

provides the first example of rNMP-dependent mutagenesis driven by rNMPs inserted by 

Polδ rather than by Polε. 

The finding that rNMPs inserted by Polδ initiate mutagenesis under high-

transcription conditions is consistent with (1) high levels of transcription creating a new, 

Polδ-dependent rNMP insertion site that does not exist under low-transcription 

conditions, (2) high levels of transcription increasing the amount of rNMPs incorporated 
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by Polδ, and/or (3) high levels of transcription recruiting Top1 to DNA replicated by either 

DNA polymerase.  Unscheduled DNA synthesis that occurs outside of S phase, when 

the rNTP:dNTP ratio is elevated, is most likely catalyzed by Polδ.  This does not appear 

to be the primary source of rNMPs inserted by Polδ, however, as we were unable to 

detect a change in rNMP levels in our lys2 reporter under high-transcription conditions 

(data not shown).  We also think it is unlikely that high transcription modifies the sites of 

rNMP insertion because the positions of hotspots in a forward mutation assay are similar 

under low- and high-transcription conditions (18,151).  We suggest that Polδ inserts the 

same amount of rNMPs irrespective of transcription level, but that Top1 efficiently 

incises at rNMPs incorporated by Polδ only under high transcription conditions.  

Increased recruitment of Top1 to highly transcribed genes is a well-established 

phenomenon and may partially reflect interaction with the phosphorylated C-terminal 

domain of RNAPII (129). 

The most striking aspect of the data reported here is that under high-transcription 

conditions, Top1-dependent deletions occur much more frequently when its target site is 

on the NTS than when on the TS of the reporter.  It should be noted that this bias is not 

limited to the (TG)2 hotspot, and has been observed for at least one other hotspot 

following transplantation into the lys2-based reversion assay (data not shown).  

Transcription establishes two well-characterized asymmetries between the two DNA 

strands: repair occurs more efficiently on the TS and the TS can be extensively paired 

with the transcript as part of an R-loop.  The former might eliminate premutagenic 

lesions specifically on the TS while the latter would preclude cleavage of the TS by 

Top1.  Neither elimination of an essential NER protein (rad14Δ mutant) nor 
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overexpression of RNase HI, however, stimulated deletions when (TG)2 target site was 

on the TS. 

The basis of the distinctive NTS bias for hotspot activity under high-transcription 

conditions remains an enigma.  One possibility is that Top1 may have a strong 

preference for cleaving the NTS relative to TS of a highly active gene.  How this might 

occur is unclear, but one intriguing possibility is that the bias might be related to the 

interaction of Top1 with elongating RNAPII (129).  Two activities have been implicated in 

limiting rNMP-dependent mutagenesis, and either might limit mutagenesis in a strand-

specific manner.  First, processing of a trapped Top1 cleavage complex by Tdp1/Tpp1 

promotes error-free removal of rNMPs and precludes deletion formation in vitro (72), but 

whether a similar mechanism operates in vivo is not known.  Second, the Srs2 helicase 

cooperates with Exo1 to prevent rNMP-dependent mutagenesis by removing the 5ʹ′-OH 

generated by the initial Top1 cleavage (74).  An additional possibility is that a Top1-

dependent deletion intermediate arising on TS is more efficiently converted into a 

double-strand break (DSB) during replication.  Such a DSB would be repaired via 

homologous recombination with the sister chromatid, which is a genetically silent event.  

Finally, the sequential-cleavage model of Top1-dependent mutagenesis requires that the 

strand covalently bound by Top1 realign with respect to the complementary strand.  This 

realignment converts a 2-nt gap into a nick with a 5ʹ′-OH positioned correctly for efficient 

Top1 ligation.  If the Top1cc is attached to the NTS, RNAPII might “push” the Top1cc 

towards the 5ʹ′-OH to drive realignment and ligation.  When the Top1cc is on the TS, 

however, RNAPII would push Top1 away from 5’-OH and thereby preclude the final 

ligation reaction.  Regardless of the underlying molecular mechanism, the results 

presented here further extend the range of transcriptional effects on genetic stability, and 
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underscore the complexity of factors that together produce a highly dynamic mutation 

landscape across the eukaryotic genome. 
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Chapter 4. Parallel analysis of ribonucleotide-dependent 
deletions produced by yeast Top1 in vitro and in vivo 

4.1 Introduction 

Topoisomerase 1 (Top1) is a type IB enzyme that resolves positive and negative 

supercoils associated with DNA unwinding that accompanies transcription and 

replication [reviewed in (121)].  During the cleavage reaction, a covalent bond is formed 

between the active site tyrosine of Top1 and a 3ʹ′-phosphate end, leaving a 5ʹ′-hydroxyl 

(5ʹ′-OH) on the other side of the nick.  The DNA-Top1 protein adduct structure is referred 

to as the Top1 cleavage complex (Top1cc).  Following free rotation of DNA strands 

downstream of the Top1cc to eliminate torsional stress, Top1 mediates re-ligation of the 

nick using the 5ʹ′-OH.  Though the substrate for Top1 cleavage is typically a 

deoxyribonucleoside monophosphate (dNMP), the replicative DNA polymerases of 

Saccharomyces cerevisiae incorporate ribonucleoside monophosphates (rNMPs) into 

DNA at a low level [reviewed by (43)].  When Top1 nicks at an rNMP embedded in 

duplex DNA, the 2ʹ′-OH of the ribose moiety can attack the covalent bond between Top1 

and DNA.  This releases the enzyme, leaving an single-strand break flanked by a cyclic 

2ʹ′,3ʹ′-phosphate and a 3ʹ′-OH [Figure 15 (104)].  Similar termini are created by 

spontaneous backbone cleavage initiated by the 2ʹ′-OH of ribose.  To prevent such 

detrimental breaks, single rNMPs are removed from DNA by the error-free ribonucleotide 

excision repair (RER) pathway, which is initiated when RNase H2 incises on the 5ʹ′ side 

of the rNMP (64). 

Top1 is generally considered to promote genetic stability through resolving 

torsional stress, but its activity also can be mutagenic in yeast.  This is particularly 

evident in highly transcribed DNA, where the enzyme generates a distinctive mutation  



 

 69 

 

Figure 15: Mechanisms for rNMP removal from DNA. 

A single rUMP embedded in duplex DNA is indicated in red, as are the ends resulting 
from Top1 incision or spontaneous backbone breakage.  The red triangle corresponds to 
a 2ʹ′,3ʹ′ cyclic phosphate and the blue oval to a Top1; arrowheads indicate 3ʹ′ ends.  RER, 
ribonucleotide excision repair. 
 

signature characterized by the deletion of a repeat unit within a low-copy number 

tandem repeat (160,161).  We previously showed that there are two genetically distinct 

classes of Top1-dependent deletion hotspots: those that reflect incision at an rNMP and 

those that likely reflect processing of a stabilized Top1cc (18).  The rNMP-dependency 
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of a given deletion hotspot is operationally defined by whether the rate of events is 

altered in response to varying the amount of rNMPs in genomic DNA.  This can be done 

by eliminating RNase H2, which allows mis-incorporated rNMPs to remain in DNA, 

and/or by altering the level of rNMP incorporation into using mutant forms of DNA 

polymerases.  As the net amount of rNMPs in DNA increases or decreases, Top1-

dependent deletion rates increase or decrease, respectively, only in rNMP-dependent 

hotspots (18,76,151,182). 

We previously proposed a sequential-cleavage model for Top1-dependent 

deletions that initiate at an rNMP (18).  As illustrated in Figure 15, Top1 incision/release 

at an rNMP is followed by a second Top1 cleavage event immediately upstream and 

diffusional release of a nick-flanked oligo.  Loss of the oligo traps the covalent 

intermediate, leaving a gap between the 5ʹ′-OH and the Top1cc formed by the first and 

second cleavage reactions, respectively.  If the resulting gap is part of a tandem repeat, 

misalignment between the complementary strands converts the gap to a nick, thereby 

facilitating Top1-mediated re-ligation.  A central feature of the sequential-cleavage model 

is that Top1 is sufficient to catalyze the rNMP-dependent deletion process, without a 

need for accessory proteins.  Indeed, the 2-bp deletion process that occurs at 

dinucleotide repeats was recently reconstituted in vitro using purified yeast and human 

Top1 (72,73).  Importantly, these studies showed that the initial cleavage/release of 

Top1 at an rNMP is a reversible process, with Top1 promoting ligation of an artificially 

generated nick flanked by a 2ʹ′ 3ʹ′ cyclic phosphate and 5ʹ′-OH.  It was suggested that 

Top1-mediated reconstitution of an rNMP-containing DNA backbone could regenerate a 

substrate for the error-free RER pathway, which permanently removes rNMPs from 

DNA.  In contrast to the forward reaction, however, the reverse reaction did not require 
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the catalytic activity of Top1 (73).  Finally, it was shown that a 3ʹ′-OH created by 

enzymatic removal of a Top1cc can initiate error-free gap-filling by DNA polymerase 

(72). 

In the current study, rNMP-initiated deletion formation by Top1 was examined 

through parallel in vivo and in vitro analyses.  First, by varying the distance between 

Top1 cleavage sites, we confirmed the prediction that inter-nick distance dictates 

deletion size in vivo.  The distance between cleavage sites was inversely related to 

deletion frequency, likely reflecting the increasing number of base pairs that need to be 

disrupted during deletion formation.  Finally, the maximum size of Top1-dependent 

deletions reported previously was 5-bp in vivo (76,160), and our analyses extended this 

length to 7-bp.  A second parameter examined was whether the position of sequence 

complementary relative to a Top1cc-generated gap affects the deletion frequency.  We 

found that downstream complementarity more efficiently promoted deletions than 

upstream complementarity, consistent with constrained realignment of the Top1cc-

bound end. 

4.2 Material and Methods  

4.2.1 Yeast Strains 

Strain SJR2261 (MATa ura3-52 ade2-101oc lys2-801am trp1Δ1 lys2Δ::hyg leu2-

K:TetR’-Ssn6:LEU2 [pSR857 integrated at LEU2] his4Δ::pTET-LYS2F) is derivative of 

YPH45 (168), a strain congenic to S288C.  This strain contains a pTET-LYS2F construct 

near ARS306 on chromosome III, with the directions of transcription and replication 

movement in the same direction (10).  A derivative containing the pTET-

lys2FΔA746NR,(CCCTT)2 allele was constructed via two-step allele replacement 

following transformation of SJR2261 with AflII-digested pSR1033.  pSR1033 were 
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constructed by ligating BglII-digested pSR963 (172) to annealed oligonucleotides 5’-

GATCTTTGCAAAGGGAAGGGATGC and 5’-GATCGCATCCCTTCCCTTTGCAAA; the 

introduced sequence is from URA3 and the (CCCTT)2 hotspot is underlined.  SJR2743 is 

a derivative of SJR2261 that contains the pTET-lys2FΔA746NR allele; the remaining 

CCCTT-containing alleles used in this study were derived from this strain as follows.  

First, the loxP-hyg-loxP cassette that marks the deleted LYS2 locus was replaced with a 

natMX4 marker.  This allowed subsequent insertion of a CORE-UH cassette containing 

a selectable hyg marker and counter-selectable URA3-Kl marker (198) into the reversion 

window of the pTET-lys2FΔA746NR allele.  The delitto perfetto approach (198) was then 

used to replace CORE-UH with ~100-bp duplexes derived from annealed, 

complementary oligos (see Appendix C for oligo sequences). 

The RNH201 or TOP1 gene was deleted by one-step allele replacement using 

PCR-generated deletion cassettes amplified from a plasmid containing an appropriate 

selective marker.  The pol2-M644G allele was introduced by two-step allele replacement 

using AgeI-digested p173-pol2-M644G (76).  The mating type of SJR2805 (a top1Δ 

derivative of SJR2743) was switched to MATα using a pGAL-HO plasmid.  This allowed 

construction of double- and triple-mutant strains by mating, sporulation and tetrad 

dissection.  In strains generated by mating, presence of the pol2-M644G allele was 

confirmed by RsaI digestion fragment size change.  Appendix D provides a complete 

strain list. 

4.2.2 In vitro Top1 Cleavage Site Mapping  

Top1 cleavage assays were performed as described previously (151) with 

modifications as noted.  Oligonucleotides were synthesized and gel-purified by 

Integrative DNA Technology (IDT).  The strand where we want to map Top1 cut sites 
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were 3'-end labeled using Cordycepin 5'-triphosphate, [α-32P] (PerkinElmer Life 

Sciences) and terminal deoxynucleotidyl tranferase (Invitrogen).  Radiolabeled 

oligonucleotides were passed through mini Quick Spin Oligo columns (Roche Applied 

Science) and annealed to the unlabeled, complementary strand at 1:1 ratio.  Reaction 

mixtures contained 50-200 nM of the DNA substrate and 100nM recombinant yeast 

Top1 in 10mM Tris-HCl (pH-7.5), 50mM KCl, 5mM MgCl2, 0.1 mM EDTA, 1mM DTT, 15 

µg/mL BSA and 10% DMSO.  10uM camptothecin was included as indicated.  Reaction 

mixtures with rNMP-containing substrates also included 1.6U per uL RNasin 

(Promega).  Reactions were carried out at 30°C for 1 hr and stopped by addition of SDS 

to 0.5% final concentration.  Markers were either synthesized by IDT or made by 

incubating rNMP-containing oligonucleotides in 0.3 M KOH at 55°C for 1 hr.  Samples 

and markers were mixed with loading buffer (99.5% (v/v) formamide, 5mM EDTA, 

0.01%(w/v) xylene cyanol, and 0.01% (w/v) bromophenol blue and ran on a 20% 

denaturing polyacrylamide gel.  Labeled fragments were detected using a Typhoon 

phosphorimager.  The band intensities were analyzed by measuring pixel value using 

imageJ.    

4.2.3 In vitro Top1-mediated Ligation Assay 

Oligonucleotides were synthesized and gel-purified by Integrative DNA 

Technology (IDT).  The strand that contains Top1 cleavage sites of interest was 5’-end 

radiolabeled using T4 Kinase (New England BioLabs).  For substrates containing a gap, 

upstream strand was radiolabeled.  Radiolabeled oligonucleotides were passed through 

mini Quick Spin Oligo columns (Roche Applied Science) and annealed to the unlabeled, 

complementary strand at 1:1 ratio for full-length substrate containing rU.  For the suicide 

substrate containing a gap, the radiolabeled upstream strand was annealed to the 
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unlabeled downstream and complementary strand at 1:1:1 ratio.  Reaction mixtures 

contained 50-200 nM of the DNA substrate and 100nM recombinant yeast Top1 in 

10mM Tris-HCl (pH-7.5), 50mM KCl, 5mM MgCl2, 0.1 mM EDTA, 1mM DTT, 15 µg/mL 

BSA and 10% DMSO.  10uM camptothecin was included as indicated.  Reaction 

mixtures with rNMP-containing substrates also included 1.6U per uL RNasin 

(Promega).  Reactions were carried out at 30°C for 1 hr.  For the reactions with rUMP 

containing oligo, one third of reaction was stopped by addition of SDS to 0.5% final 

concentration. Into the remaining reaction 0.5 NaCl was added and incubated at 25°C 

overnight.  SDS was added to the half of NaCl treated reaction to 0.5% final 

concentration. The remaining half was further treated with 0.3M KOH at 55 °C for 1 hr. 

For the reactions with suicide substrate, followed by Top1 reaction at 30°C for 1 hr, half 

of reaction was incubated with Tdp1 in final concentration of 1-2 uM instead of addition 

of SDS.  Into the remaining reaction 0.5 NaCl was added and incubated at 25°C 

overnight and SDS was added to 0.5% final concentration. 

Markers were synthesized by IDT and radiolabeled as mentioned above. 

Samples and markers were mixed with loading buffer (99.5% (v/v) formamide, 5mM 

EDTA, 0.01%(w/v) xylene cyanol, and 0.01% (w/v) bromophenol blue and ran on a 20% 

denaturing polyacrylamide gel.  Labeled fragments were detected using a Typhoon 

phosphorimager. Pixel values were quantified by imageJ. 

