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DOUBLE-STRAND BREAK REPAIR PATHWAYS IN DNA STRUCTURE-INDUCED
GENETIC INSTABILITY
Diem Thi Kha, M.S.
Supervisory professor: Karen M. Vasquez, Ph.D.

Genetic instability in mammalian cells can occur by many different mechanisms.
In the absence of exogenous sources of DNA damage, the DNA structure itself has
been implicated in genetic instability. When the canonical B-DNA helix is naturally
altered to form a non-canonical DNA structure such as a Z-DNA or H-DNA, this can
lead to genetic instability in the form of DNA double-strand breaks (DSBs) (1, 2). Our
laboratory found that the stability of these non-B DNA structures was different in
mammals versus Escherichia coli (E.coli) bacteria (1, 2). One explanation for the
difference between these species may be a result of how DSBs are repaired within
each species. Non-homologous end-joining (NHEJ) is primed to repair DSBs in
mammalian cells, while bacteria that lack NHEJ (such as E.coli), utilize homologous
recombination (HR) to repair DSBs. To investigate the role of the error-prone NHEJ
repair pathway in DNA structure-induced genetic instability, E.coli cells were modified to
express genes to allow for a functional NHEJ system under different HR backgrounds.
The Mycobacterium tuberculosis NHEJ sufficient system is composed of Ku and Ligase
D (LigD) (3). These inducible NHEJ components were expressed individually and
together in E.coli cells, with or without functional HR (RecA/RecB), and the Z-DNA and
H-DNA-induced mutations were characterized. The Z-DNA structure gave rise to higher
mutation frequencies compared to the controls, regardless of the DSB repair pathway(s)
available; however, the type of mutants produced after repair was greatly dictated on
the available DSB repair system, indicated by the shift from 2% large-scale deletions in
the total mutant population to 24% large-scale deletions when NHEJ was present (4).
This suggests that NHEJ has a role in the large deletions induced by Z-DNA-forming
sequences. H-DNA structure, however, did not exhibit an increase in mutagenesis in
the newly engineered E.coli environment, suggesting the involvement of other factors in
regulating H-DNA formation/stability in bacterial cells. Accurate repair by established
DNA DSB repair pathways is essential to maintain the stability of eukaryotic and
prokaryotic genomes and our results suggest that an error-prone NHEJ pathway was
involved in non-B DNA structure-induced mutagenesis in both prokaryotes and

eukaryotes.
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CHAPTER |: BACKGROUND AND INTRODUCTION



. NON-B DNA BACKGROUND

Research on DNA structure did not cease progression after the scientific
revolutionary discovery by Watson and Crick in 1953 of the canonical B-form right-
handed DNA double helix conformation (displayed on the top in Figure 1) (5). On the
contrary, the field increased with many other findings in the study of the dynamics of
DNA structure, specifically identifying and characterizing at least twelve different (non-B
DNA) structures that differ from the traditional B-DNA conformation originally described
by Watson and Crick. Examples of such structures include hairpins/cruciforms, left-
handed Z-DNA, intramolecular triplex H-DNA, G-quadruplex (tetraplex) DNA, and
slipped/sticky DNA (shown in Figure 1) (6). These secondary structures have been
detected in vitro and also several have been verified in vivo by different methods such
as using antibodies in fluorescence immunostaining (7). This growing list of non-B DNA
structures is still open and through better in vitro and/or in vivo detection more
structures are yet to be discovered and characterized (6).

The relevance of identifying additional types of non-B DNA structures and the
continual desire for more knowledge about these structures lies in the strong correlation
with their structural effects and regulation of biological processes such as DNA
replication, transcription, recombination, and genome stability (2, 8-10). Many non-B
DNA-forming sequences have been mapped to “hotspots” of chromosome breakage in
diseases such as in myeloma, leukemia and lymphomas, neurodegenerative and
genomic disorders (for review see (10, 11)). For example, in mammalian cells, the
human oncogene c-MYC and proto-oncogene BCL-2 contain non-B DNA-forming
sequences that are often subjected to DNA double-stranded breaks (DSBs) and
chromosomal translocation (1, 2, 12-15). These unusual DNA structures can be
recognized, processed and treated differently than the canonical B-DNA in the cell. The
rigorous genome maintenance from DNA repair machinery might encounter non-B DNA
as ‘damaged’ and may begin to proactively remove or correct such ‘damage’ from the
genome (16). Therefore, the role of DNA repair and its correspondence to these non-B
DNA structures are of interest. We have discovered that some types of non-B DNA (e.g.
Z-DNA and H-DNA) can cause DSBs and result in large deletions and rearrangements
in mammalian cells (1, 2). Thus, the role of DNA DSB repair pathways, non-
homologous end-joining (NHEJ) and homologous recombination (HR), in non-B DNA

induced mutations are of interest and of importance.
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Figure 1. The B-DNA structure and some examples of non-B DNA structures. The
canonical Watson and Crick B-DNA structure is placed above all the examples of non-B
DNA structures. (A) Hairpin/cruciform DNA; (B) left-handed Z-DNA,; (C) intramolecular
triplex H-DNA; (D) G-quadruplex (tetraplex) DNA; and (E) slipped DNA. The two non-B
DNA structures, Z-DNA and H-DNA, are the subject of my thesis project and are boxed
in red. (Adapted from Zhao et al., 2009)



l.I.I Z-DNA

The canonical Watson and Crick B-DNA double helix can reverse its winding
direction from a right-hand helix to a left-handed Z-DNA helix in negative supercoiled
environments, which can occur, for example, during replication or transcription. Z-DNA
structures can form at alternating purine-pyrimidine regions, such as (CG:CG)n and
(CA:TG)n, leaving the DNA structure with a zigzag arrangement as seen in Figure 1B
(17-19). In this Z-DNA secondary structural conformation, the helix becomes elongated;
making a deeper narrow minor groove that also shifts the visibility of the major groove
(17-19). At the intersecting B-Z junctions, two bases are extruded from the helix and
might be susceptible potential sites for DNA modification (20). Many proteins have been
found to preferentially bind to the Z-DNA structure, such as the ADAR1 protein, vaccinia
virus E3L protein, DLM-1 protein and the RecA protein (16, 21, 22). The Z-DNA
structure, and not the linear sequence per se, can have an operational function in
regulating gene expression, deletion/translocation, and DNA recombination that
includes initiating HR by alleviating DNA supercoiling (16, 22-27). There is an
abundance of Z-DNA-forming sequences in the eukaryotic genome with an approximate
estimate of one per three thousand base pair (bp) in the human genome (28, 29). Z-
DNA-forming sequences co-localize in the genome with hotspots for chromosomal
breakage in human diseases, including translocation-related cancers, leukemias and
lymphomas (10, 11). In addition, Z-DNA-forming sequences co-localize to the
breakpoint hotspots of the amlyoid precursor protein (APP), Presenilin and ApoE that
are connected to the Alzheimer’s disease (6, 30).

In our laboratory, we have studied Z-DNA-induced genomic instability in
bacterial E.coli cells, cultured mammalian cells, and transgenic mice; we found that Z-
DNA stimulates mutations in all three systems (1, 31, 32). Figure 2A shows a specific
example of the comparison of the Z-DNA-induced mutation frequencies between
mammalian COS-7 cells versus E.coli DH5a cells. Using a lacZ’ mutation-reporter
system via facile blue/white screening, individual mutation frequencies were calculated
and graphed in Figure 2A for different sequences that have varying degrees of Z-DNA-
forming propensity; CG(14) has the highest capability, decreasing in the hairpin-forming
sequences RW1009/ UY1, and lastly, the least capable with the control scramble
sequence, CON. Of all the sequences, the CG(14) sequence, the most capable in

forming the Z-DNA structure, yielded the highest mutation frequencies in both the

4



mammalian and bacterial cells, compared to the hairpin-forming and control sequences.
This suggests that it was the Z-DNA structure, rather than the hairpin structure that
caused the mutagenesis in mammalian cells (1).

Upon the characterization of the mutants, using a restriction analysis with a
double digestion by Eagl and BssS| enzymes, and sequencing analysis, a more notable
difference was seen in the spectrum of mutations caused by Z-DNA between the
mammalian cells and bacterial cells. Shown on the right panel of Figure 3, the majority
of the mammalian Z-DNA-induced mutants, approximately 95% of them, have a
complete loss of the 877 bp restriction fragment containing the 28 bp Z-DNA-forming
CG repeat sequence (1). Furthermore, through sequence analysis, more than 85% of
the Z-DNA-induced large-scale deletions in mammalian cells were found to have 1-6 bp
of microhomologies at their junctions, implicating a NHEJ-type mechanism in their
processing (1). However, on the left panel of Figure 3, the 877 bp Z-DNA containing
restriction fragment remained visibly intact for all Z-DNA-induced mutations generated
in E.coli. The mutants generated in E.coli have small-scale deletions or expansions
within the repeating CG units (1). Furthermore, we have evaluated these DSBs caused
by Z-DNA using Ligation-mediated PCR (LM-PCR), as shown in Figure 4A, and the
results showed that the DSBs were generated within and around Z-DNA-forming
sequences in mammalian cells, supporting the speculation that Z-DNA-induced mutants

were a result of DSB repair (1).



I.1.2 H-DNA

Homopurine:homopyrimidine regions in the genome that contain mirror repeat
symmetry can transform a double-stranded B-DNA helix (duplex) into a three-stranded
helix (triplex) with a complementary unpaired strand. The single strand from the duplex
disassociates via energy provided by negative supercoiling and twists its backbone
parallel inward to the adjacent strand of the underlying duplex (intra-), to form an
intramolecular triplex known as H-DNA (33-35) (Figure 1C). The newly bound third
strand in the ftriplex designates its classification by its direction, composition, and
dependence of the pH. If the third strand is pyrimidine-rich and parallel to the duplex it
will be classified as (Y*R:Y) or if the strand is purine-rich and anti-parallel to the duplex
it will be classified as (R*R:Y).