4.2.4 Mutation Rates and Spectra 

To determine the Lys+ reversion rate, independent cultures were started with 

independent colony or by inoculating 2 x 105 cells from an overnight starter culture.  

Cultures were grown at 30°C in YEPGE (1% yeast extract, 2% Bacto-peptone, 250 

µg/ml adenine hemisulfate supplemented with 2% glycerol and 2% ethanol) until 
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saturated. Appropriate dilutions were plated on YEPD (1% yeast extract, 2% Bacto-

peptone, 250 µg/ml adenine hemisulfate supplemented with 2% dextrose) to determine 

the total number of viable cells and on synthetic complete dextrose medium lacking 

lysine (SCD-Lys) to determine the total number of revertants in each culture.  Mutation 

rates were calculated using the method of the median (169) and 95% confidence 

intervals were determined as described previously (170). 

To obtain mutation spectra, independent colonies were grown non-selectively as 

described above and Lys+ revertants were selected on SCD-Lys plates.  A portion of 

lys2 that contains the hotspot of interest was PCR-amplified using primers LYSWINF (5-

GCCTCATGATAGTTTTTCTAACAAATACG) and LYSWINR (5ʹ′-

CCCATCACACATACCATCAAATCCAC) and product was sequenced by the Duke 

University DNA Analysis Facility, Eurofins MWG Operon, or Eton Bioscience INC.  The 

rate of deletion was calculated by multiplying the total reversion rate by the proportion of 

deletion in the corresponding mutation spectrum.  

4.3 Results 

The rNMP-dependent, 5-bp deletion hotspot used in the current study was 

initially described in an analysis of forward mutations in a URA3 gene placed in both 

orientations near ARS306 on chromosome III (76).  The 5-bp deletions were observed in 

a strain background devoid of RNase H2 activity (rnh201Δ mutant) and containing an 

rNMP-permissive form of DNA polymerase Pol ε (pol2-M644G allele). Because rNMPs 

specifically increase in the nascent leading strand in a rnh201Δ pol2-M644G background 

(61), orientation specificity of hotspot activity with respect to ARS306 can be used to 

infer which strand is the target of Top1 cleavage.  Imp\] 
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ortantly, 5-bp deletions were evident when the sequence (CCCTT)2 was 

generated during the leading-strand synthesis, but not when the complementary 

sequence (AAGGG)2 was on the nascent leading strand.  This asymmetry indicates that 

it is the (CCCTT)2-containing strand that is nicked by Top1 to generate the 

corresponding deletion, and we will hereafter refer to this specific hotspot as the 

(CCCTT)2 hotspot. 

4.3.1 (CCCTT)2 is an rNMP-dependent, Top1-dependent Deletion Hotspot in 
a Frameshift Reversion Assay 

We previously placed lys2 frameshift alleles under control of the highly active 

TET promoter (pTET) to study the behavior of individual Top1-dependent hotspots 

(18,151,160,182).  A 20-bp fragment of URA3 that encompassed the (CCCTT)2 hotspot 

was thus introduced into the context of a pTET-lys2 frameshift allele whose reversion 

selects compensatory, net 2-bp deletions, among which are 5-bp deletions.  Because 

our prior studies demonstrated that deletions are much more frequent when the relevant 

Top1 cleavage sites are on the non-transcribed strand (NTS) of a highly transcribed 

reporter (182), the hotspot was inserted so that the (CCCTT)2-containing strand was the 

NTS.  In addition, the pTET-lys2 reporter was inserted near ARS306 so that the 

transcription machinery and the replication fork were moving in the same direction.  This 

ensured that the (CCCTT)2 sequence was located on the nascent leading strand, where 

its activity should be affected by the rNTP permissiveness of Pol ε.  In the resulting 

pTET-lys2::(CCCTT)2 allele, 5-bp deletions at the hotspot were detected at a low rate 

(7.7 x 10-9) in a wild-type (WT) background.  The deletion rate was elevated ~3 fold in 

the absence of RNase H2 (rnh201Δ mutant) and was elevated ~60 fold in an rnh201Δ 

pol2-M644G double mutant containing an rNTP-permissive form of Pol ε.  Importantly, 
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the 5-bp deletion rate in the double mutant returned to the WT level when TOP1 was 

additionally deleted (Figure 16A and Table 8).  These data confirm that 5-bp deletions at  

 

 

Figure 16: (CCCTT)2 is an rNMP-dependent deletion hotspot that contains two 
Top1 cleavage sites. 

A. 5-bp deletions rates in a pTET-lys2 frameshift reversion assay.  B. Sequence of the 
(CCCTT)2-containing fragment, with the duplication in bold italics.  Lollipops indicate the 
position of the Top1cc and the asterisk the radioactive label.  C. Mapping of Top1 
incision sites in the 3ʹ′-labeled strand shown in B. M; marker.
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Table 8: Rate of deletions at (CCCTT)2 hotspot and its derivatives 

	  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Genotypes 
Total Lys+ reversion 

rate x 10-10 
(95% C.I.a) 

Fraction 
repeat 

deletions 

Deletion rate 
x10-10 

(CCCTT)2 

WT 277 (222-351) 17/61 77.20 
rnh201Δ 1360 (1250-1570) 7/46 206.96 
rnh201Δ top1Δ 1070 (967-1440) 0/45 < 23.78* 
rnh201Δ pol2-M644G 10100 (9510-11600) 42/87 4875.86 
rnh201Δ pol2-M644G top1Δ 2210 (1890-2500) 0/36 <61.39* 

CCCTTCCTT 
4-bp 

WT 830 (675-1080) 39/46 703.70 
rnh201Δ 1530 (1260-1740) 26/45 884.00 
rnh201Δ top1Δ 962 (796-1040) 0/47 < 20.47* 
rnh201Δ pol2-M644G 18000 (16500-19900) 40/46 15652.17 
rnh201Δ pol2-M644G top1Δ 1590 (1370-2020) 0/48 < 33.13* 

CCCTTTTCCCTT 
7-bp 

WT 233 (167-278) 1/45 5.18 
rnh201Δ 1020 (881-1110) 0/48 < 21.15* 
rnh201Δ top1Δ 1710 (1300-3700) 0/47 < 36.38 
rnh201Δ pol2-M644G 4770 (4270-5500) 6/150 190.80 
rnh201Δ pol2-M644G top1Δ 2050 (1680-2250) 0/64 < 32.03* 

(CCCTT)3 

WT 960 (771-1220) 42/46 876.52 
top1Δ 387 (316-417) 19/46 159.85 
rnh201Δ 3640 (3280-4270) 16/47 1239.15 
rnh201Δ top1Δ 2180 (1590-2810) 4/47 185.53 
rnh201Δ pol2-M644G 32200 (29200-35600) 40/47 27404.26 
rnh201Δ pol2-M644G top1Δ 5250 (4530-5830) 3/46 342.39 

(CCCTT)2 net-1 WT 161 (125-227) 2/44 7.32 
rnh201Δ 916 (704-1050) 1/46 19.91 

a C.I.; confidence interval 
*Rate is calculated assuming there is one deletion event. 
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the (CCCTT)2 hotspot are both rNMP- and Top1-dependent and that this is a robust 

system for studying the parameters of hotspot activity. 

4.3.2 Mapping Top1 Cleavage Sites in the (CCCTT)2
 Hotspot 

The sequential-cleavage model predicts that the (CCCTT)2
 hotspot should 

contain two Top1 cleavage sites that are 5-nt apart.  To examine this, we mapped Top1 

sites in a 57-bp fragment derived by annealing complementary oligonucleotides (oligos) 

having the same sequence as the in vivo allele.  The sequence of the strand matching 

the NTS sequence of the pTET-lys2::(CCCTT)2 allele is shown in Figure 16B.  This 

strand was radioactively labeled at either the 3ʹ′ or 5ʹ′ end, as appropriate, and then 

annealed to the complementary, unlabeled strand.  To generate the data shown in 

Figure 16C a 3ʹ′-labeled fragment was incubated with purified yeast Top1 in the presence 

or absence of camptothecin (CPT), a drug that stabilizes the Top1cc.  Following addition 

of SDS to stop the reaction, radioactive products were sized on a sequencing gel.  Two 

prominent Top1 cleavage sites within the centrally located (CCCTT)2 repeat were 

evident, producing a strong fragment of 27-nt and a weaker, 32-nt fragment.  Consistent 

with our prediction, these two sites are 5-nt apart, with Top1 forming a covalent 

intermediate with the terminal thymine of each CCCTT repeat. 

The sequential-cleavage model predicts that the rNMP should be located at the 

most 3ʹ′ cleavage site within the duplicated sequence.  To confirm that the two Top1 cut 

sites identified above were maintained in the presence of an rNMP at this position, we 

mapped Top1 incision sites using a 3ʹ′-labeled oligo with rUMP substituted for the 

terminal T of the 3ʹ′ repeat.  The positions of Top1 cleavage sites were retained and the 

amount of the 27-nt fragment was increased, as expected for Top1 release and relatively 

irreversible cleavage at an rNMP (Figure 16C). 
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4.3.3 Top1 Generates 5-nt Deletions at the (CCCTT)2
 Hotspot in Vitro 

Following creation of a nick at an rNMP, Top1 cleaves at an upstream site and 

becomes trapped when the intervening oligo dissociates from the complementary strand.  

Enzyme-mediated ligation then occurs across the gap, a process facilitated by 

misalignment between repeats on complementary strands.  These two steps were 

confirmed at the (CCCTT)2
 hotspot using the suicide substrate shown in Figure 17A, 

which contains a 3-nt gap that eliminates the CTT of the downstream CCCTT repeat.  

The 27-nt fragment upstream of the gap was labeled at its 5ʹ′ end.  Because of the 

proximity of the downstream gap, Top1 should become trapped when it cleaves at the 

upstream CCCTT repeat.  Covalent attachment of Top1 prevents migration of DNA into 

the gel, and as predicted, more of the labeled fragment was retained in the well when 

Top1 was added to the suicide substrate (Figure 17B, lane 2).  The addition of NaCl, 

which prevents further cleavage by Top1 but allows an already-formed Top1cc to 

catalyze ligation, resulted in the appearance of a 52-nt fragment, which is precisely the 

size predicted upon loss of a single CCCTT repeat (Figure 17B, lane 3).  Finally, to 

define the position of the Top1cc prior to ligation, the cleavage reaction was treated with 

Tdp1, which hydrolyzes peptides attached to DNA via a 3ʹ′ phosphotyrosyl bond.  A 25-nt 

fragment was observed, which is the size expected when Top1 cleaves at the terminal T 

of the upstream CCCTT repeat (Figure 17B, lane 4).   

Given that the suicide substrate recapitulated the steps of 5-nt deletion formation 

subsequent to the initial incision/release of Top1, we examined whether Top1 could 

catalyze the entire 5-bp deletion process at the (CCCTT)2 hotspot.  For this analysis we 

used a full-length, 5ʹ′-labeled oligo in which the final dT of the downstream CCCTT 

repeat was replaced with rU.  Following incubation with yeast Top1, a 27-nt fragment  
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Figure 17: Purified yeast Top1 generates 5-nt deletions at the (CCCTT)2 repeat in 
vitro. 

A. Sequence of a 57-bp, 5ʹ′-labeled suicide substrate containing a 3-nt gap within the 
downstream CCCTT repeat (bold italics).  The lollipop indicates the remaining Top1 
cleavage site at position 27.  B. Top1-mediated ligation following cleavage of the suicide 
substrate.  Incubation of the Top1cc (retained in wells) with Tdp1 releases the enzyme 
and a 25-nt cleavage product.  Ligation in the presence of NaCl generates a 52-nt 
deletion product. 
 

corresponding in size to a cleavage product terminating with the rU was detected (Figure 

17C, lane 2).  This is consistent with Top1 incision at rU and its subsequent release 

following attack of the phosphotyrosyl bond by the 2’-OH of ribose, generating a 2ʹ′,3ʹ′ 
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cyclic product.  The remainder of reaction was then incubated overnight in the presence 

of NaCl, and a portion of NaCl-treated substrate was further treated with KOH to cleave 

any substrate/product that contained the original ribonucleotide.  After incubation in the 

presence of NaCl, we observed a faint, 52-nt band that was resistant to KOH treatment 

(Figure 17C, lanes 6-7).  This fragment is the size expected upon removal of 5-nt, 

including the rU, from the 5ʹ′-labeled strand. 

4.3.4 The Distance Between Top1 Cleavage Sites Affects the Deletion 
Frequency 

In the sequential-cleavage model, a gap is created by spontaneous loss of the 

oligo between the 5’-OH created by initial Top1 cleavage and the Top1cc created by a 

second cleavage event.  Because retention of the nick-flanked oligo requires persistent 

hydrogen bonding with the complementary strand, its release should be inversely related 

to the distance between cleavage sites.  In addition, the fewer hydrogen bonds that have 

to be broken to realign the complementary strands and convert the resulting gap to a 

nick, the more efficient the realignment process should be.  These considerations lead to 

the prediction that the distance between two Top1 cleavage sites should be inversely 

related to the deletion frequency.  To test this, we decreased or increased the distance 

between the Top1 cleavage sites that were mapped at the (CCCTT)2 hotspot.  The first 

base pair of the second repeat was deleted to generate a substrate predicted to produce 

4-bp deletions: CCCTT*CCTT*, with asterisks indicating Top1 cleavage sites.  

Alternatively, two thymines were inserted between the previously mapped cleavage sites 

to generate a 7-bp deletion substrate of sequence CCCTT*TTCCCTT*.  Purified yeast 

Top1 nicked a 3ʹ′-labeled oligo with CCCTTCCTT or CCCTTTTCCCTT substituted for 
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the (CCCTT)2 hotspot at the originally mapped cleavage sites, producing nicks that were 

4 or 7-nt apart, respectively (Figure 18A). 

 

Figure 18: Deletion frequency is inversely related to the distance between two 
Top1 cleavage sites. 

A. 3ʹ′-labeled strand of the same sequence as shown in Figure 16 was modified by 
deleting 1-bp or inserting 2-bp in order to vary the distance between Top1 cleavage sites 
(lollipops).  B. Deletion rates in WT and rnh201Δ pol2-M644G strains containing the 
modified (CCCTT)2 hotspots. 
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Following confirmation that the original Top1 cleavage sites were maintained 

when the distance between them was altered, each modified sequence was transplanted 

into a pTET-lys2 frameshift allele that can revert via a 4-bp or 7-bp deletion.  The 4-bp 

and 7-bp deletion rates, along with that of 5-bp deletions at the original (CCCTT)2 

hotspot, are presented in Figure 18B.  Compared to the WT background, 4-bp and 7-bp 

deletions were highly elevated in an rnh201Δ pol2-M644G background, consistent with 

maintained rNMP dependence for the deletion process.  The deletions also were absent 

in an rnh201Δ pol2-M644G top1Δ background, confirming their dependence on Top1 

(Table 8).  Most importantly, the 4-bp deletion rate was 3-fold higher than that of 5-bp 

deletions, and the 5-bp deletion rate was 26-fold higher than the 7-bp deletion rate 

(Figure 18B).  Lastly, if the distance between the two Top1 cleavage sites is the primary 

determinant of deletion size, then we should only observe 5-bp deletions at the 

(CCCTT)2 hotspot.  We thus introduced this hotspot into the context of the pTET-lys2 

allele used to detect 4-bp deletions [(CCCTT)2 net-1; (Table 8)].  No rNMP-dependent 4-

bp deletions at (CCCTT)2 were observed in this context. 

4.3.4 An Additional Repeat Downstream of the rNMP Facilitates Top1-
mediated Ligation 

In vitro, Top1 can ligate across single-strand gaps with the intervening sequence 

forming a loop [Figure 19A; (99)].  All Top1-dependent deletion hotspots identified in 

vivo, however, have been perfect or imperfect tandem repeats, suggesting that the 

repeats have a critical role in the deletion process.  In the case of rNMP-dependent 

hotspots, we proposed that the repeat mediates re-alignment between complementary 

strands, thereby bringing the downstream 5ʹ′-OH and the upstream Top1cc into the 

correct orientation for efficient re-ligation.  In the case of the (CCCTT)2 hotspot, where  
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Figure 19: Top1 ligation across a 5-nt gap. 

A. There is no repeat between Top1 cleavage sites.  B. The Top1-linked end re-aligns 
and pairs to the complementary single strand within the gap.  C. The 5ʹ′-OH end re-aligns 
and pairs to the complementary single strand within the gap.  D. The upstream Top1 
cleavage site is adjacent to, but not within, the tandem repeat.  As long as the gap 
contains a repeat unit, re-alignment of the 5ʹ′-OH end will convert the gap to a nick. 
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Top1 cleaves at the terminal thymine of each repeat, the end to which Top1 is attached 

would have to “slide” towards the downstream 5ʹ′-OH in order to pair with the 

complementary single strand within the gap (Figure 19B).  Because Top1 clamps down 

on duplex DNA (199), such sliding/realignment likely would be difficult.  With a triplication 

of the CCCTT sequence in which the rNMP resides in the middle repeat, there is an 

alternative possibility.  In this case, the complementary strand of the third repeat can 

slide towards the Top1cc and pair with the single strand within the gap, bringing the 5ʹ′-

OH adjacent to the Top1cc (Figure 19C). 

The above considerations lead to the prediction that a triplication of the CCCTT 

sequence should be associated with more Top1-dependent deletions than a simple 

duplication.  To test this, we introduced a third CCCTT repeat downstream of the rU in 

the in vitro substrate, lengthening the duplex to 60-bp (Figure 20A).  If the 

sliding/realignment of the 5ʹ′-OH end is easier than that of Top1-linked 3ʹ′ end, deletion 

formation should be much more efficient with a CCCTTCCCTrUCCCTT than with the 

CCCTTCCCTrU substrate.  Using purified yeast Top1, cleavage sites were first mapped 

using a dNMP-only (CCCTT)3 strand labeled at its 3ʹ′ end.  Three Top1 cleavage 

fragments were detected: the same 27 and 32-nt fragments as observed with the original 

(CCCTT)2 substrate, and a third, very weak 37-nt fragment (Figure 20B).  When an 

rUMP was substituted for the terminal thymine of the middle repeat, the corresponding 

32-nt cleavage product was as abundant as the 27-nt fragment, consistent with relatively 

irreversible cleavage at the rUMP.  The entire deletion process was then examined using 

a 5ʹ′-labeled CCCTTCCCTrUCCCTT strand (Figure 20C).  Even in the absence of NaCl 

addition to promote Top1-mediated ligation, a weak 55-nt fragment was detected, which 

is 5-nt shorter than the starting 60-nt fragment.  Following NaCl treatment, the 55-nt 
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Figure 20: Triplication of CCCTT facilitates 5-bp deletions. 

A. Sequence of the 60-nt fragment used to map top1 cleavage sites.  B. Mapping of 
Top1 cleavage sites when the center repeat contains dTMP or rUMP.  C. Efficient Top1-
mediated 5-bp deletions when the central repeat contains rUMP.  D, Comparison of 5-bp 
deletion rates with a duplication or triplication of CCCTT. M; marker. 

5’#AGTTGCCAAG(ATCAGCATCC"CTTCCCTTCC"CTTTGCAAAG(ATCTGGAAAG(GAGGCCTCAG#3’(
27(nt*(
32(nt*(
37(nt*(

A"

B"

-   +  +      -  +  +!
-   +  +      -  +  +!

(CCCTT)3( CCCTTCCCTrUCCCTT"

M(M(

<32(nt(

<27(nt(

<37(nt(

C" CCCTTCCCTrUCCCTT(
- + + + + + +!
- - + - + - +!
- - - + + + +!
- - - - - + +!

Top1((
CPT!

Top1((
CPT(
NaCl(
KOH(

*28(nt(

<60(nt(
<55(nt(

<28(nt(

1( 10( 100( 1000( 10000( 100000(

rnh201Δ(pol2#M644G(

rnh201Δ(

WT(

rnh201Δ(pol2#M644G(

rnh201Δ(

WT(

(C
CC

TT
)3
(

(C
CC

TT
)2
(

WT(

rnh201Δ"

rnh201Δ(pol2*M644G/

WT(

rnh201Δ"

rnh201Δ(pol2*M644G/

5#bp(deleHon(rate(x(10(#10(

D"

(C
CC

TT
) 2
(

(C
CC

TT
) 3
(



 

 88 

fragment was robustly generated and was resistant to KOH treatment, confirming 

removal of the rU.  Most importantly, in a side-by-side comparison of deletion reactions 

using the CCCTTCCCTrU and CCCTTCCCTrUCCCTT substrates, the KOH-resistant, 

5-nt deletion product was 33% of total radioactivity for the latter but only 1% for the 

former (data not shown).  Altogether, these results provide strong support for a model in 

which realignment between strands is critical, and the prediction that realignment of 5ʹ′-

OH end is much more efficient than that of the 3ʹ′ end bound by Top1. 

To examine whether an additional repeat unit also facilitates rNMP-dependent 

deletions in vivo, we introduced three copies of CCCTT into an appropriate pTET-lys2 

frameshift allele.  The corresponding 5-bp deletions were monitored in WT and in an 

rnh201Δ pol2-M644G background.  It should be noted that 5-bp deletions within the 

(CCCTT)3 sequence were not entirely Top1-dependent, which likely reflects a 

contribution of DNA polymerase slippage to deletion formation when there are three 

tandem repeats.  In calculating rates of rNMP-dependent 5-bp deletions, the rate 

observed in the absence of Top1 was thus subtracted from the rate in its presence.  The 

rate of rNMP-and Top1-dependent 5-bp deletions was 5.5-fold higher in the (CCCTT)3-  

than in the (CCCTT)2-containing  allele (Figure 20D), consistent with the additional 

repeat allowing realignment of the more mobile 5ʹ′-OH end. 

4.4 Discussion 

In parallel in vivo and in vitro experiments, the data reported here provide strong 

support for a sequential-cleavage reaction as the mechanism for a Top1-and rNMP-

dependent deletion process.  To study deletions in vivo, we transplanted a naturally 

occurring, rNMP-dependent deletion hotspot [(CCCTT)2], or a defined derivative, into a 

frameshift-reversion assay.  The same sequences were then used in vitro to test key 
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features of the sequential-cleavage model.  First, the model predicts that the distance 

between two Top1 cleavage sites determines deletion size, and we confirmed the 

presence of Top1 cleavage sites that were 5-nt apart, with the enzyme forming a 

covalent intermediate with the terminal thymine of each CCCTT repeat.  We then 

augmented the distance between the two cleavage sites to either 4-bp or 7-bp.  We 

confirmed corresponding 4- or 7-bp deletion hotspots in vivo, as well as the production of 

Top1 nicks 4- or 7-nt apart in vitro.  Because the oligo between the Top1 cleavage sites 

must diffuse away and the complementary strands realign, the model also predicts that 

the distance between two Top1 cleavage sites should be inversely related to the deletion 

frequency.  Indeed, the 4-bp deletion rate was greater than that of 5-bp deletions, and 

the 5-bp deletion rate was greater than that of 7-bp deletions in vivo. 

In addition to making specific predictions about the distance between the relevant 

Top1 cleavage sites, the sequential-cleavage model posits that a Top1cc trapped at the 

5’ cleavage site subsequently mediates ligation.  This was confirmed using a suicide 

substrate, which was much more efficient than an intact, CCCTTCCCTrU-containing 

substrate in an in vitro ligation reaction.  The ability of Top1 to mediate the deletion 

reaction was recently demonstrated in vitro by two independent groups (72,73). Huang 

et al. used human Top1 protein (73) and an rNMP-independent, (AT)2 hotspot previously 

characterized by us in vivo (18).  Human Top1 required a pre-existing nick, which mimics 

the first Top1 incision at an rNMP, to produce the corresponding 2-nt deletion product in 

vitro.  Sparks and Burgers used purified yeast Top1 (72) and a fragment containing the 

rNMP-dependent, (TC)3 deletion hotspot that also was previously characterized by us in 

vivo (18).  An oligo containing an rNMP at a previously mapped Top1 cleavage site 3' to 

the repeat (151) was unable to produce a deletion product, however, and modification of 
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the sequence was required.  Whether Top1 catalyzes rNMP-dependent deletions at 

these modified hotspots in vivo is not known.  In the current study, we demonstrated that 

yeast Top1 is sufficient to perform the entire sequential-cleavage reaction in vitro and 

most importantly, that the same deletions are rNMP- and Top1-dependent in vivo. 

Top1 can ligate directly across gaps in vitro (99), but this appears to be too 

inefficient to detect in vivo, where all of the Top1-dependent deletion hotspots identified 

to date are perfect or imperfect tandem repeats.  This feature is what initially led us to 

hypothesize that re-alignment between complementary DNA strands is a critical step in 

the deletion process (18).  Although either end could realign to convert a gap to a nick, 

slippage of the 5'-OH end is likely to be favored over that of the Top1-linked end, where 

the enzyme clamps around the duplex.  We tested this by introducing an additional 

repeat unit into the (CCCTT)2 substrate and placing the rUMP at the central repeat of the 

resulting (CCCTT)3 substrate.  In agreement with our prediction, ~30 fold more deletion 

product was obtained with the (CCCTT)3 than with the (CCCTT)2 substrate in vitro.  The 

increased efficiency was recapitulated in vivo, with the 5-bp deletion rate at (CCCTT)3 

being 5.5-fold higher than at (CCCTT)2. 

In the experiments reported here, both Top1 cleavage sites were within the 

tandem repeat and each was located at the terminal nucleotide of the repeat units.   It is 

important to note that this feature is not essential in vitro (72), as long as one site is 

within the repeat and the distance between the sites allows realignment that converts a 

gap to a nick.  An example is illustrated in Figure 19D, where the 5' cleavage site is 

immediately adjacent to the first repeat, which allows the 5'-OH to slip toward the 

Top1cc.  Even if both sites are within the tandem repeat, cleavage does not need to 

occur at the terminal nucleotide of the repeats as it did here.  For example, Top1 
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cleavage sites (asterisks) occur 5 nt apart in the case of CC*CTTCC*CTT.  Sliding of the 

5’-OH end (CTT) towards the Top1cc will produce a nick stabilized by three downstream 

base pairs.  The stability of the realigned end positively correlates with the efficiency of 

deletion formation in vitro (72). 

The parallel in vivo and in vitro analyses presented here provide strong support 

for a Top1- and rNMP-dependent deletion process that follows the steps proposed in the 

sequential-cleavage model (18), and reveals additional features of this process.  The 

distance between two Top1 cleavage sites determines the deletion size and frequency, 

the repeats facilitate realignment between complementary strands, and there is an 

asymmetry in terms of which end slips to convert a gap to a nick.  Given the high 

conservation of Top1 and DNA metabolic processes, similar reactions at genomic 

rNMPs likely extend to any organism that contains a type IB topoisomerase.  Defects in 

RNase H2 are linked to the human diseases Aicardi-Goutières syndrome (181) and 

systemic lupus erythematosis (54), and the mutagenic consequences of persistent 

genomic rNMPs may be relevant to the pathogenesis of these diseases. 
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Chapter 5. Top1-T722A Expression Causes Large 
Deletions in Yeast 

5.1 Introduction 

In Chapter 2, we used the top1-T722A allele to demonstrate that rNMP-

independent deletions are initiated with an incomplete Top1 reaction.  The Top1-T722A 

protein has DNA binding and cleavage activity comparable to wild-type Topoisomerase 1 

(Top1) (200), but it has a reduced ligation activity (173,201).  This allele was first 

described as a mimic of the chemotherapeutic drug camptothecin (CPT).  During the 

cleavage reaction, Top1 cleaves one of the DNA strands and covalently attaches itself to 

the 3’-end of the single-strand break.  This Top1-DNA adduct structure is referred to as a 

Top1 cleavage complex (Top1cc).  CPT and its derivatives specifically target the Top1cc 

and inhibit Top1-mediated ligation.  Therefore, both CPT treatment and Top1-T722A 

expression are expected to increase the amount of Top1cc in a cell.   

In a control experiment for the Top1-dependent short deletions, we unexpectedly 

observed the accumulation of large deletions dependent on Top1-T722A expression.  

Top1-T722A-dependent large deletions were particularly striking because the loss of 

large DNA fragments has been reported in mammalian cells treated with CPT or its 

analog, topotecan (202,203).  Although these studies clearly demonstrated the 

mutagenic potential of CPT and its derivatives in mammals, the underlying mechanism 

of large deletion formation is unknown.  Here, we analyze Top1-T722A-dependent large 

deletions in yeast by DNA sequencing.  Our genetic data reveal that Top1-T722A-

dependent large deletions occur via the canonical non-homologous end-joining (c-NHEJ) 

pathway.  Furthermore, large deletion formation requires Tdp1, while Exo1 plays an 

inhibitory role.  We suggest a model in which accumulation of trapped Top1 generates 
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multiple double-strand breaks (DSBs) on a single DNA molecule.  The subsequent 

joining of the broken ends of two DSBs via c-NHEJ eliminates the intervening sequences 

and results in large deletions.  

5.2 Material and Methods 

5.2.1 Yeast Strains 

Yeast strain SJR2261 was derived by transformation of YPH45 [MATa ura3-52 

ade2-101oc lys2-801am trp1Δ1], a strain congenic to S288C. SJR2743 has a pTET-

lys2FΔA746NR next to ARS306 on chromosome III. The direction of replication and 

transcription are the same in SJR2743. The loxP-hyg-loxP at the endogenous lys2 locus 

in SJR2743 was replaced with natMX4 to introduce CORE-UH, which has counter 

selectable URA3Kl and the selectable hyg markers into the lys2 reversion window of the 

pTET-lys2FΔA746NR. Dilletto perfetto described in (198) was performed with XhoI/AflII-

digested pSR701 to construct the pTET-lys2FΔBglNR strain. The TOP1, DNL4, EXO1, 

TDP1, POL4, SAE2 or yKU70 gene was deleted by one-step allele replacement using 

PCR-generated deletion cassettes amplified from a plasmid containing an appropriate 

selective marker. 

To construct the pGAL-top1-T722A strain, the promoter region of endogenous 

TOP1 in SJR3076 was first replaced with pGAL1 via one-step allele replacement with a 

PCR-generated pGAL1 cassette amplified from pFA6a-TRP1-PGAL1 (204) using 

primers AA54 (5’-GAAACCTTTTTCACTCCGGGTAATACCTGCTGTAGTCTTCGAATT 

CGAGCTCGTTTAAAC) and AA55 (5’-CGCGTTTCAAGTTTCGAGCTCTGCCCTCCCTT 

TAGATTTTCATTTTGAGATCCGGGTTTT).  The CORE-UH cassette was PCR 

amplified using a pCORE-UH plasmid (198) and primers Hygcoretop1F (5’-

AAATCTTTTCAATCGGAACATCATACTTTTTGCAAAATACCACAGAAAGTCTAG 
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GGTCTTTCGTACGCTGCAGGTCGAC) and Hygcoretop1R (5’-CAGTTGAAAGATAAA 

GAGGAAAACTCCCAGGTTTCACTGGGCACTTCCAAAATCAATTATCCGCGCGTTGG

CCGATTCAT).  This cassette was introduced into TOP1 at 2121-bp downstream of the 

start codon via one-step allele replacement. The CORE-UH cassette was replaced with 

annealed oligonucleotides (oligos) AB5 (5’-GTTCCATTCAGTTGAAAGATAAAGAGGA 

AAACTCCCAGGTTTCACTGGGCGCTTCCAAAATCAATTATATAGACCCTAGACTTTC

TGTGG) and AB6 (5’-AATCTTTTCAATCGGAACATCATACTTTTTGCAAAATACCACA 

GAAAGTCTAGGGTCTATATAATTGATTTTGGAAGCGCCCAGTGAAAC).  The 

threonine to alanine change at position 727 was confirmed by sequencing a PCR 

fragment generated with primers top1dwn60R (5’-CCTAATGCGAACTTGATGCG) and 

top1F1690 (5’-CCATCAAAGGACTCTCACGAAG).  The final strain was crossed with 

SJR4098 to create SJR4403 (MATα pTET-LYS2 pGAL-top1-T722A); the remaining 

strains with pGAL-top1-T722A alleles were derived from crossing with SJR4403.  A c 

omplete strain list is provided in Appendix E. 