Similar to the Z-DNA genome profile, there is an abundance of H-DNA-forming
sequences in the mammalian genome, with the approximate estimate of one in every
fifty-thousand bp in the human genome (36). Several disease-linked genes, such as the
human oncogene ¢c-MYC, have H-DNA-forming sequences located in promoter and/or
exon/intron regions that are involved in regulating gene expression and co-mapped with
breakage hotspots found in human diseases (37-39). Unlike Z-DNA, which was
mutagenic in both mammalian cells and bacteria cells, we found that H-DNA-forming
sequences were only mutagenic in mammalian cells but not in bacterial E.coli cells (1,
2) (Figure 2). Figure 2B shows the H-DNA-induced mutation frequencies from
mammalian COS-7 cells. The different sequences used, include a sequence from the c-
MYC promoter region that co-localizes with break hotspots (cMyc), its control derivative,
MycAG, and three model H-DNA-forming sequences with the different degrees of ability
to adopt H-DNA. GG32 is ranked as the highest in its ability to adopt an H-DNA
structure, with GG32 having the greatest capacity to adopt H-DNA and GA32 having the
lowest propensity to adopt H-DNA, and a control sequence CON. Each H-DNA-forming
plasmid had a significant fold increase in its mutation frequency compared to the control
plasmids. The characterization of the H-DNA-induced mutants generated in the
mammalian cells indicated the same majority of large-scale deletions and
microhomology footprint in the deletion junctions as the Z-DNA-induced mutants (1, 2).
H-DNA also induces DSBs in mammalian cells, as demonstrated through LM-PCR
analysis that showed the amplified regions between a primer and a DNA breakpoint in
lanes 9-12 (Figure 4B shows the H-DNA LM-PCR results).
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Figure 2. The mutation frequencies of the non-B DNA structures, Z-DNA and H-
DNA. (A) The Z-DNA structure, and not hairpins or slipped structures, is responsible for
the genetic instability in mammalian cells. The Z-DNA modeled structure, positions and
sequences of the different inserts are shown above and were inserted in the lacZ
mutation reporter shuttle vector pUCNIM. The Z-DNA-induced JacZ’ mutation
frequencies from E.coli DH5a cells (shown in the yellow columns) and from mammalian
COS-7 cells (shown in the purple columns) are combined. The yellow columns of the
bacterial mutation frequencies are magnified in the inserted panel. (B) The H-DNA-
forming sequences that have different relative abilities to adopt the H-DNA structure are
mutagenic in mammalian COS-7 cells. The H-DNA structure and sequences from the c-
MYC gene, cMyc, its control derivative, MycAG, three model H-DNA-forming sequences
with the ability to adopt H-DNA in the order of GG32>AG32>GA32, and the control
sequence CON are shown above and were inserted in the supF mutation reporter gene
in the shuttle vector pSP189. Mutation frequencies of these plasmids were calculated
and graphed after their transfection into mammalian COS-7 cells. Error bars show the
standard errors of the mean. (Adapted from Wang et al., 2006; and Wang and Vasquez,
2004)
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Figure 3. Z-DNA-induced mutations from two cell types, bacterial and mammalian
cells. Different mutation types shown in the spectra of the pUCG(14)-induced lacZ’
mutants from E.coli DH5a cells (left panel) and mammalian COS-7 cells (right panel).
The mutants were digested with Eagl and BssSI and the “Z” marks the 877 bp Z-DNA
fragment. The “*” marks the mutants with large-scale deletions (>50 bp), and the “¢”
labels the control plasmid. (Adapted from Wang et al., 2006)



B
-
.~ :
400 bp |
300 bp -
500 bp 450 bp
400 bp 380bp 200 bp W
0t 310bp
200 bp 210bp 100 bp
150 bp

100 bp

Figure 4. LM-PCR results of both, Z-DNA and H-DNA. The lanes represent different
time points, different cell types and different plasmids used. (A) The agarose gel
electrophoresis shows the LM-PCR analysis of Z-DNA; with lane 1 and 2 coordinating
to the results of the Z-DNA and CON plasmids recovered from incubation in E.coli cells
and mammalian cells, respectively. In lanes 3 through 6 are the LM-PCR results of the
Z-DNA plasmid incubated at increasing increments of time in mammalian COS-7 cells
from 4 hours (hrs) to 48 hrs. (B) The agarose gel electrophoresis shows the LM-PCR
analysis of H-DNA. Lanes 1-6 used a primer on the linker that amplified all the plasmid
pieces, while lanes 7-12 used the specific and linker primer to amplify the specific
breakpoints. The control plasmid CON was replicated in mammalian COS-7 cells for 48
hrs, shown in lanes 1 and 7, while the H-DNA-forming sequence, pcMYC, replicated for
0, 4, 8, 24 and 48 hrs in the other sequential lanes following the control lanes. (Adapted
from Wang et al., 2006; and Wang and Vasquez, 2004)



.2 DNA DOUBLE-STRAND BREAK REPAIR

Of all the potential types of DNA damage present in a cell, DSBs are one of the
most dangerous types of lesions because of the detrimental effects the breakage can
leave if the strands are left unrepaired. The cells can potentially face cell death and/or
unfavorable genomic rearrangements that can initiate carcinogenesis (40, 41). On the
upside, however, there are some benefits that pertain to having programmed DSBs. For
instance, the creation of genetic diversification, the segregation of chromosomes in the
course of meiosis for all eukaryotes, and the production of the immune diversification
from V(D)J and class-switch recombination in vertebrates (42, 43). The two main
characterized repair systems that process DSBs are the NHEJ pathway and the HR
pathway.

In the NHEJ pathway, which predominates in Gy/G; cells where there is no
homologous template, uses short (1-6 bp) microhomologies to repair DSBs and this
usually results in loss of the sequence information, making the process error-prone (44).
Thus, NHEJ is known as the more error-prone pathway, between the two DSB repair
pathways, because of potential generation of small insertions and deletions, particularly
in microhomologous regions (45, 46).

In the HR pathway, homologous templates are used in the repair of DSBs,
requiring the assistance from an undamaged sister chromatid that has regions of DNA
homology for the production of accurate or inaccurate repair products (47). These
repaired products may or may not have crossover regions in its exchange with the
homologous template; if a crossover does occur, the crossover may cause undesired
genome rearrangements or a loss in heterozygosity (48). Generally, HR is considered
as the more error-free pathway. However a loss of heterozygosity or genome
rearrangements of tumor suppressor genes and proto-oncogenes can lead to their
inactivation or activation, respectively, which can further lead to tumorigenesis (49). In
addition, the occurrence of small misalignments within repetitive sequences during the
repair process makes HR less than completely “error-free”.

Both DSB repair pathways are conserved from yeast to vertebrates. The details
of both NHEJ and HR mechanisms will be discussed in greater detail, in reference to in

mammalian and bacterial cells.
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I.2.1 Non-homologous End-Joining in Mammalian Cells and Bacterial Cells

Non-homologous end-joining is the primary pathway for repairing DSBs in
mammalian cells and is active throughout the cell cycle, especially in the cell cycle
phase when a homologous sister chromatid is not available (e.g. G4 and G,) (45, 50-
54). The NHEJ pathway is not present in all prokaryotes, such as Escherichia coli;
however, a few prokaryotic species, such as Mycobacterium tuberculosis,
Mycobacterium smegmatis, Bacillus subtilis and others, do contain a functional NHEJ
mechanism (55).

In mammalian cells, after a DSB occurs, the Ku heterodimer (Ku70 and Ku80)
binds to the DNA DSB ends and aligns the ends in a sequence- and overhang-
independent manner with a high affinity (56-58). Once Ku is bound to the DNA ends, it
recruits the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and activates
its kinase function (59). Together, the Ku and DNA-PKcs form the DNA-PK complex
that autophosphorylates itself and other proteins, in order to recruit more repair factors
such as the Artemis protein and DNA X family polymerases (e.g. Pol y, A, and terminal
transferase (TdT)) that assist in the processing of the ends (60, 61). Eventually, XRCC4
(X-ray repair complementing defective repair in Chinese hamster cells 4) protein and
Cernunnos-XLF (XRCC4-like factor) are recruited to the ends, which will stimulate DNA
ligase IV and form an X4-L4 complex that completes repair with ligation of the DNA
ends (62-65) (Figure 5). A simple NHEJ system can be seen in some prokaryotes, in
which a two-component complex, such as the one in Mycobacterium tuberculosis with
its Ku homodimer and DNA ligase D (LigD), can be sufficient for repair (3). The NHEJ
system is unavailable (or yet to be identified) in E.coli, which uses HR instead of NHEJ
to process DSBs. The prokaryotic Ku is a homodimeric quaternary structure (66) that
lacks the eukaryotic von Wille brand factor A (vWA) domain of Ku70/Ku80 and also the
SAP domain in the carboxy-terminal of the Ku70 heterodimer (67). LigD, a single
polypeptide, has an ATP-dependent ligase (LIG) domain, a polymerase (POL) domain
and a phosphoesterase (PE) domain that can perform multiple catalytic functions. It
acts as a DNA-dependent DNA polymerase, a DNA-dependent RNA primase, a 3’-5’
single stranded DNA exonuclease, a terminal transferase, and a DNA ligase (3, 68-71).
Figure 5 shows a general schematic, where Ku would bind to the DSB ends, like in
eukaryotes, and recruits LigD, which works to catalyze the processing of the ends and

ligation of the break (3, 72).
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Figure 5. Model of the non-homologous end-joining pathway for mammalian cells
and prokaryotes. In mammalian cells, the initiation of the NHEJ pathway begins with
the heterodimer Ku70/80 binding to the DNA ends of a DSB. Ku then recruits DNA-
PKcs to the DNA termini and the two DSB ends are brought together. Ku and DNA-
PKcs form the DNA-PK complex that autophosphorylates itself, subsequently also
triggering a phosphorylation cascade of other proteins for the recruitment of the Artemis
protein and other end-processing factors, such as the DNA polymerase X, that will
produce proper DNA ends required for the final resolution of repair. After being
processed, the DSB ends are ligated by the X4-L4 complex with the XLF protein. In
prokaryotes that have the NHEJ homologues, the initiation step starts when the
homodimer Ku binds to the broken DNA ends. Then the recruitment of LigD occurs via
its polymerase domain (PolDom) and this protein is sufficient for processing of the ends,

ligation, and resolution of repair. (Adapted from Hefferin and Tomkinson, 2005)
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1.2.2 Homologous Recombination in Mammalian Cells and Bacterial Cells

Homologous recombination processes and repairs DSBs differently than the
NHEJ pathway, starting with the use of an homologous template and followed by a set
of different components in mammalian cells versus bacterial cells. HR usually occurs in
the S and G, phase of the mammalian cell cycle, when a sister chromatid is available
(45, 53, 54). The general schematics of the HR mechanism in mammalian cells and
bacterial cells are similar, as shown in Figure 6. However, there are different factors or
multiple factors involved in each step that will be described below.

In the HR pathway, two broken DSB ends are not simply rejoined, as it could be
done in the NHEJ pathway. Therefore, in mammalian cells, the Mre11-Rad50-Nbs1
(MRN) complex, with the help of the CtIP-BRCA1-BARD1 complex, resects the 5’ ends
of the DSB DNA ends to yield 3’-OH single strand DNA (ssDNA) overhangs (73, 74).
The RPA protein coats the ssDNA. DNA-damage checkpoint responses and several
other recombination mediators are initiated, including the Rad52 group (Rad50, Rad52,
Rad54 and the Rad51 paralogs) and BRCAZ2, to assist Rad51 nucleoprotein filament
assembly (75-79). The Rad51 nucleoprotein filament and its interacting partners
catalyze the homology search and strand invasion reaction (47). The homologous
template is used for DNA synthesis and the missing break region is copied by DNA
polymerases. A three-way junction, known as a D-loop, and holiday junctions are
formed during this process. These intermediates are resolved with resolvases that
produce crossover or non-crossover products (80-83). To finish, DNA ligase ligates the
strands for resolution of repair (73, 74).