5.2.2 Plasmid-based Top1-T722A Expression System 

Top1-T722A protein was expressed from a CEN plasmid harboring a URA3 

marker. The gene was under control of pCUP1, but the addition of copper into growth 

media was not necessary to induce protein production.  Appropriate cells were 

transformed with the pCUP1-top1-T722A plasmid, and transformants were selected on 

synthetic complete medium lacking uracil (SCD-Ura).  Cultures were started by directly 

inoculating independent colonies into individual cultures containing 1ml of liquid SCD-

Ura media.  As controls, empty vector, which has an identical backbone except for the 

gene expression cassette, and a WT Top1 plasmid, which has pCUP1-TOP1 instead of 

pCUP1-top1-T722A, were used.  At least 11 cultures were made for each genetic 
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background.  Each experiment included top1Δ as a control.  After 3 days of culture at 

30°C, cells were washed, sonicated and appropriate dilutions were made.  Sonication 

was necessary to separate flocculating cultures expressing Top1-T722A; all the cultures 

were sonicated regardless of the protein expression status.  Cells were plated onto 

SCD-Ura or SCD-Ura-Lys plates to estimate the total number of cells maintaining the 

plasmid or the Lys+ revertants among them, respectively.  Colonies were counted after 3 

days of incubation in 30°C.  Based on colony forming units on selection plates, the 

mutation frequency was calculated (169).  The 95% confidence interval of total Lys+ 

reversion frequency was determined by method of median (170).  

5.2.3 Chromosomal Top1-T722A Expression System 

Cells were streaked on YEPD (1% yeast extract, 2% Bacto-peptone, 250 µg/ml 

adenine hemisulfate supplemented with 2% dextrose) medium and incubated at 30°C for 

3 days.  Each experiment was performed with freshly streaked out cells from a stock 

kept at -80°C.  Individual cultures were started by inoculating an individual colony into 

1ml or 5ml of YEPG media (1% yeast extract, 2% Bacto-peptone, and 250 µg/mL 

adenine hemisulfate supplemented with 2% galactose).  At least 24 cultures were made 

for each genotype.  Following 3 days of culture at 30°C in a roller drum, cells were 

washed and re-suspended in 200ul of dH2O.  To estimate the total number of viable cells 

in independent cultures, 10ul of each culture were pooled and mixed well by vortexing.  

For example, if there were 6 culture tubes for one isolate, then 10ul was taken from each 

tube and combined.  Using this mixture, appropriate dilutions were made and plated onto 

YEPD.  The mixing step physically averages the number of cells in individual tubes.  In 

some genetic backgrounds, cultures did not reach saturation.  In this case, we made 

appropriate dilutions for every culture and plated them on YEPD.  If the final numbers of 
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cells were similar between cultures, then we used the value to calculate the mutation 

rate.  An appropriate portion of the 200ul was plated onto SCD-Lys to recover Lys+ 

revertants.  Mutation rates were calculated using the method of the median (169) and 

95% confidence intervals were determined as described previously (170). 

5.2.4 Mutation Spectra Analysis 

 To reveal the types of mutation giving rise to Lys+ reversion, the lys2 reversion 

window was PCR amplified with LYSWINF (5’-

GCCTCATGATAGTTTTTCTAACAAATACG) and LYSWINR (5’-

CCCATCACACATACCATCAAATCCAC) and sequenced using MO18 (5’-

GTAACCGGTGACGATGAT), LYSWINF, or LYSWINR.  Revertants that did not produce 

a PCR fragment with the [LYSWINF x LYSWINR] pair were further analyzed using 

Lys2F14 (5’-CACAGTTTTAGCGAGG), Lys2ATG (5’-

GACTAACGAAAAGGTCTGGATAG), Lys1240R (5’-AATCTGGTCCAACTACAACACC), 

or FSLys2R (5’-GATCATCACTACATCACC) primers to obtain PCR product.  Primer 

combinations used were [Lys2F14 x LYSWINR], [Lys2F14 x Lys1240R], [Lys2F14 x 

FSLys2R], [Lys2ATG x Lys1240R], [Lys2ATG x LYSWINR] and [MO18 x LYSWINR]. 

Deletion events were confirmed by sequencing the PCR product using forward or 

reverse primer used in PCR as the sequencing primer. Also, deletions were confirmed 

based on the size change of PCR fragment. Relative primer binding positions are shown 

in Figure 21. PCR products were sequenced by the Duke University DNA Analysis 

Facility, Eurofins MWG Operon, or Eton Bioscience INC.   
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Figure 21: Map of lys2 and the upstream region. 

KanMX (orange box) is expressed from pTEF (white box). The purple box indicates 
pTET cassette, the yellow box indicates first 1200-bp of lys2 and the red box designates 
the lys2 reversion window. Arrow correspond to the forward and reverse primers used to 
analyze revertants. Lys2ATG is at the start codon. LYSWINF, MO18, FSLys2R, 
LYSWINFR and Lys1240R are about 100-, 200-, 850-, 900- and 1200-bp downstream of 
the start codon, respectively. Lys2F14 is about 4000-bp upstream of the start codon. 
Blue and gray lines within the expanded region correspond to the lys2 regions shown in 
Figures 23 and 25, respectively.  
 
 

5.3 Results 

The LYS2 gene has a region that can tolerate mutations as long as the reading 

frame is maintained.  This flexible region is referred to as the “reversion window”.  By 

introducing a defined frameshift mutation within the reversion window, we have 

generated lys2 frameshift reversion reporters (10).  These reporters allow us to select for 

cells that acquire compensatory frameshift mutations that restore the correct reading 

frame of the gene and confer lysine prototrophy (Lys+).  Two lys2 alleles were used in 

current study: lys2ΔA746NR and lys2ΔBglNR, which detect net +1 base pair (bp) and 

net -1-bp changes, respectively.  These reporters were under control of highly active 

TET promoter to enhance the recruitment of Top1 protein. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!lys2!pTET!KanMX!pTEF!

Lys2F14(

reversion(window(Lys2ATG( LYSWINF( MO18( FSLys2R(LYSWINR( Lys1240R(
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5.3.1 Top1-T722A Expression from a Plasmid  

Top1-T722A Expression Causes Large Deletions  

The Top1-T722A or WT Top1 protein under control of the copper-inducible CUP1 

promoter (pCUP1) was expressed from an URA3-CEN plasmid transformed into top1Δ 

backgrounds.  Relative to WT Top1, expression of Top1-T722A increased the Lys+ 

median reversion frequency 13 fold in the lys2ΔA746NR strain and 8 fold in lys2ΔBglNR 

strain (Table 9).  The increase in total mutation frequencies was due to the appearance 

of new class of deletion mutations.  These "large" deletions were longer than 5-bp in size 

and unlike previous Top1-dependent mutations, did not occur in tandem repeats.  Large 

deletion frequencies from the plasmid system are summarized in Figure 22 and Table 9. 

 

Figure 22: Frequency of Class I and Class II deletions in cells expressing Top1-
T722A. 

Blue and red bars correspond to Class I and Class II events, respectively. Error bars 
represent 95% confidence intervals. 
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Table 9: Results from the plasmid-based Top1-T722A expression system. 

Genotype Plasmid 

Total Lys+ 
reversion 

frequencya x 10-7 

(95% C.I.) 

Numbers of mutations Class I 
frequency  

x 10-7 

Class II 
frequency  

x 10-7 
14-
bp 

Class 
I 

Class 
II Other Total 

ly
s2
Δ

A
74

6N
R

 

WT 
Empty Vector 0.68 (0.43~1.01) 0 0 0 39 39 <0.02* <0.02* 

Top1 2.07 (1.41~2.63) 1 0 0 23 24 <0.09* <0.09* 
Top1-T722A 26.7 (23.41~26.88) 18 17 4 17 56 8.1 (1.0)b 1.9 (1.0) 

dnl4Δ Top1-T722A 9.89 (7.01~12.6) 32 3 0 12 47 0.6 (0.07) <0.2* 
yku70Δ Top1-T722A 7.69 (4.36~14.54) 47 4 0 16 67 0.5 (0.06) <0.1* 
pol4Δ Top1-T722A 8.99 (8.01~12.92) 18 18 0 8 44 3.7 (0.45) <0.2* 
exo1Δ Top1-T722A 50 (35.33~80.13) 7 33 38 9 87 19.0 (2.3) 21.8 (11.5) 
exo1Δ 
dnl4Δ Top1-T722A 12.6 (10.3~18.7) 43 5 0 20 68 0.9 (0.11) <0.2* 

tdp1Δ Top1-T722A 21.54 (15.11~27.76) 41 4 2 10 57 1.5 (0.19) 0.8 (0.42) 
sae2Δ Top1-T722A 1.07 (0.51~3.45) 0 2 0 26 28 0.1 (0.01) <0.04* 

ly
s2
Δ

B
gl

N
R

 

WT 
Empty Vector 1.15 (0.7~1.3) 

NA 

0 0 43 43 <0.03* <0.03* 
Top1 2.86 (2.43~3.8) 2 0 42 44 0.1 <0.07* 

Top1-T722A 24.08 (16.48~33.25) 27 5 13 45 14.4 (1.0) 2.7  
dnl4Δ Top1-T722A 3.38 (2.14~4.92) 3 0 39 42 0.2 (0.01) <0.08* 

yku70Δ Top1-T722A 2.5 (2~4.2) 5 0 59 64 0.2 (0.01) <0.04* 
NA, not applicable; C.I., confidence interval 
* Frequency is calculated assuming there is one event. 
a Median frequencies are shown. 
b Numbers in parentheses are frequency fold change relative to WT Top1-T722A condition. 
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In the lys2ΔA746NR strain, large deletions comprised ~60% of the reversion 

events obtained upon Top1-T722A expression.  Half of the large deletions were 

recurrent 14-bp deletions at two positions (Figure 23A; white boxes), while the remainder 

occurred only one time each. By contrast, there was only one large deletion detected 

when WT Top1 was expressed.  As will be described below, the genetic requirements of 

the 14-bp versus other deletions were distinctly different, and the latter will hereafter be 

referred to as “Class I” deletions.  In the lys2ΔBglNR strain, 60% of the events were 

Class I deletions with Top1-T722A expression, and only 5% were large deletions with 

WT Top1 expression.  There was no obvious hotspot for deletions that reverted the 

lys2ΔBglNR allele, with each being observed only a single time (Figure 23B).  Compared 

to WT Top1, Top1-T722A expression increased the Class I deletions frequency about 

200 fold in the lys2ΔA746NR strain and 100 fold in the lys2ΔBglNR strain, indicating 

Class I deletions are caused by Top1-T722A.  The median size of Class I deletions 

analyzed by DNA sequencing was 59-bp and 81-bp for the lys2ΔA746NR and 

lys2ΔBglNR alleles, respectively (Tables 10 and 12).  The majority (~90%) of Class I 

deletions had short, 1-7-bp repeats at the deletion endpoints, with the deleted DNA 

including one repeat as well as the intervening sequences (Table 10 and 12).  The 

recurrent 14-bp deletions had either 3- or 4-bp repeats at the endpoints. 

The primers LYSWINF and LYSWINR are conventionally used to amplify the lys2 

reversion window for DNA sequencing (Figure 21; see Material and Methods). 

Interestingly, these primers did not generate a product for 4 out of 56 (7%) and 5 out of 

45 (11%) of revertants in the lys2ΔA746NR and lys2ΔBglNR strains, respectively.  By 

targeting more upstream and downstream sites for primer binding, we found that these 

revertants were missing all lys2 sequence upstream of reversion window as well as
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Figure 23: Large deletion spectra in the Top1-T722A plasmid expression system. 

A. Large deletions detected in the pTET-lys2ΔA746NR assay. B. Large deletions detected in the pTET-lys2ΔBglNR assay. The 
grey line indicates lys2 sequence upstream and downstream of the reversion window, which is red. Black lines below lys2 
correspond to individual large deletion events and are to scale. White boxes designate 14-bp deletions. 

 

A.#pTET$lys2ΔA746NR0

B.#pTET$lys2ΔBglNR0
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Table 10: Class I and Class II deletions in pTET-lys2ΔA746NR revertants in the 
plasmid-based Top1-T722A expression system. 

Genotype WT 
 

exo1Δ 
Deletion Class I Class I Class II 

 Flanking 
Repeat 

Deletion 
Size  Flanking 

Repeat 
Deletion 

Size 
Flanking 
Repeat 

Deletion 
Size 

 

T 11  TGGA 44 (5x)a None 3950 
T 56  None 20 TA 3899 

TCA 59  AGC 74 TCC 3914 
CA 35  CAA 59 CA 3812 
AT 167  A 47 A/TTGC 3896 

None 92  CAAGC 137 None 3746 
CT 95  A 26 GAG 3875 

None 17  TCA 59 None 3947 
GC 59  TGG 53 ACCAT 3887 
A 152  ATGAC/Gb 113 GAG 3770 
   ACAGCT 80 T 4058 
   TA 65 CT 3587 
   TT 128 AAG/TGAT 4043 (2x) 
   GAG 116 GAG/TG 3326 
   ATTGA 113 A/TCA 3863 
   TTG 56 AGT 3323 
   A 26   
   GA 86   
   ATA 71   
   TCAA 14   
   GC 86   
   TTT/CG 68   

   GAG 41   

   None 68   
   TCAG/CTT 59   

Medianc 59  59 3887 
c-NHEJ-independent 14-bp deletions are excluded. 
a Number of identical deletion observed. 
b Imperfect repeat sequences are bolded and italicized.  
c Median length of deletions. 
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Table 11: Class I deletions in pTET-lys2ΔA746NR revertants in the plasmid-based 
Top1-T722A expression system 

Genotype pol4Δ tdp1Δ 
Deletion Class I Class I 

 Flanking 
Repeat 

Deletion 
Size 

Flanking 
Repeat 

Deletion 
Size 

 

ACGTGGTCATT 203 GGATAT/Ga 230 
AGCTCAA 131(6x)b TCA 59 

CTA/T 149 AGCTCAA 131 
TCA 125 None 44 
CAA 8 (3x)   

A 71   
GAGGCC 62   

TCA 59   
TGT 14   

Medianc 128 95 
c-NHEJ-independent 14-bp deletions are excluded. 
a Imperfect repeat sequences are bolded and italicized.  
b Number of identical deletions observed. 
c Median length of deletions. 

pTET:KanMX cassette to which the gene was fused.  Though not formally tested, it is 

assumed that pTEF, which is a strong promoter fused to the KanMX gene, is driving 

transcription of the remaining lys2 gene (Figure 21).  This is the first study showing that 

the entire amino terminus is dispensable for Lys2 function. We will refer to these events, 

which deleted ~ 4kb, as Class II deletions.  Class II deletions were not detected in cells 

expressing WT Top1, suggesting their dependence on Top1-T722A as well. 

Effect of NHEJ Loss on Class I Deletions 

The major type of lethal damage attributed to the Top1cc is a DSB, leading us to 

speculate that large deletions could result from the illegitimate repair of DSBs.  There 

are two major DSB repair pathways in yeast: homologous recombination (HR) and non-

homologous end joining (NHEJ).  HR uses a homologous template for repair and  



 

 104 

Table 12: Top1-T722A-associated Class I large deletions in pTET-lys2ΔBglNR 
revertants. 