In E.coli, the RecBCD complex binds to the broken DNA ends to serve as the
helicase and nuclease that produces the resected 3'-OH ssDNA ends (74, 84-86).
Following the resection process, RecBCD is responsible for loading the RecA protein
onto the DNA, which is a homolog to the mammalian Rad51 protein (74, 84-86). In the
alternate RecFOR pathway, RecQ and RecJ factors can be interchangeable with the
RecBCD complex (87-90). Once the RecA protein is loaded onto the 3’-OH single-
stranded DNA, it will catalyze the homology search and strand invasion reactions (91).
Branch migration is facilitated by the RuvAB complex and DNA synthesis occurs with
the formation of intermediates structures (87). Resolutions of these junctions are carried
out by the addition of the RuvC protein to the RuvAB complex and the final step, the

ligation reaction, is done by Ligase A (47).
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Figure 6. Model of the homologous recombination pathway for mammalian cells
and prokaryotes. In mammalian cells, the initiation of the HR pathway begins with
resection of the DNA ends at DSBs by the MRN complex with the help of the CtIP-
BRCA1-BARD1 complex. After the generation of 3’-OH single-stranded DNA, RPA
coats those strands and then Rad52 or BRCA2 loads Rad51 to catalyze the strand
invasion process into the sister chromatid that serves as the intact homologous
template for resynthesis. DNA polymerase (POL) copies the sister chromatid over the
break. Different recombination intermediates, such as Holiday junctions, are then
resolved with resolvases that will produce crossover or non-crossover products. DNA
ligase seals these products for completion of repair. Some of these proteins may have
multiple roles in HR. Proteins with similar functions in E.coli as in eukaryotes are listed
in the table above. LigaseA seals final nicks and completes repair, resulting in
crossover or non-crossover products. (Adapted from Shuman and Glickman, 2007; and

Wyman et al., 2004)
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1.3 HYPOTHESIS AND SPECIFIC AIMS

Many types of DNA damaging agents from both exogenous and endogenous
sources can lead to genomic instability. These lesions are generally accounted and
compensated for by a range of available DNA repair systems in cells. Intriguingly, in the
absence of an exogenous DNA damaging source, studies have shown that naturally
occurring non-B DNA structures can induce genomic instability in mammalian cells and
bacterial cells (1, 2, 8). Two of these non-B DNA structures studied in my thesis work
are Z-DNA and H-DNA (see Figure 1) (10).

Our laboratory has previously found that Z-DNA and H-DNA-forming sequences
induce higher frequencies of mutagenesis than control B-DNA-forming sequences. The
majority of the mutations induced by H-DNA and Z-DNA were large-scale deletions with
microhomologies at their junctions in mammalian cells (1, 2). However, in bacterial
E.coli cells, the Z-DNA forming CG repeat-induced mutants had small-scale deletions
within the repetitive sequence and the H-DNA structure was found to be quite stable in
bacteria (1, 2). Both non-B DNA structures caused DSBs in mammalian cells, while the
situation in bacterial cells was quite different. These data suggested that the non-B
DNA-forming sequences may be processed differently in mammalian cells than in
bacterial cells, but the specific mechanism(s) for this difference is not clear. |
hypothesize that the error-prone NHEJ repair of DSBs generated surrounding Z- and H-
DNA structures is responsible for the large-scale deletions and rearrangements in
mammalian cells. Further, | speculate that the difference between mammalian cells and
bacterial cells, in relation to the Z-DNA and H-DNA-induced genomic instability, could
be due to the different DSB repair systems available. Mammalian cells use the error-
prone NHEJ as the predominant DSB repair system and bacterial E.coli cells
predominantly use the less mutagenic HR pathway available for repairing its DSBs,
since NHEJ is not available (92-95). The following are my specific aims for my research

studies:

Specific Aim 1: To study the roles of NHEJ and HR on Z-DNA-induced genetic
instability by determining the Z-DNA-induced mutation
frequencies and spectra in modified E.coli strains with

proficiencies and/or deficiencies in NHEJ (Ku/LigD) and HR.
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Specific Aim 2: To study the roles of NHEJ and HR on H-DNA-induced genetic
instability by determining the H-DNA-induced mutation
frequencies and spectra in modified E.coli strains with
proficiencies and/or deficiencies in NHEJ (Ku/LigD) and HR.
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CHAPTER Il: DOUBLE-STRAND BREAK REPAIR PATHWAYS IN Z-DNA AND H-
DNA-INDUCED GENOMIC INSTABILITY
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I.I INTRODUCTION

After the introduction of the canonical B-DNA double helix by Watson and Crick
(5), the scientific door remained opened for the discoveries of many other types of DNA
structures, otherwise known as non-B DNA structures. In the absence of an exogenous
or endogenous source of DNA damage, these non-B DNA structures can induce
genomic instability in vitro and in vivo (10, 31). Moreover, non-B DNA structures can be
implicated as causative factors for mutagenesis and human diseases (11). Two non-B
DNA structures of interest in the study of non-B DNA-induced genomic instability are Z-
DNA and H-DNA conformations because of their frequency in the mammalian genome
and association with human disease.

Sequences that can adopt Z-DNA or a H-DNA structures consist of repeats of
alternating purine-pyrimidine or symmetrical homopurine:homopyrimidine mirror
repeats, respectively. Shown in prior studies from our laboratory, Z-DNA and H-DNA-
forming sequences cause a defined division in the mutation frequencies and spectra
between mammalian cells versus bacterial cells (1, 2). Z-DNA induced a /acZ’ mutation
frequency of ~120 x 10 in mammalian cells, whereas in bacterial cells, a much lower
mutation frequency of ~12 x 10 was found for the same sequence (1). In parallel, the
mutation frequencies of some H-DNA-forming sequences from mammalian cells were
much higher than the nearly undetectable bacterial mutation frequencies (2). The
difference widened between the mammalian and bacterial cells when large-scale
deletions were found in the mutants generated in mammalian COS-7 cells and mouse
chromosomes, while in bacterial E.coli cells, H-DNA-forming sequences induced no
significant mutants and the Z-DNA-forming CG(14) sequence only induced small
expansions or contractions within the repetitive units of the sequence (1, 2, 31).

There may be a number of differences between mammalian cells and bacterial
cells that could account for these interesting differences seen in the non-B DNA-
induced mutation frequencies and spectra, such as different non-B DNA secondary
structure formation between species. Additionally, the non-B DNA structures may be
recognized and/or processed differently in mammalian cells than in bacterial cells.
There is also a difference in the chromatin organization within both kinds of cell types,
and the different types of DNA binding proteins may have a role in the species-specific
outcomes seen in our previous results. For instance, the bacterial HR RecA protein

binds preferably to Z-DNA structures than to B-DNA structures (21), while the homolog
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of RecA, the mammalian Rad51, has a lower preference for Z-DNA (96). Specifically,
the affinity of Rad51 for binding to ssDNA, being an ATPase and fulfilling the strand
exchange reaction in vitro, is lower than that of RecA (96). Nonetheless, the most
probable cause for the difference in the non-B DNA-induced mutagenesis in
mammalian cells versus bacterial cells is in how the non-B DNA-induced DSBs are
processed and repaired via their available DSB repair systems.

Throughout the mammalian cell cycle, except for the S and G2-phases, the
dominating DSB repair system is the NHEJ repair pathway, which is often error-prone in
losing the regions between microhomologous sequences (97, 98). While in the S and
G2-phases, the less error-prone HR system is competitively utilized for repair of DSBs
(45, 53, 92, 99, 100). In contrast, prokaryotes like E.coli that are lacking NHEJ use the
relatively less mutagenic RecA-dependent HR pathway as the primary mechanism for
repairing DSBs. However, during the strand invasion process in HR, when the ssDNA
binds with the sister homologous template, there can be small misalignments that
occurs in repetitive sequences (101). Considering the available DSB repair pathways
within mammalian cell versus E.coli or rather a lack of multiple pathways in the case of
E.coli cells, the differences in frequencies and types of Z-DNA and H-DNA-induced
mutations between mammalian cells and E.coli may be because of their different
available DSB repair pathway(s).

In order to study the roles of the DSB repair pathways, NHEJ and HR, in Z-DNA
and H-DNA structure-induced genetic instability and to test my hypothesis, E.coli cells
were modified to express the Mycobacterium tuberculosis (Mt) NHEJ system, which
consisted of the Mt-Ku and Mt-LigD proteins (3). The developed engineered strains
were either proficient or deficient in HR (RecA/RecB) and NHEJ (Mt-Ku/Mt-LigD), as
listed in Table 1. The stability of the Z-DNA-forming CG(14) repeat and H-DNA-forming
sequences (oriented in two directions, U and Y) were determined in the newly contrived
inducible Mt-NHEJ setting, which mimicked the DSB repair setting in mammalian cells.
Using a reporter system described in Wang et al. (1) with a blue/white mutation
screening method, where the white colonies represent mutants of the lacZ’ gene and
the blue colonies represent the wild-type lacZ’ function and production of complete p-
galactosidase, the mutation frequencies were calculated and graphed, followed by

characterization of selected mutants and sequencing analyses.

19



1.2 MATERIALS AND METHONDS

Plasmid substrates

The Z-DNA-forming sequence made up of CG(14) repeats:
CGCGCGCGCGCGLCGLCGLCGCGCGCGLCGLG, the H-DNA-forming sequence from the
promoter region of the human c-MYC gene in the U direction, where there are purines
in the coding stand: CGAGCTCCCTCCCCATAAGCGCCCCTCCC, the human c-MYC
gene in the Y direction, where there are pyrimidines in the coding strand:
GCGGGGAGGGGCGCTTATGGGGAGGGTTG, and a control scrambled sequence
CON: CGAGCTATCTGAGTCGAATACAGTTCGAC, were used in this study and in
previous studies by Wang et al. (1, 2). Each plasmid was constructed based on a 7,075
bp shuttle vector, pUCNIM, which has many essential components, including two
antibiotic resistance genes: neomycin and ampicillin, an SV40 replication origin, a
bacterial replication origin, and the insert sequence (non-B DNA-forming sequence or
control sequence) placed within the /lacZ’ gene that expresses the amino-terminal
fragment of the mutation-reporter gene, p-galactosidase (1). Oligonucleotides were
purchased from the Midland Certified Reagent Co (Midland, TX), to allow for cloning of
the inserts of interest into the pUCNIM shuttle vector plasmid at the EcoRI-Sall
cassette, in the region between the promoter and the /acZ’ coding region. The plasmids
were named accordingly: pUCG14, pUMYCu, pUMYCy and pUCON. Linearized
pUCON and pUCG14 digested with EcoRI were used to observe the DSB repair

efficiency after expression of the Mt-NHEJ vectors.