Systema Plasmid Chromosomal 
Genotype WT WT 

 Flanking 
Repeat 

Deletion 
size 

Flanking 
Repeat 

Deletion 
size 

 TTGTT 157 A 100 
 None 13 GGCCT 19 
 AAG 49 ATT 7 
 TAG 112 C/TAATb 166 
 GCCAA 43 CAA 58 
 ATTT 100 None 79 
 CC 154 None 22 
 TA 34 GC 19 
 AA 208 AGT 28 
 None 88   
 CCA 160   
 G 73   
 A 67   
 TT 64   
 GA 55   
 C 34   
 TT 49   
 GCATCAT 187   
 A 67   
 CC 160   
 AAT 142   
 AG 97   

Medianc 81 28 
a Top1-T722A expression system. 
b Imperfect repeat sequences are bolded and italicized. 
c Median length of deletion.  
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Table 13: Class I large deletions in pTET-lys2ΔBglNR revertants in the 
chromosomal Top1-T722A expression system. 

Genotype exo1Δ  sae2Δ 

 Flanking 
Repeat 

Deletion 
size 

Flanking 
Repeat 

Deletion 
size 

Flanking 
Repeat 

Deletion 
size 

 G 94  AGT 124 TG 46 
 AGC 106  ATC 79 G 103 
 A 129  T 13 AAGA 118 
 TG 142  TG 62 None 19 
 None 136  None 151 TT 49 
 TG 115  A 109 A 163 
 AA 187  GA 70 A 52 
 GC 19  None 58 TTT 49 
 AAAG 22  None 40 AGCT 40 
 CG 28  GA 91 A 55 
 AGT 124  GAG 55 TG 16 
 CCAAGAT 55  AAGA 118 GCCAA 43 
 AG 28  None 44 TAG 112 
 GGCCT 19  None 28 C 12 
 T 100  GA 7 AT 7 
    A 19 None 112 
    None 61 TAG 91 
    None 94 T 52 
    None 103 None 112 
    AG 28 A 121 
      A 121 
      TTT 49 

Mediana 97  56.5 
a Median length of deletion. 

involves extensive DNA synthesis.  HR is initiated with 5’-end resection of broken ends, 

which generates 3’-single-stranded DNA (ssDNA) tails that are used for a homology 

search.  In contrast, NHEJ joins broken ends directly without extensive DNA resection or 

synthesis.  In the case of non-canonical DNA ends, however, resection may be involved 

to generate ends suitable for ligation.  Classical NHEJ (c-NHEJ) is initiated when the 

Ku70/80 (“Ku”) complex binds to the broken ends.  In general, c-NHEJ products show 
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Table 14: Distribution of homology sequence length at deletion junctions. 

 

Length of  
Homology 
 Sequence 

lys2ΔA746NR lys2ΔBglNR lys2 allele 
Plasmid Plasmid Chromosomal Systema 

WT exo1Δ pol4Δ tdp1Δ WT WT exo1Δ sae2Δ Genotype 

Class I Class I Class II Class I Class I Class I Class I Class I Class I Deletion 
type 

0 2 2 3  1 2 2 1 11 

Number of  
Incidents 

1 bp 3 3 1 1  4 1 3 11 
2 bp 4 4 3   8 1 6 9 
3 bp 1 8 5 7 1 4 3 2 7 
4 bp  7 2   1 1 1 3 
5 bp  3 1   2 1 1 1 
6 bo  2 2 1 1     
7 bp    6 1 1  1  

11 bp    1      

c-NHEJ-independent 14-bp deletions are excluded. 
a Top1-T722A expression system. 
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accurate rejoining or small insertions/deletions at the break site.  In the case of 

deletions, short repeat sequences are often found at the deletion junction.  The lengths 

of these repeats are typically shorter than 5-bp (205).  There also is an alternative end-

joining process that does not require Ku and is associated with end resection.  This 

pathway is referred to as an alternative NHEJ (alt-NHEJ) or microhomology mediated 

end joining (MMEJ).  MMEJ requires longer homology for ssDNA alignment and ligation 

with repeats ranging from 5-25 bp (205).  

As mentioned above, we observed 1-7 bp repeats at deletion junctions with 2-or 

3-bp repeats being the most frequent (Table 14).  Because the majority of repeats are 

<5-bp, and we also see events that lack a junctional repeat, we hypothesized that Top1-

T722A-dependent large deletions are likely c-NHEJ events.  To test this, we abolished 

DNA ligase IV (encoded by DNL4) or yKu70 and monitored large deletion formation.  

The key feature that distinguishes c-NHEJ from alt-NHEJ and MMEJ is Ku-dependence 

of c-NHEJ.  In addition, Dnl4 is essential for c-NHEJ, but is not absolutely required for 

MMEJ (206,207).  When we examined reversion of the lys2ΔBglNR allele in a dnl4Δ 

background, the reversion rate decreased 7-fold.  This corresponded to almost a 100-

fold decrease in the Class I deletion frequency.  Similarly, Class I deletions that reverted 

the lys2ΔA746NR were dependent on Dnl4, with their frequency decreasing ~20 fold in a 

dnl4Δ background.  Interestingly, the 14-bp deletions detected with the lys2ΔA746NR 

allele remained in a dnl4Δ background, indicating their NHEJ-independence. 

To further confirm that Class I deletions are c-NHEJ events, we eliminated 

yKu70. For the lys2ΔA746NR allele, the frequency of Class I large deletions decreased 

20-fold in the yku70Δ background.  The Dnl4-independent 14-bp deletions were not 

affected by yKU70 knockout, further confirming their c-NHEJ independence.  In the 
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lys2ΔBglNR assay, the effect of yKu70 loss on Class I deletions was comparable to that 

of Dnl4 loss .  Taken together, these data demonstrate that there are two subclasses of 

Top1-T722A-dependent large deletions: c-NHEJ-dependent events and c-NHEJ-

independent events.  While c-NHEJ-dependent large deletions are observed among 

both lys2ΔA746NR and lys2ΔBglNR revertants, c-NHEJ-independent 14-bp deletions 

can be detected only among the lys2ΔA746NR revertants. 

Pol4 is a Pol X family polymerase that exclusively works in NHEJ.  While Pol4 

has been shown to be dispensable for direct re-joining of compatible ends, it is 

absolutely required for the joining of 3’-overhangs whose annealing generates a gap on 

both DNA strands (208-210).  Pol4 is also required for joining incompatible DNA ends, 

one of which has a 5’-overhang and the other a 3’-overhang.  We thus examined 

whether Top1-T722A-generated DSBs would require Pol4-dependent gap filling during 

the formation of large deletions.  In the lys2ΔA746NR allele, the frequency of Class I 

deletions decreased 2.3-fold in a pol4Δ background compared to WT (reversion of the 

lys2ΔBglNR allele was not examined in this or subsequent mutant backgrounds).  This 

result suggests that approximately half of the Class I deletions in the plasmid system 

require Pol4-dependent gap filling.   

Tdp1 is Required for Class I Deletions 

Top1cc accumulation presumably leads to the DSBs that are responsible for 

large deletion formation.  According to this hypothesis, the abolishment of proteins 

involved in removing trapped Top1 should alter the frequency of large deletions.  One 

possibility is that removal of the Top1cc prevents DSBs.  In this case, reducing removal 

of the Top1cc should increase large deletions.  On the other hand, trapped Top1 

removal may be necessary to create the clean DNA ends needed for ligation by Dnl4.  In 
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this case, the abolishment of a candidate protein will decrease large deletions. It is 

important to note that a protein can be involved in both pathways.  In such a case, the 

net result will reflect the major role of the protein in deletion formation.  

TDP1 encodes a tyrosyl-DNA phosphodiesterase that removes peptides, 

including those from Top1 proteolysis, from the 3’-end of DNA (211,212).  We thus 

deleted TDP1 and monitored the effect on Class I deletions detected among 

lys2ΔA746NR revertants.  The frequency of Class I deletions decreased 5.4-fold in a 

tdp1Δ background compared to WT.  This result suggests that the major role of Tdp1 is 

in removing Top1 peptides to generate 3’ DNA ends suitable for ligation.  Although their 

numbers are relatively small, Class II deletions seem to be similarly dependent on Dnl4, 

yKu70, Pol4 and Tdp1.  

Class I and Class II Deletions are Enhanced in the Absence of Exo1 

We speculated that the loss of DNA associated with Top1-T722A expression 

results either from extensive resection of a single DSB or from the loss of DNA between 

two DSBs.  We tested Exo1, which is a 5’-flap endonuclease and 5’-3’ exonuclease, as a 

candidate nuclease.  If Exo1 were responsible for large deletions, then we should 

observe reduction of these events in an exo1Δ background. Deletion of EXO1, however, 

unexpectedly increased the reversion frequency of the lys2ΔA746NR allele about 2-fold 

(Table 9).  In addition, out of 87 Lys+ revertants analyzed by PCR, 38 had a Class II 

deletion that removed pTET:KanMX and the first 500-bp of the lys2 coding sequence.  

Seventeen of these were sequenced and each had unique endpoints; the deletion sizes 

ranged from 3323 to 4100-bp, with a median size of 3887-bp (Table 10).  Taking into 

account the large proportional increase of Class II deletions among revertants, the 

frequency of Class II deletions increased 12-fold in the exo1Δ strain compared to WT.  
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The increased proportion of Class II events allowed us to more rigorously address 

whether these events, like the Class I deletions, are c-NHEJ events.  The Class II 

deletions were completely eliminated in an exo1Δ dnl4Δ background, suggesting that 

Class I and Class II deletions arise via the same mechanism.  Finally, the frequency of 

Class I deletions were also enhanced 2.3-fold in the exo1Δ background, but the median 

size of deletions remained ~60-bp (Table 10). 

Effect of Sae2 and Mre11 Loss on Class I Deletions  

Sae2 and Mre11, as a subunit of Mre11-Rad50-Xrs2 (MRX) complex, are 

involved in generating the 3’-ssDNA tail used to initiate HR.  Mre11 is also required for 

NHEJ (213-215), and extended binding of MRX to broken ends enhances repair via 

NHEJ.  Removal of MRX from broken ends requires Sae2, which is consistent with the 

hyper-NHEJ phenotype observed in a sae2Δ background (216-218).  Moreover, both 

Sae2 and Mre11 have been implicated in trapped Top1cc removal. For example, the 

nuclease activity of CtIP, a human ortholog of Sae2, is required for the removal of 

trapped Top1 in vivo (219,220).  In addition, chicken DT40 cells carrying a mutant CtIP 

are proficient for HR and NHEJ but remain hypersensitive to CPT, suggesting a role in 

CPT-induced break repair (219).  In yeast, sae2Δ or mre11Δ mutants are sensitive to 

CPT, suggesting a role in Top1cc removal (221).  Finally, Mre11 has been shown to 

remove peptides from 3’-ends in vitro (222).  These results suggest that loss of Sae2 

should increase the NHEJ-dependent large deletions associated with Top1-T722A. In 

case of Mre11, if large deletions require MRX to bridge ends for ligation, and then we 

expect decrease in deletion frequency.  Conversely, if major role for Mre11 is removing 

Top1cc, then we expect to observe increase in large deletion frequency.  
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Unexpectedly, Class I deletions were almost completely eliminated in a sae2Δ 

background.  A previous study using the same pCUP1-top1-T722A plasmid as used 

here demonstrated that Top1-T722A expression is lethal in an mre11Δ background 

(174).  Consistent with this observation, we were not able to recover transformants that 

contain the plasmid. 

5.3.2 Expression of Top1-T722A from the Endogenous TOP1 Locus 

To facilitate further examination of deletions, the top1-T722A allele was 

introduced into the chromosomal TOP1 locus via delitto perfetto (223).  In addition, the 

endogenous TOP1 promoter was replaced with pGAL in order to control the expression 

of the mutant protein.  For the chromosomal Top1-T722A expression system, we 

examined only lys2ΔBglNR revertants in order to exclude the frequent 14-bp deletions 

detected with the lys2ΔA746NR allele and allow focus on c-NHEJ-dependent events.  

Results from the chromosomal system are summarized in Figures 24-25 and Table 15. 

 

Figure 24: Rates of Class I deletions in the Top1-T722A chromosomal expression 
system.    

Error bars are 95% confidence intervals.
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Figure 25: Class I deletion spectra for the pTET-lys2ΔBglNR pGAL-top1-T722A strain in the WT, exo1Δ and sae2Δ 

backgrounds. 

Red lines indicate the reversion window and grey lines indicate the lys2 sequence upstream and downstream of the reversion 
window. Black lines depict individual deletion events. 

 

A.#WT#

B.#exo1Δ&

Sae2D Ku70D

C.#sae2Δ&



 

 

113 

 

Table 15:  Reversion of the pTET-lys2BglNR allele in the chromosomal Top1-T722A expression system. 

 

Genotype Number of events Total Lys+ reversion  
rate x 10-10 (95% C.I.) 

Class I deletion 
rate  x 10-10 Top1 Other Class I Total 

top1Δ WT 0 126 172 (138~248) < 1* 

pGAL-TOP1 WT ND ND 184 (115~211) ND 

 
pGAL-top1-T722A 

WT 9 144 823 (775~937) 51 (1.0)a 

yku70Δ 4 98 784 (592~875) 32 (0.6) 

exo1Δ 15 84 1270 (1100~1440) 227 (4.5) 

exo1Δ yku70Δ 1 65 688 (404~1000) 11 (0.2) 

tdp1Δ 2 86 27 5(189~315) 6 (0.1) 

sae2Δ 42 140 1600 (949~2050) 480 (9.4) 

sae2Δ yku70Δ 4 75 1430 (660~1660) 76 (1.5) 

sae2Δ tdp1Δ 3 66 621 (499~770) 28 (0.5) 

mre11Δ 2 64 810 (629~978) 25 (0.5) 

pol4Δ 6 66 506 (423~559) 46 (0.9) 

ND; not determined. 
* Rate was calculated assuming there is one event. 
a Rate fold change relative to pGAL-top1-T722A WT strain is in parentheses. 
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Top1-T722A Expression Causes c-NHEJ-dependent Class I Large Deletions 
in the lys2ΔBglNR Assay  

Expression of Top1-T722A from the pGAL promoter elevated the reversion rate 

of the lys2ΔBglNR allele ~5 fold relative to that in the top1Δ and pGAL-TOP1 control 

backgrounds.  While there were no Class I deletions observed among 126 revertants 

sequenced from the top1Δ background, Class I deletions comprised ~6% of total 

reversion events (9/144) in the pGAL-top1-T722A background.  We thus estimated that 

the Class I deletion rate was elevated ~50 fold in pGAL-top1-T722A compared to the 

top1Δ background.  The median deletion size was 28-bp, and the length of 

microhomology at deletion junctions ranged from 1 to 7-bp (Table 12 and 14). Compared 

to expression of Top1-T722A from the plasmid, chromosomal expression was 

associated with an ~3-fold lower reversion rate and proportionally fewer (6% versus 

60%) large deletions among revertants. Overall, the Class I deletion rate was 25-fold 

lower in the chromosomal compared to the plasmid Top-T722A expression system. 

To examine the effect of loss of NHEJ factors on Class I deletions in the 

chromosomal expression system, we deleted yKU70 and POL4. The total Lys+ reversion 

rates were similar between yku70Δ and WT strains, and the proportions of large 

deletions in mutation spectra were not significantly different (Table 15 and Figure 24).  

Class I deletion rates were also comparable between the WT and pol4Δ strains. Due to 

small numbers of events observed in these backgrounds, however, it was difficult to 

conclude whether or not Class I deletions are c-NHEJ dependent events.  As in the 

plasmid system for Top1-T722A expression, loss of Exo1 was associated with an 

increase in the rate of Class I deletions in the chromosomal expression system.  

Importantly, the increased rate of Class I deletions in the exo1Δ background allowed us 
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to more rigorously test whether these events are c-NHEJ dependent.  Relative to the 

single mutant, the rate of Class I deletions in an exo1Δ yku70Δ double mutant was 

reduced ~20-fold, confirming the c-NHEJ dependency of Class I deletions.  In addition, 

the median length of deletions increased from 28-bp in WT to 97-bp in the exo1Δ 

background (Table 12 and 13).  It should be noted that, in contrast to the large increase 

in Class II deletions observed in the exo1Δ background when Top1-T722A was 

expressed from a plasmid, we did not detect any Class II deletions in the chromosomal-

expression system.  Finally, we examined the requirement for Tdp1 in the chromosomal 

system and, as in the plasmid system, there was a clear requirement for this protein.  