Bacterial strains

The different bacterial E.coli strains used in this study are listed in Table 1,
including each strain’s genetic background with their corresponding proficiencies and/or
deficiencies in HR (RecA/RecB) and NHEJ (Ku/LigD) after L-arabinose induction (Ara+);
highlighted in red are the deficiencies. All bacterial strains were obtained from Dr. Lynn
Harrison’s lab (Louisiana Health Sciences Center) and they were constructed from the
parental wild-type (WT) E.coli (Hfr KL16 (PO-45) thi-1 relA1 spoT1e14')\’) strain.
M.tuberculosis NHEJ repair proteins, Ku (Mt-Ku) and DNA Ligase D (Mt-LigD),

expression vectors were constructed and integrated into the bacterial strains as
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described by Malyarchuk et al. (55). The Mt-Ku and Mt-LigD expression vectors were
tagged at the N-terminus with a His-tag that did not distort their activity and allowed for
western analysis to identify protein expression (55). The expression of the Mt-NHEJ
proteins, Mt-Ku and Mt-LigD, are induced with L-arabinose (i.e. functional NHEJ). Every
strain contains one or both of the Mt-NHEJ components, except for the WT strain that
has neither. Two isogenic strains have deficiencies in HR: the RecA- and RecB- strains,
with mutations in recA (KL16 recA56 srlC300::Tn10) and recB (recB268::Tn10),
respectively. The WT/NHEJ+ strain has both the wild-type E.coli HR repair system and
the Mt-NHEJ repair system, after L-arabinose induction. Mt-Ku or Mt-LigD proteins were
also expressed individually in wild-type E.coli cells and were labeled as the Mt-Ku only

and Mt-LigD only strains, accordingly.

Preparing NHEJ proficient or deficient competent E.coli cells

After overnight growth of the desired bacterial strains in 150 ml LB culture with
appropriate antibiotics at 37°C and shaking at 250 rpm, 1.5 ml of the culture were
transferred and split into two fresh 150 ml LB for a 100-fold dilution. One flask was
labeled as Ara+ and the other as Ara-, no antibiotics were added and diluted cultures
were placed in 37°C incubation and 250 rpm shaking for one hour. After one hour of
incubation, 3 ml of 10% filtered L-arabinose was added to the Ara+ labeled culture,
bringing the L-arabinose concentration to a final concentration of 0.2% to induce the
expression of the Mt-NHEJ genes, Mt-Ku and/or Mt-LigD. Another additional 2 hours of
continual growth occurred before the bacteria reached the exponential phase with an
ODG600 of approximately 0.6, and were harvested by centrifugation in 30 ml tubes at
4500 rpm and at 4°C for 20 minutes. Two sequential 20 minutes washes and
centrifugation were done with 25 ml of detergent free ddH,O, after removing the
supernatant each time. In the final step, the pellets were transferred to 1.5 ml
microcentrifuge tubes and re-suspended in 10% glycerol for a final centrifugation at
4000 rpm at 4°C for 20 minutes. After removal of the supernatant, the cells were
aliquoted into 1.5 ml tubes for storage at -80°C, until proper use. These competent cells
were placed on ice when ready for western analysis or the electroporation step in the

mutagenesis assay.

Western Analysis

21



Western analyses were performed with modification as described in Malyarchuk
et al. to verify the expression of Mt-Ku and Mt-LigD proteins (55). After placing the
competent cells on ice, 20 ul of bacteria were re-suspended in 500 ul of 50 mM Tris-CI
(pH 7.4) and sonicated prior to centrifugation at 4°C at 12,000 rpm for 5 minutes. After
the removal of the supernatant, pellets were re-suspended by vortexing in 25 ul H,O
and 25 ul of 2 x SDS with dithiothreitol (DTT) added to room temperature 3 x SDS
stock. The samples were heated in a boiling 100°C water bath for 5 minutes and
centrifuged for 10 minutes, 12,000 rpm at room temperature. Fifty ul of the samples
were then loaded onto a ready-made 4-20% gradient SDS polyacrylamide gel for
fractionation via electrophoresis at 100 Volts (V) for 2 hrs and transferred onto a 0.2 pm
nitrocellulose membrane by electroblotting at 650 milliamps (mA) for 1.5-2 hrs (Bio-Rad
Laboratories. Inc, Hercules, CA). The blots were washed in tris-buffered saline (TBS)
with 0.1% Tween 20 (TBS/T) for one minute, prior to being blocked in 5% nonfat milk
(TBS/T) for one hour. The membrane was probed with a His-Tag (27E8) mouse
monoclonal antibody in the 5 % nonfat milk (TBS/T) solution (diluted 1:1000; Cell
Signaling Technology, Inc, Boston, MA) overnight with gentle shaking at 4°C. This
antibody recognizes six consecutive histidines on the tagged proteins. On the next day,
these blots were washed three times for 10 minutes each in TBS/T. Bound His-Tag
antibody was detected using chemiluminescent ECL detection reagents with the
incubation of a secondary horseradish peroxidase anti-mouse antibody (diluted 1:3000;

Amersham, Milano, Italy).