Both the rate and proportion of Class I deletions decreased in the tdp1Δ background, 

corresponding to an estimated 10-fold decrease relative to WT.  

Effect of Sae2 and Mre11 Loss on Class I Deletions 

Deletion of SAE2 decreased the Class I deletion frequency ~100-fold when 

Top1-T722A was expressed from a plasmid (Table 9).  In striking contrast to this result, 

loss of Sae2 increased the Class I deletion rate ~10-fold in the chromosomal expression 

system (Table 15 and Figure 24).  Similar to what was observed in the exo1Δ yku70Δ 

strain, the Class I deletion rate decreased in a sae2Δ yku70Δ double mutant compared 

to a sae2Δ single mutant, confirming dependence of these events on the c-NHEJ 

pathway.  We additionally observed an ~20-fold decrease in the Class I deletion rate in 

the sae2Δ tdp1Δ double mutant strain compared to the sae2Δ single mutant.  This 

further confirms the requirement of Tdp1 for Class I deletions when Top1-T722A is 

expressed either from the plasmid or chromosome. 

Because we detected a much lower Class I deletion rate in the chromosomal 

than in the plasmid system, we speculated that Top1-T722A expression is likely much 



 

 116 

lower from the chromosomal than from the plasmid.  Consistent with this, deletion of 

MRE11 was tolerated when Top1-T722A was chromosomally expressed, although cells 

grew very poorly.  At first glance, it seemed there was a 2-fold decrease in Class I rate 

upon Mre11 loss.  However, the number of events was small (p=0.5 by Fisher exact 

test), and the 95% confidence interval for reversion rates overlapped between WT and 

mre11Δ.  

5.4 Discussion  

Here we report a novel type of mutation reflecting the repair of Top1cc-induced 

DSBs. In both the plasmid and chromosomal expression systems, Top1-T722A caused 

large deletions that required Dnl4, yKu70, and Tdp1 and were enhanced in the absence 

of Exo1.  Unexpectedly, loss of Sae2 had opposing effects in the two systems:  large 

deletions decreased in a sae2Δ background when Top1-T722 was expressed from a 

plasmid, but increased when the protein was chromosomally expressed.  Below we 

discuss our genetic data and propose a model for in vivo Top1-T722A-dependent large 

deletion formation. 

There are multiple possible mechanisms for Top1cc-mediated DSBs and 

subsequent large deletion formation (Figure 26).  First, when two Top1ccs on 

complementary strands are in very close proximity, a DSB with 5’-overhangs can be 

formed (Figure 26A).  Advancing RNAPII may facilitate dissociation of strands between 

the two Top1ccs.  If two DSBs are simultaneously formed on a single DNA molecule, the 

intervening fragment between two DSBs could be lost.  If two Top1ccs on 

complementary strands are far apart, then the DNA strands between two Top1ccs will 

hold the duplex together.  However, if extensive resection occurs during removal of Top1 

peptides or 5’-OHs, then converging resection could destroy the region in between  



 

 117 

 

Figure 26: Models for Top1-T722A-induced DSBs and deletion formation. 

Black lines indicate single DNA strands and yellow oval indicates Top1cc. A. Green 
dotted box demonstrates DSB generated by Top1cc close together on complementary 
strands. B. Blue packman indicates a 5’-3’ exonuclease processing the 5’-OH. C. The 
yellow squiggly line indicates a Top1 peptide bound to the 3’-end. The purple packman 
designates a 3’-5’ exonuclease.  
 

(Figure 26B-C).  Finally, a single Top1cc can cause a DSB if the Top1 cleaves close to a 

nick on the non-scissile strand, and multiple DSB formation on a single molecule could 

result in a deletion (Figure 26D).  

We tested Exo1 as a candidate nuclease for extensive resection with the 

expectation that its abolishment would lead to a decrease in large deletions.  Large 

deletions, however, were enhanced in the exo1Δ backgrounds.  In addition, the size as 

well as the frequency of deletions increased in the absence of Exo1.  One possible 

explanation for this result is that in the absence of Exo1, more processive nucleases 

perform the extensive resection required for larger deletions.  Alternatively, the result 

may reflect the role for Exo1 in HR.  In our system, the only available template for HR is 
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a sister chromatid.  Repair using the sister chromatid is a silent event, since the repaired 

molecule maintains a Lys- phenotype.  It is thus predicted that less efficient HR should 

enhance repair via NHEJ in the exo1Δ background.  In addition, inefficient HR in an 

exo1Δ strain may provide sufficient time for multiple DSBs to be formed on a single 

molecule, resulting in larger deletions.  

We monitored Top1-T722A-dependent events in two systems that have two 

major differences.  First, top1-T722A was under control of pCUP1 in the plasmid 

expression system and pGAL in the chromosomal expression system.  Second, cells 

were grown in SCD-Ura for plasmid expression but in rich YEP medium supplemented 

with 2% galactose for chromosomal expression of Top1-T722A.  Despite these 

differences, Class I deletions were Tdp1-and yKu70-dependent, and were enhanced in 

the absence of Exo1 in both systems.  Although the directions of effects were similar 

between the two systems in WT, tdp1Δ, yku70Δ or exo1Δ backgrounds, the magnitude 

of the effects were different.  In WT, the Class I deletion frequency was 50-fold higher in 

the plasmid compared to chromosomal system.  In addition, the median size of Class I 

deletions in the lys2ΔBglNR allele was 59-bp and 28-bp in the plasmid and 

chromosomal system, respectively.  Finally, very large Class II deletions were not 

observed in the chromosomal system.  

We propose that these differences reflect different amounts of Top1-T722A 

protein in the plasmid and chromosomal expression systems.  In particular, the greater 

the amount of Top1-T722A, the higher chance for multiple DSBs to be formed.  Prior 

studies have shown that Top1-T722A overexpression from pGAL on a CEN plasmid 

causes G2-phase arrest and cell death in yeast, while a lower level of constitutive 

expression is tolerated (173,201).  The amount of Top1-T722A protein is thus expected 
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to positively correlate with the growth anomalies.  In agreement with this prediction, we 

observed flocculation, which is a stress response, in cells transformed with the pCUP1-

top1-T722A plasmid.  No flocculation was observed in cells transformed with the pCUP-

TOP1 plasmid or in cells expressing Top1-T722A from the chromosome.  In addition, in 

the mre11Δ background, plasmid-expressed Top1-T722A caused cell death, while 

chromosomal expression was tolerated.  These results imply that the Top1-T722A level 

is higher when the protein is expressed from the plasmid.  

Loss of Sae2 had opposing effects in the plasmid and chromosomal expression 

systems. In the sae2Δ background, Class I deletions were absent when Top1-T722A 

was expressed from a plasmid but increased when Top1-T722A was expressed from 

chromosome.  This may also reflect different levels of Top1-T722A in the systems.  

Here, Sae2 function will be further discussed using results from the chromosomal 

system.  Increased Class I deletions in the sae2Δ background could be due to an 

increased Top1cc accumulation (221), or enhanced NHEJ (217,224).  The hyper-NHEJ 

phenotype of sae2Δ strain is presumably caused by longer retention of the MRX 

complex at the break (217,224).  MRX retention prevents HR by inhibiting access of 

nucleases and enhances NHEJ by bridging broken ends.  Since our data suggest that 

Ku is bridging ends for large deletions, we speculate that the sae2Δ result may reflect 

HR inhibition.  In addition, Sae2 could be enhancing Top1cc accumulation.   

Class I deletions are strongly dependent on yKu70, while loss of Mre11 has no 

significant impact on Class I deletions.  This may seem contradictory to previous reports 

on the requirement of Mre11 in NHEJ (213-215,217).  In these studies, Mre11 as a 

component of MRX complex was required for bridging broken ends for NHEJ.  While 

these studies focused on NHEJ at a clean DSB induced by endonucleases, we are 
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following presumably multiple DSBs simultaneously introduced by Top1-T722A in a 

highly transcribed DNA.  RNAPII movement is expected to facilitate dissociation of 

broken ends, where an end-capturing ability could be essential for bridging DSBs. In 

support of this, the Ku complex can capture ends from independent molecules and is 

capable of aligning overhangs lacking homology (225-227).  In addition, Ku binds to IR-

induced DSBs, suggesting it may also bind to Top1-generated “dirty” DNA ends (228).  

Therefore, a strong Ku-dependence and Mre11-independece suggests that the Ku 

complex is the major player bridging broken ends during large deletion formation.  

In addition, in our system the DNA ends are covalently bound to Top1, which 

may alter the factors recruited to the DSB and/or the order of recruitment. We expect 

Tdp1 to be recruited to the breaks to remove Top1.  Interestingly, human Tdp1 has been 

shown to recruit NHEJ factors, XLF and Ku70/80, and stabilizes their binding to DNA 

(229).  Furthermore, the removal of biotin from a 3’-end by Tdp1 was stimulated by XLF, 

a homolog of yeast Nej1 (229).  These observations suggest the intriguing possibility 

that Tdp1 recruitment to the site of Top1cc-induced DSBs for Top1 removal further 

recruits the Ku complex, thereby “directing” break repair towards the c-NHEJ pathway.  

At the same time, NHEJ factor(s) may stimulate Tdp1-dependent Top1cc processing, 

resulting in an enhanced repair of Top1cc-induced DSBs via NHEJ.  

The novel type of Top1-dependent mutagenesis described here indicates that 

Top1-T722A expression causes multiple double-ended DSBs.  Repair of these DSBs via 

c-NHEJ then results in large deletions.  Large deletions require Tdp1, yKu70 and Dnl4.  

This suggests Tdp1 removes a Top1 peptide from the 3’ DNA ends and that Ku bridges 

these two Tdp1-processed DSBs, allowing Dnl4 to perform a ligation.  In some cases, 

Pol4 is also involved in DSB end processing for ligation by Dnl4.  Increased large 



 

 121 

deletions in an Exo1 deficient background may reflect the effect of a less efficient HR, or 

the involvement of an alternative nuclease in formation of the two DSBs.  Increased 

large deletions in the sae2Δ background in chromosomal expression system may reflect 

Sae2’s role in Top1cc removal.  Given the high conservation of the DSB repair 

processes between yeast and humans, the link between trapped Top1cc and 

mutagenesis established here most likely extends to humans.  In particular it may be 

relevant to adverse effects, such as secondary tumor formation, of chemotherapy using 

Top1 inhibitors.           
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Chapter 6. Conclusion and Future Directions  
Spontaneous mutagenesis is an important driving force of genetic diversity that 

can lead to evolutionary changes and cancer formation.  Researchers in the DNA repair 

field have recently appreciated two novel sources of spontaneous mutagenesis. First, 

Topoisomerase 1 (Top1) was reported to be a major source for transcription-associated 

mutagenesis (TAM), which reflects accumulation of spontaneous mutations at actively 

transcribing genes (160).  Second, rNMPs were found to be the most abundant non-

canonical, potentially mutagenic component of genomic DNA (37). In an effort to 

understand the biological consequences of rNMPs in genomic DNA, we found that Top1 

is the cause of short deletions at rNMPs (151). Interestingly, only a subset of Top1-

dependent mutations was attributed to the presence of rNMPs. The current thesis aims 

to understand the basis of Top1-dependent and rNMP-dependent or rNMP-independent 

mutagenesis.  

In Chapter 2, I demonstrated that two subclasses of Top1-dependent 

mutagenesis reflect repair of (a) a single-strand break (SSB) with trapped Top1cc and 

(b) a single-strand break introduced by Top1 incision at an rNMP.  Expression of a 

mutant Pol ε, Pol2-M644L, that incorporates less rNMPs compared to wild-type (WT), 

decreased deletions at rNMP-dependent hotspots. Conversely, rNMP-independent 

hotspot activity was not affected by Pol2-M644L expression.  In addition, expression of 

Top1-T722A, which has reduced re-ligation activity, enhanced rNMP-independent 

deletion formation. This result strongly suggested that trapped Top1cc is the initial lesion 

for rNMP-independent deletions. By contrast, expression of Top1-T722A reduced 

hotspot activity at rNMP-dependent deletion hotspots, suggesting rNMP-dependent 

deletions actually require efficient Top1-mediated ligation. This finding led to proposal of 
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a sequential-cleavage model for the rNMP-dependent deletion process, which was 

tested in Chapter 4 (Figure 10).   

Although my data suggest that Top1cc trapping enhances rNMP-independent 

deletions, the source(s) of Top1cc trapping is unknown. The trapped Top1cc could result 

from (1) collision between RNAPII and a Top1cc on transcribed-strand (TS), (2) Top1 

incision near a DNA lesion that disrupts positioning of the 5’-OH, or (3) Top1 incision 

upstream to a nick which releases the 5’-OH as part of an oligo [reviewed in (103)].  To 

test the collision between RNAPII and Top1cc as a source for rNMP-independent 

deletions, I inverted the rNMP-independent deletion hotspot (AT)2 within the lys2 

reversion window. According to the Top1 cleavage site mapping presented in (151), 

(AT)2 hotspot inversion was predicted to position the Top1 cleavage site on the TS. If 

RNAPII collision is responsible for trapping Top1, then I expected to observe an increase 

in deletion rate upon hotspot inversion. The 2-bp deletions at (AT)2, however, completely 

disappeared, indicating rNMP-independent deletions likely have a non-transcribed 

strand (NTS)-bias (data not shown). Given that the NTS is susceptible to endogenous 

DNA damaging agents due to its single-stranded characteristic, an NTS-bias may reflect 

enhanced DNA damage on NTS that traps the Top1cc.  

Factors involved in trapped Top1cc removal during the rNMP-independent 

deletion process are not known.  Repair of trapped Top1cc has been of great interest in 

cancer research, because Top1 is the target of the chemotherapeutic drug camptothecin 

(CPT).  CPT inhibits Top1-mediated ligation, trapping Top1cc and leading to lethal 

double-strand breaks (DSBs). Using yeast as a model organism, increases or decreases 

in CPT-resistance of mutant strains have led to the identification of protein(s) involved in 

the repair of CPT-induced damage, including removal of trapped Top1cc from double-
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stranded DNA ends.  The candidate proteins identified in these studies include Tdp1, 

Mus81/Mms4, Rad1/Rad10, Rad27, Sae2 and Mre11/Rad50/Xrs2 [reviewed in (103)].  I 

have tested Tdp1, Mus81, Rad1 Sae2, and Mre11 as candidate nuclease(s), but have 

observed no change in 2-bp deletions at the (AT)2 hotspot (data not shown). These 

results may reflect redundancy between these nuclease(s). Alternatively, these 

candidate proteins may not be relevant to repair of SSBs with a trapped Top1cc. CPT-

induced lethality is attributed to DSBs generated by replication runoff at a trapped 

Top1cc. Therefore, candidates identified based on CPT-resistance may function only in 

the context of DSBs.  In addition, it is possible that the rNMP-independent deletion 

process may not require any nuclease action at all. Interestingly, double cleavage 

complex formation was observed for human Top1 in vitro (230). Following the first 

Top1cc formation, a second Top1 cleavage 12-14 nt upstream released the intervening 

strand and the Top1cc, generating a single-stranded gap.  The second Top1cc was very 

efficient at re-ligating an incoming DNA strand that hybridized immediately downstream, 

thus initiating Top1-mediated recombination-like repair. A similar reaction can be 

envisioned for rNMP-independent deletion process. Following the initial Top1cc trapping, 

proteasomal digestion of Top1 might allow secondary Top1 cleavage very close to the 

first cleavage site, generating a short single-stranded gap. As in rNMP-dependent 

deletion process, Top1-mediated ligation would then complete deletion process.  

One caveat of studying the Top1-dependent deletion process using yeast Top1 is 

that its poor consensus recognition sequence makes it difficult to predict where Top1 is 

cleaving DNA in vivo. This requires in vitro mapping experiments using short duplexes 

that may not accurately reflect cleavage in chromatin.  To overcome this, I introduced 

vaccinia Top1 into yeast. Vaccinia Top1 has the very strict consensus sequence 5’-



 

 125 

CCCTT-3’, and it forms a covalent bond with the terminal thymine.  By duplicating the 

recognition sequence, I generated a vaccinia Top1-dependent rNMP-independent 

deletion hotspot (data not shown). To my knowledge, this is the first demonstration of 

vaccinia Top1 causing mutations in yeast genome. Future experiments could test the 

double cleavage complex formation model in parallel in vivo and in vitro using vaccinia 

Top1.  

In Chapter 3, I analyzed the effect of high levels of transcription on the rNMP-

dependent deletion process. I reported for the first time that rNMPs incorporated by Pol 

δ contribute to Top1-dependent deletions, and that high levels of transcription create a 

strand-bias in deletion formation. Specifically, rNMP-dependent deletions were much 

more frequent when Top1 incised the NTS than when it incised the transcribed-strand 

(TS). I tested the effect of TS-specific repair or R-loop formation as a possible source for 

the NTS-bias, but neither accounted for the bias. An RNAPII pushing model for NTS-

bias was proposed, in which movement of RNAPII pushes the Top1cc toward the 5’-OH 

when Top1cc is on NTS while it pushes the Top1cc away from the 5’-OH when Top1cc 

is on TS.  It is unclear, however, how this model could be tested in vivo. In principle, it 

should be testable in vitro, but this is beyond the scope of experiments done in my lab.  

Interestingly, an NTS-bias was also observed for rNMP-independent deletions; it was 

observed for (AT)2 hotspot with yeast Top1 and (CCCTT)2 hotspot with vaccinia Top1 

(data not shown). It is unclear whether the molecular bases for the NTS-bias are the 

same for rNMP-dependent and rNMP-independent deletion hotspots.  

In Chapter 4, I tested the sequential-cleavage model for rNMP-dependent 

deletions in parallel in vivo and in vitro experiments. My data confirmed that the size and 

frequency of rNMP-dependent deletions depend on the distance between two Top1 
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cleavage sites.  The deletion size corresponded to the distance between the two sites, 

and the deletion frequency inversely correlated with deletion size.  In addition, I 

recapitulated the sequential-cleavage reaction in vitro, demonstrating that Top1 is 

sufficient to complete the whole process.  It is important to note that in contrast to 

previous in vitro reports (72,73), our substrate sequence was identical to an in vivo 

hotspot, and we used continuous duplex DNA containing an rNMP at the first Top1 

incision site.  Finally, I showed that the role for the repeat is to facilitate misalignment 

between the two complementary strands, and slippage of 5’-OH end is more efficient 

than slippage of Top1cc-bound end.  

In Chapter 5, I described a novel type of Top1-dependent mutagenesis: large 

deletions (>5-bp) with little or no homology at deletion junctions. These large deletions 

were dependent specifically on Top1-T722A expression, and are referred to as Class I 

deletions. Class I events required Tdp1, suggesting removal of Top1 peptides from the 

3’-end is necessary for the deletion process.  In addition, Class I deletions required 

classical non-homologous end joining (c-NHEJ) factors, yKu70 and Dnl4. This finding led 

to proposal of a model in which two DSBs are bridged by the Ku complex with DNA 

ligase IV ligating the two ends to generate large deletions.  In these experiments, the 

Top1-T722A protein was expressed either from a transformed CEN plasmid or from the 

chromosome. In the plasmid expression system, top1-T722A allele was under control of 

the CUP1 promoter; in the chromosomal expression system it was under control of the 

GAL promoter. Interestingly, the Class I deletion signature was much stronger in the 

plasmid expression system compared to chromosomal expression system, suggesting 

the Top1-T722A level is likely higher when the protein is expressed from the plasmid. To 

confirm this, the amount of Top1-T722A protein can be estimated by RT-PCR or directly 
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measured by western blot.  In preliminary experiments, Lys+ reversion rate of the pGAL-

Top1-T722A strain increased 10-fold when cells were grown in synthetic complete 

medium supplemented with 2% galactose compared to when cells were grown in YEPG 

(1% yeast extract, 2% Bacto-peptone, and 250 µg/mL adenine hemisulfate 

supplemented with 2% galactose). This suggests that the cause of differential protein 

expression may stem from growth media.  Spectra analysis will be performed on these 

strains to see whether this increased reversion rate corresponds to enhanced Class I 

deletions.  

Unexpectedly, loss of Sae2 had opposing effects in the plasmid and 

chromosomal expression systems. In the sae2Δ background, Class I deletions were 

absent when Top1-T722A was expressed from a plasmid but increased when Top1-

T722A was expressed from chromosome. This may also reflect different levels of Top1-

T722A in the systems, which can be experimentally tested. Increased Class I deletions 

in the sae2Δ background in chromosomal expression system could be due to less 

efficient homologous recombination in the absence of Sae2 or increased Top1cc 

accumulation. It should be noted that the nuclease activity of CtIP/Sae2 is required for 

Top1cc removal, but it is dispensable for promoting HR (220).  I will address the role of 

Sae2 by introducing a nuclease dead version developed by Tanya Paul’s lab into the 

chromosomal system.  

Finally, Top1-T722A is described as CPT mimic.  Interestingly, earlier studies on 

the mutagenic potential of CPT in mammalian cells reported observation of large 

deletions upon CPT treatment (202).  The molecular mechanism of CPT-induced 

deletions, however, was not further studied. I speculated that Class I deletions could be 

relevant to CPT-induced large deletion formation.  In preliminary experiments, however, 
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CPT did not cause large deletions in the lys2 alleles used in Chapter 5. This brings up 

an interesting point as to whether Top1-T722A is a perfect CPT mimetic in vivo. CPT 

causes S-phase specific single-ended DSBs (SEBs) via replication runoff (231-233). 

CPT causes lethality in sae2Δ yeast cells, which is rescued in sae2Δ yku80Δ double 

mutant in an Exo1-dependent manner (217,234-236). These results indicate that CPT-

induced SEBs cannot be efficiently repaired by NHEJ. In contrast, the poor growth of 

sae2Δ strain observed with Top1-T722A expression from chromosome was exacerbated 

in the sae2Δ yku70Δ double mutant (data not shown). Furthermore, yeast yku70Δ cells 

and chicken DT40 KU70-/- cells are resistant to low doses of CPT (217,235,236), while 

yku70Δ pGAL-top1-T722A strain grows poorly. I propose these differences reflect a 

different amount of trapped Top1cc. Top1-T722A will be transiently trapped every time 

and everywhere it cleaves. By contrast, CPT-induced Top1cc trapping is limited by the 

concentration of CPT, permeability of the cell, and the DNA sequence context (109).  I 

speculate that the dosage of CPT used in previous reports and in the preliminary 

experiments was not sufficient to stabilize most Top1cc.  Experiments are underway to 

optimize conditions to observe CPT-induced large deletions in yeast, and to test whether 

Class I deletion mechanism is relevant to CPT-induced events.  

In summary, I have demonstrated that there are two distinct mechanisms for 

Top1 to generate DNA damage (a) inhibition of Top1-mediated ligation and (b) 

irreversible single-strand break formation by Top1 incision at an rNMP. My genetic and 

biochemistry studies revealed the underlying mechanisms of rNMP-dependent deletion 

process. Inability to remove rNMPs from genome is linked to human diseases Aicardi-

Goutières syndrome and systemic lupus erythematosis (54), and my studies on the 

Top1-dependent rNMP-dependent deletion process could be relevant to pathogenesis of 
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these diseases.  Finally, I report two types of mutations that reflect repair of trapped 

Top1cc, which is analogous to the DNA lesion generated by CPT. Given that Top1 is the 

target for CPT-derivatives widely in use in the clinic, our findings on Top1-dependent 

rNMP-independent mutagenesis may have implications for development of drug 

resistance by cancer cells and/or secondary tumor formation. This can be tested by 

large-scale analysis of genomic sequence data from cancers treated with CPT-

derivatives, such as irinotecan and topotecan. Altogether, my thesis extends our 

knowledge on Top1, especially its mutagenic potential, and thus substantially contributes 

to the field of DNA repair.
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Appendix A 
Table 16: Yeast strains used in Chapter 2.

Strain Relevant Genotype 
SJR282 MATα ade2-101oc his3Δ200 ura3ΔNco suc2 gal80Δ::HIS3 

SJR2259 MATa ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR'-Ssn6:LEU2 
his4Δ::pLYS-LYS2 

SJR2261 SJR2259 his4Δ::pTET-LYS2 
SJR2391 SJR2261 his4Δ::pTET-lys2ΔA746 lys2Δ::natMX4 
SJR2816 SJR282 kan:pGAL-CAN1a 
SJR3076 SJR2261 his4Δ::pTET-lys2ΔA746,NR,(AT)2 

SJR3077 SJR2261 his4Δ::pTET-lys2ΔA746,NR,(TC)3 
SJR3111 SJR2391 top1Δ::loxP-TRP1-loxP 
SJR3117 SJR2259 his4Δ::pLYS-lys2ΔA746,NR,(AT)2 
SJR3118 SJR2259 his4Δ::pLYS-lys2ΔA746,NR,(TC)3 
SJR3140 SJR2261 his4Δ::pTET-lys2ΔBgl 
SJR3142 SJR282 rnh201Δ::loxP-URA3Kl-loxP 
SJR3143 SJR2816 rnh201Δ::loxP-URA3Kl-loxP 
SJR3154 SJR3140 rnh201Δ::loxP-URA3Kl-loxP 
SJR3166 SJR3076 rnh201Δ::loxP-URA3Kl-loxP 
SJR3167 SJR3077 rnh201Δ::loxP-URA3Kl-loxP 
SJR3171 SJR3166 top1Δ::loxP-TRP1-loxP 
SJR3172 SJR3167 top1Δ::loxP-TRP1-loxP 
SJR3185 SJR3117 rnh201Δ::loxP-URA3Kl-loxP 
SJR3186 SJR3118 rnh201Δ::loxP-URA3Kl-loxP  
SJR3189 SJR2816 top1Δ::hyg rnh201Δ::loxP-URA3Kl-loxP 
SJR3192 SJR3154 top1Δ::loxP-TRP1-loxP 
SJR3214 SJR2259 his4Δ::pLYS-lys2ΔA746,NR,(AG)4 
SJR3215 SJR2261 his4Δ::pTET-lys2ΔA746,NR,(AG)4 
SJR3225 SJR3214 rnh201Δ::natMX4 
SJR3226 SJR3215 rnh201Δ::natMX4 
SJR3242 SJR3226 top1Δ::loxP-TRP1-loxP 
SJR3267 SJR2391 rnh201Δ::loxP-URA3Kl-loxP 
SJR3269 SJR3111 rnh201Δ::loxP-URA3Kl-loxP 
SJR3294 SJR2259 his4Δ::pLYS-lys2ΔA746 
SJR3305 SJR3294 rnh201Δ::loxP-TRP1-loxP 
SJR3487 SJR3077 pol2-M644L rnh201Δ::loxP-URA3Kl-loxP 
SJR3541 SJR3076 pol2-M644L rnh201Δ::loxP-TRP1-loxP 
SJR3542 SJR3076 top1Δ::loxP rnh201Δ::loxP-TRP1-loxP 
SJR3543 SJR3077 top1Δ::loxP rnh201Δ::loxP-TRP1-loxP 
SJR3544 SJR3226 pol2-M644L 

aCAN1 promoter region is replaced with pGAL using pFA6a-kanMX6-PGAL1 (204). 
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Appendix B 
Table 17: Yeast strains used in Chapter 3. 

Strain LYS2 allele Relevant genotype1 Source2 
SJR2743 pTET-lys2FΔA746NR WT TSAR in SJR22613 

SJR2805 pTET-lys2FΔA746NR top1Δ::loxP-TRP1-loxP OSAR in SJR2743 
SJR3458 pLYS-lys2FΔA746NR,(TG)2 WT TSAR in SJR22594 

SJR3459 pLYS-lys2FΔA746NR,(TG)2-inv WT TSAR in SJR2259 
SJR3460 pLYS-lys2RΔA746NR,(TG)2 WT TSAR in SJR22605 

SJR3464 pTET-lys2FΔA746NR,(CCCTT)2 WT TSAR in SJR2261 
SJR3475 pLYS-lys2FΔA746NR,(TG)2-inv rnh201Δ::loxP-TRP1-loxP OSAR in SJR3459 
SJR3476 pLYS-lys2RΔA746NR,(TG)2 rnh201Δ::loxP-TRP1-loxP OSAR in SJR3460 
SJR3478 pTET-lys2FΔA746NR,(AAAGG)2 rnh201Δ::loxP-TRP1-loxP OSAR in SJR3464 
SJR3504 pLYS-lys2FΔA746NR,(TG)2 rnh201Δ::loxP-TRP1-loxP OSAR in SJR3458 
SJR3507 pLYS-lys2FΔA746NR,(TG)2-inv rnh201Δ::loxP-TRP1-loxP top1Δ::loxP-URA3Kl-

loxP 
OSAR in SJR3475 

SJR3508 pLYS-lys2RΔA746NR,(TG)2 rnh201Δ::loxP-TRP1-loxP top1Δ::loxP-URA3Kl-
loxP 

OSAR in SJR3476 

SJR3601 pTET-lys2FΔA746NR,(TG)2 WT TSAR in SJR2261 
SJR3602 pTET-lys2RΔA746NR,(TG)2 WT TSAR in SJR22626 

SJR3603 pTET-lys2FΔA746NR,(TG)2-inv WT TSAR in SJR2261 
SJR3605 pTET-lys2FΔA746NR,(AAAGG)2 rnh201Δ::loxP-TRP1-loxP pol2-M644G TSAR in SJR3478 
SJR3628 pTET-lys2FΔA746NR,(AAAGG)2 rnh201Δ::loxP-TRP1-loxP pol2-M644G 

top1Δ::natMX4 
OSAR in SJR3605 

SJR3642 pTET-lys2FΔA746NR,(TG)2 rnh201Δ::natMX4 OSAR in SJR3601 
SJR3643 pTET-lys2RΔA746NR,(TG)2 rnh201Δ::natMX4 OSAR in SJR3602 
SJR3644 pTET-lys2FΔA746NR,(TG)2-inv rnh201Δ::natMX4 OSAR in SJR3603 
SJR3733 pTET-lys2FΔA746NR,(TG)2-inv rnh201Δ::natMX4 pol2-M644L TSAR in SJR3644 
SJR3840 pTET-lys2RΔA746NR,(TG)2-inv WT TSAR in SJR2262 
SJR3865 pTET-lys2RΔA746NR,(TG)2-inv rnh201Δ::loxP-TRP1-loxP OSAR in SJR3840 
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1The loxP-TRP1-loxP disruption cassette was amplified from pSR954, which was constructed by replacing the KanMX4 gene 
of pUG6 (237) with TRP1.  The loxP-URA3Kl-loxP cassette was amplified from pUG72 (238) and the natMX4 marker from 
pAG25 (239). 
2 OSAR; one-step allele replacement, TSAR; two-step allele replacement, X; mating.  
Strains SJR2259-SJR2262 were derived by transformation of YPH45 [MATa ura3-52 ade2-101oc lys2-801am trp1Δ1;(168)], a 
strain congenic to S288C.  Construction details were previously described (10). 

3SJR2261 = MATa ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR’-Ssn6:LEU2 his4Δ::kan-pTET-LYS2F 
4SJR2259 = MATa ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR’-Ssn6:LEU2 his4Δ::pLYS-LYS2F  
5SJR2260 = MATa ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR’-Ssn6:LEU2 his4Δ::pLYS -LYS2R  
6SJR2262 = MATa ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR’-Ssn6:LEU2 his4Δ::kan-pTET-LYS2R 

         7 The mating type of SJR2805 was switched using a pGAL-HO plasmid.

SJR3880 pTET-lys2RΔA746NR,(TG)2-inv rnh201Δ::loxP-TRP1-loxP pol2-M644L TSAR in SJR3865 
SJR3994 pTET-lys2FΔA746NR MATα top1Δ::loxP-TRP1-loxP SJR2805 MATα7 
SJR4097 pTET-LYS2F MATα top1Δ::loxP-TRP1-loxP  SJR2261 X SJR3994 
SJR4098 pTET-LYS2F MATα WT SJR2261 X SJR3994 
SJR4106 pTET-LYS2F  MATα rnh201Δ::loxP-TRP1-loxP top1Δ::natMX4  

pol2-M644G 
SJR4097 X SJR3628 

SJR4177 pTET-lys2FΔA746NR,(TG)2 rnh201Δ::natMX4 rad14Δ::loxP-TRP1-loxP OSAR in SJR3642 
SJR4178 pTET-lys2RΔA746NR,(TG)2 rnh201Δ::natMX4 rad14Δ::loxP-TRP1-loxP OSAR in SJR3643 
SJR4186 pTET-lys2RΔA746NR,(TG)2-inv rnh201Δ::loxP-TRP1-loxP pol3-L612M TSAR in SJR3865 
SJR4187 pTET-LYS2F MATα top1Δ::loxP-TRP1-loxP pol3-L612M TSAR in SJR4097 
SJR4210 pLYS-lys2RΔA746NR,(TG)2-inv WT TSAR in SJR2260 
SJR4218 pTET-lys2RΔA746NR,(TG)2-inv rnh201Δ::loxP-TRP1-loxP pol2-M644G SJR3865 X SJR4106 
SJR4220 pTET-lys2FΔA746NR,(TG)2-inv rnh201Δ::natMX4 pol2-M644G SJR3644 X SJR4106 
SJR4222 pTET-lys2FΔA746NR,(TG)2-inv rnh201Δ::natMX4 pol3-L612M SJR3644 X SJR4187 
SJR4242 pLYS-lys2RΔA746NR,(TG)2-inv rnh201Δ::natMX4 OSAR in SJR4210 
SJR4405 pTET-LYS2F  MATα rnh201Δ::natMX4 pol2-M644L SJR3731 X SJR4098 
SJR4419 pLYS-lys2RΔA746NR,(TG)2 rnh201Δ::natMX4 pol2-M644L SJR3460 X SJR4405 
SJR4425 pLYS-lys2FΔA746NR,(TG)2-inv rnh201Δ::natMX4 pol2-M644L SJR3459 X SJR4405 
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Appendix C 
Table 18: Oligos used for delitto perfetto in Chapter 4. 

Relevant allele Oligo sequence corresponding to the 

coding (non-transcribed) strand of pTET-

lys2FΔA746NR 

pTET-lys2FΔA746NR,(CCCTT)2net-1 

(detects 4-bp deletions when Top1 sites 

are 5-bp apart) 

5ʹ′-CGAGCTAGCT GAATCAATTC 

AAAGTTGCCA 

AGCATCCCTT CCCTTTGCAA 

GATCTGGAAA 

GGAGGCCTCA GTTGTTCCGT TTGGCC 

pTET-lys2FΔA746NR,(CCCTTCCTT) 

(detects 4-bp deletions when Top1 sites 

are 4-bp apart) 

5ʹ′-TTGACGAGCT AGCTGAATCA 

ATTCAAAGTT 

GCCAAGATCG CATCCCTTCC 

TTTGCAAAGA 

TCTGGAAAGG AGGCCTCAGT 

TGTTCCGTTT GGCCTGTCTG 

pTET-lys2FΔA746NR,(CCCTTTTCCCTT) 

(detects 7-bp deletions when Top1 sites 

are 7-bp apart) 

5ʹ′-TGACGAGCTA GCTGAATCAA 

TTCAAAGTTG CCAAGATCGC 

ATCCCTTTTC CCTTTGCAAA 

GATCTGGAAA GGAGGCCTCA 

GTTGTTCCGT 

TTGGCCTGTC  

pTET-lys2FΔA746NR,(CCCTT)3  

(detects 5-bp deletions) 

5ʹ′-ACGAGCTAGC TGAATCAATT 

CAAAGTTGCC AAGATCAGCA 

TCCCTTCCCT TCCCTTTGCA 

AAGATCTGGA AAGGAGGCCT 

CAGTTGTTCC GTTTGGCCTG 
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Appendix D 
Table 19: Yeast strains used in Chapter 4. 

Strain LYS2 allele Relevant genotype1 Source2 

SJR3478 pTET-lys2FΔA746NR,(CCCTT)2 rnh201Δ::loxP-TRP1-loxP OSAR in SJR34644 

SJR3581 pTET-lys2FΔA746NR lys2Δ::natMX43 OSAR in SJR27435 

SJR3630 pTET-lys2FΔA746NR::CORE-UH7 WT OSAR in SJR3581 
SJR3640 pTET-lys2FΔA746NR,(CCCTT)2 rnh201Δ::loxP-TRP1-loxP top1Δ::natMX4 OSAR in SJR3478 
SJR3718 pTET-lys2FΔA746NR::CORE-UH rnh201Δ::loxP-TRP1-loxP OSAR in SJR3630 
SJR3745 pTET-lys2FΔA746NR,(CCCTT)3 WT DP in SJR3630 
SJR3746 pTET-lys2FΔA746NR,(CCCTT)3 rnh201Δ::loxP-TRP1-loxP DP in SJR3718 
SJR3747 pTET-lys2FΔA746NR,(CCCTTCCTT) WT DP in SJR3630 
SJR3748 pTET-lys2FΔA746NR,(CCCTTCCTT) rnh201Δ::loxP-TRP1-loxP DP in SJR3718 
SJR3749 pTET-lys2FΔA746NR,(CCCTTTTCCTT) WT DP in SJR3630 
SJR3750 pTET-lys2FΔA746NR,(CCCTTTTCCTT) rnh201Δ::loxP-TRP1-loxP  DP in SJR3718 
SJR3770 pTET-lys2FΔA746NR,(CCCTT)3 rnh201Δ::loxP-TRP1-loxP top1Δ::loxP-hyg-

loxP 
OSAR in SJR3746 

SJR3771 pTET-lys2FΔA746NR,(CCCTTCCTT) rnh201Δ::loxP-TRP1-loxP top1Δ::loxP-hyg-
loxP 

OSAR in SJR3748 

SJR3772 pTET-lys2FΔA746NR,(CCCTTTTCCTT) rnh201Δ::loxP-TRP1-loxP top1Δ::loxP-hyg-
loxP 

OSAR in SJR3750 

SJR3773 pTET-lys2FΔA746NR,(CCCTT)3 top1Δ::loxP-hyg-loxP OSAR in SJR3745 
SJR3946 pTET-lys2FΔA746NR,(CCCTT)2net-1 WT DP in SJR3630 
SJR3947 pTET-lys2FΔA746NR,(CCCTT)2net-1 rnh201Δ::loxP-TRP1-loxP DP in SJR3718 
SJR4287 pTET-lys2FΔA746NR,(CCCTT)3 MATa rnh201Δ::loxP-TRP1-loxP pol2-M644G SJR3746 X SJR41066 

SJR4288 pTET-lys2FΔA746NR,(CCCTT)3 MATa rnh201Δ::loxP-TRP1-loxP pol2-M644G 
top1Δ::natMX4 

SJR3746 XSJR4106 

SJR4289 pTET-lys2FΔA746NR,(CCCTTCCTT) MATa rnh201Δ::loxP-TRP1-loxP pol2-M644G SJR3748 X SJR4106 
SJR4290 pTET-lys2FΔA746NR,(CCCTTCCTT) MATa rnh201Δ::loxP-TRP1-loxP pol2-M644G 

top1Δ::natMX4 
SJR3748 X SJR4106 
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1 The loxP-TRP1-loxP disruption cassette was amplified from pSR954, which was constructed by replacing the KanMX4 gene 
of pUG6 (237) with TRP1.  The loxP-URA3Kl-loxP cassette was amplified from pUG72 (238) and the natMX4 marker from 
pAG25 (239). The loxP-hyg-loxP cassette was amplified from pSR955, which was constructed by cloning in BglII/SacI 
fragment of hphMX4 (239) into BglII/SacI digested pUG6 (237). 
2 OSAR; one-step allele replacement, DP; delitto perfetto, TSAR; two-step allele replacement, X; mating.  
3 The loxp-hyg-loxP marker at endogenous lys2 locus was replaced with the natMX4 marker. 
Construction details of SJR3464, SJR2743 and SJR4106 are described in Table 16 and 17. 
4 SJR3464 = MATa ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR’-Ssn6:LEU2 his4Δ::kan-
pTETlys2FΔA746NR,(CCCTT)2

 

5 SJR2743 = MATa ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR’-Ssn6:LEU2 his4Δ::kan-pTET-lys2FΔA746NR 
6 SJR4106 = MATα ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR’-Ssn6:LEU2 his4Δ::kan-pTET-LYS2F rnh201Δ::loxP-
TRP1-loxP top1Δ::natMX4  pol2-M644G 
7 The CORE-UH cassette was amplified from pCORE-UH plasmid (198) 

 

 

SJR4291 pTET-lys2FΔA746NR,(CCCTTTTCCTT) MATa rnh201Δ::loxP-TRP1-loxP pol2-M644G  SJR3750 X SJR4106 
SJR4292 pTET-lys2FΔA746NR,(CCCTTTTCCTT) MATa rnh201Δ::loxP-TRP1-loxP pol2-M644G 

top1Δ::natMX4 
SJR3750 X SJR4106 
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Appendix E 
Table 20: Yeast strains used in Chapter 5. 

Strain LYS2 allele Relevant genotype1 Source2 
SJR3713 pTET-lys2FΔBglNR WT OSAR in SJR36306 

SJR3885 pTET-lys2FΔA746NR dnl4Δ::natMX4 OSAR in SJR28057 

SJR3906 pTET-lys2FΔBglNR top1Δ::loxP-TRP1-loxP OSAR in SJR3713 
SJR3918 pTET-lys2FΔBglNR dnl4Δ::loxP-hyg-loxP OSAR in SJR3906 
SJR3959 pTET-lys2FΔA746NR exo1Δ::natMX4 OSAR in SJR2805 

SJR3990 pTET-lys2FΔA746NR tdp1Δ::natMX4 OSAR in SJR2805 
SJR3991 pTET-lys2FΔA746NR pol4Δ::natMX4 OSAR in SJR2805 
SJR4059 pTET-lys2FΔA746NR sae2Δ:natMX4 OSAR in SJR2805 
SJR4064 pTET-lys2FΔA746NR MATα dnl4Δ::natMX4 SJR39948XSJR3885 
SJR4083 pTET-lys2FΔA746NR yku70Δ::natMX4 OSAR in SJR2805 
SJR4090 pTET-lys2FΔBglNR yku70Δ::loxP-hyg-loxP OSAR in SJR3906 
SJR4094 pTET-lys2FΔA746NR MATa top1Δ::loxP-TRP1-loxP exo1Δ::natMX4 

dnl4Δ::natMX4 
SJR3959XSJR4064 

SJR4098 pTET-LYS2F MATα top1Δ::loxP-TRP1-loxP SJR2261XSJR3994 
SJR4208 pTET-lys2FΔA746NR(AT)2 pGAL3-TOP1  OSAR of SJR30769 

SJR4230 pTET-lys2FΔA746NR(AT)2 lys2Δ::natMX44 OSAR of 4208 
SJR4265 pTET-lys2FΔA746NR(AT)2 pGAL-top1::CORE-UH5 OSAR of SJR4230 
SJR4298 pTET-lys2FΔA746NR(AT)2 pGAL-top1-T722A DP SJR4265 
SJR4403 pTET-LYS2F MATα pGAL-top1-T722A SJR4298XSJR4098 
SJR4492 pTET-LYS2F MATa tdp1Δ::natMX4 SJR3990XSJR4098 
SJR4494 pTET-LYS2F MATa pol4Δ::natMX4 SJR3991XSJR4098 
SJR4496 pTET-LYS2F MATa sae2Δ:natMX4 SJR4059XSJR4098 
SJR4497 pTET-lys2FΔBglNR MATa pGAL-top1-T722A SJR3713XSJR4403 
SJR4498 pTET-lys2FΔBglNR MATα pGAL-top1-T722A SJR3713XSJR4403 
SJR4499 pTET-LYS2F MATa mre11Δ::natMX4 SJR4060XSJR4098 
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SJR4510 pTET-lys2FΔBglNR MATa tdp1Δ::natMX4 pGAL-top1-T722A SJR4498XSJR4492 
SJR4511 pTET-lys2FΔBglNR MATα tdp1Δ::natMX4 pGAL-top1-T722A SJR4498XSJR4492 
SJR4512 pTET-lys2FΔBglNR MATa pol4Δ::natMX4 pGAL-top1-T722A SJR4498XSJR4494 
SJR4514 pTET-lys2FΔBglNR MATa sae2Δ:natMX4 pGAL-top1-T722A SJR4498XSJR4496 
SJR4516 pTET-lys2FΔBglNR MATα mre11Δ::natMX4 pGAL-top1-T722A SJR4498XSJR4499 
SJR4518 pTET-lys2FΔBglNR exo1Δ::loxP-URA3Kl-loxP pGAL-top1-T722A OSAR of SJR4497 
SJR4531 pTET-lys2FΔBglNR MATα yku70Δ::natMX4 pGAL-top1-T722A  SJR4403XSJR4090 
SJR4593 pTET-lys2FΔBglNR MATα yku70Δ::natMX4 sae2Δ:natMX4  

pGAL-top1-T722A 
SJR4514XSJR4531 

SJR4595 pTET-lys2FΔBglNR MATa exo1Δ::loxP-URA3Kl-loxP sae2Δ:natMX4  
pGAL-top1-T722A 

SJR4518XSJR4531 

SJR4619 pTET-lys2FΔBglNR MATa sae2Δ:natMX4 tdp1Δ::natMX4  
pGAL-top1-T722A 

SJR4514XSJR4511 

SJR4620 pTET-lys2FΔBglNR MATα sae2Δ:natMX4 tdp1Δ::natMX4 
pGAL-top1-T722A 

SJR4514XSJR4511 

1 The loxP-TRP1-loxP disruption cassette was amplified from pSR954, which was constructed by replacing the KanMX4 gene of 
pUG6 (237) with TRP1.  The loxP-URA3Kl-loxP cassette was amplified from pUG72 (238) and the natMX4 marker from pAG25 
(239). The loxP-hyg-loxP cassette was amplified from pSR955, which was constructed by cloning in BglII/SacI fragment of 
hphMX4 (239) into BglII/SacI digested pUG6 (237). 

     2 OSAR; one-step allele replacement, DP; delitto perfetto, X; mating.  
3 TOP1 endogenous promoter was replaced with TRP1-pGAL amplified from pFA6a-TRP1-PGAL1 (204) 
4 The loxp-hyg-loxP marker at endogenous lys2 locus was replaced with the natMX4 marker. 
5 The CORE-UH cassette was amplified from pCORE-UH plasmid (198). 

   Construction details of SJR3630, SJR2805, SJR3994 and SJR3076 are described in Tables 17, 19 and Chapter 2. 
6 SJR3630 =MATa ura3-52 ade2-101oc trp1Δ1 lys2Δ::natMX4 leu2-K:TetR’-Ssn6:LEU2 his4Δ::kan-pTET-
lys2FΔA746NR::CORE-UH 
7 SJR2805 =MATa ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR’-Ssn6:LEU2 his4Δ::kan-pTET-lys2FΔA746NR 
top1Δ::loxP-TRP1-loxP 

8 SJR3994 =MATα ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR’-Ssn6:LEU2 his4Δ::kan-pTET-lys2FΔA746NR 
top1Δ::loxP-TRP1-loxP 

9 SJR3076=MATa ura3-52 ade2-101oc trp1Δ1 lys2Δ::hyg leu2-K:TetR’-Ssn6:LEU2his4Δ::kan-pTET-lys2ΔA746,NR,(AT)2 
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