Mutagenesis assay
Two hours prior to the cells becoming competent and one hour after
transformation, all of the Mt-NHEJ expressing bacterial strains were exposed to a final
concentration of 0.2% L-arabinose added to the medium to induce and sustain
expression of Mt-Ku and/or Mt-LigD proteins. Fifty ng of all the plasmids (pUCG14,
pUMYCu, pUMYCy and pUCON) were transfected into 40 ul of the modified or wild-type
bacterial E.coli cells by electroporation with the use of the Bio-Rad Gene Pulser Il (Bio-
Rad, Hercules, CA) at 1.7 kV per reaction and were then resuspended in 1 ml LB. After
a one-hour recovery period, 200 wl was transferred to fresh 5 ml LB. The bacterial
strains that were designated for Mt-NHEJ expression, either for expression of both
proteins or individual components, were labeled as Ara+ with 100 ul of 10% L-arabinose
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added, to bring to a final concentration of 0.2% L-arabinose, for the induction of the
gene(s) expression in these strains. The cultures were grown overnight in the LB
mixture with ampicillin (Amp; 100 ug/ml) and kanamycin (Kan; 50 ug/ml), at 37°C
incubation and 250 rpm shaking. After approximately 16 hours of overnight incubation,
the Qiagen QIAprep Spin Miniprep Kit (QIAGEN Inc., Valencia, CA) was used according
to the manufacturer's recommendations for the isolation of the plasmids. A second
transformation was done with 10 ng of the recovered plasmid DNA (at concentrations of
10 ng/ul) and 20 ul of commercial DH5a-derived cells, NEB 5-alpha Electrocompetent
E.coli (New England Biolabs, Ipswich, MA) diluted 1:1 in 10% glycerol. The bacteria
were grown on LB-ampicillin-kanamycin (same concentrations as described above)
plates with 5-bromo-4-chloro-3-indolyl p-D-galactoside (X-gal) (50 mg/ml) and isopropyl
B-D-thiogalactoside (IPTG) (160 mg/ml) for overnight in a 37°C incubation oven. This
allows for a blue/white screening of the lacZ’ mutants generated in the Ara- or Ara+
bacterial strains after the first transformation. The number of white (mutant) colonies
were counted and divided over the number of total (blue and white) colonies to
determine the mutation frequencies. A pairwise t-test was performed as the statistical
analysis test on the collected data.

For further analysis, restriction analysis was performed, where selected mutants
were individually picked, streaked on another LB/Amp/Kan/X-Gal/IPTG agarose plate to
verify mutagenesis, and then grown overnight in 2 ml LB-ampicillin-kanamycin liquid
medium. As previously described, the Qiagen QlAprep Spin Miniprep Kit (QIAGEN Inc.,
Valencia, CA) was used to recover the plasmid DNA of the mutants. A double digestion
was performed with Eagl and BssSI enzymes on the spontaneous or non-B DNA-
induced mutant plasmid DNA and the stock control plasmid DNA were separated via
electrophoresis on 1.4% agarose gels, which will result in seven fragments from the
wild-type plasmid and the restriction fragments with 877 bp for the non-B DNA fragment
(Figs. 9B, 10B, 10D, 11B, 12B, 13B, 15B and 15D). Mutant DNA was sent to the MB
Core facility (UTMDACC at Science Park) for sequencing to verify mutant sequences
and to analyze deletion junctions. The total number of large-scale deletions from all Mt-
NHEJ expressing strains was calculated into a percentage of large deletions to total
deletions for all the bacteria expressing Mt-NHEJ (Ara+) versus when Mt-NHEJ proteins
are not expressed (Ara-). The difference between the two groups was statistically

analyzed with a Fisher exact test.
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HR Mt-NHEJ
RecA/RecB Ku/LigD (Ara+)
WT +/+ -/-
RecA- |+ +/+
RecB- +/- +/+
WT/NHEJ+ +/+ +/+
Mt-Ku only +/+ +/-
Mt-LigD only +/+ -[+

Table 1. Bacterial strains used in this study with their proficiencies and
deficiencies in HR (RecA/RecB) and Mt-NHEJ (Ku/LigD). The “+” signifies that the

corresponding protein was present, and likewise, signifies that the corresponding

protein was not present. (Adapted from Kha et al., 2010)
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1.3 RESULTS AND DISCUSSION

Mt-NHEJ genes expression and mutagenic repair of DSBs in E.coli

Integration of the L-arabinose inducible Mt-Ku and Mt-LigD expression vectors
into E.coli chromosomes was performed in Dr. Lynn Harrison’s laboratory and the
modified E.coli cells with Mt-NHEJ function were tested for the rejoining capabilities on
transformed linearized plasmids with various overhangs (55). Table 1 lists the
generated E.coli strains used with their corresponding HR and NHEJ capabilities noted
in the “+” or “-“ symbols. The wild-type (WT) strain is categorized as fully HR functional
with unaltered RecA and RecB proteins, while this strain is naturally lacking in NHEJ
function. The wild-type strain engineered to contain the Mt-NHEJ expression vectors,
Mt-Ku and Mt-LigD, is listed as the WT/NHEJ+ strain. Individual expression of Mt-Ku or
Mt-LigD into wild-type E.coli cells are referred to as the Mt-Ku only and Mt-LigD only
strains. The two strains that are deficient in wild-type HR function, but have NHEJ
capabilities, are referred to as the RecA- or RecB- strains; with alterations in their recA
or recB genes, respectively.

Western analyses were conducted to verify the levels of Mt-Ku and Mt-LigD
protein after their induction with L-arabinose (Ara+) as shown in Figure 7A. ‘BW35’ does
not contain Mt-Ku nor Mt-LigD expression vectors, which is the same as the WT strain
in Table 1. ‘BWKu’ and ‘BWLig,” contain individual expression vectors with only Mt-Ku
or only Mt-LigD being expressed when L-arabinose was supplemented into the LB
culture. The anti-his tag monoclonal antibody recognized the Mt-Ku protein, which is of
~35 kDa, while Mt-LigD is detected at ~90 kDa (55). Lastly, ‘BWKu/Lig#2’ represents
the strain that has both Mt-Ku and Mt-LigD expression vectors integrated into the E.coli
chromosomes, as seen in the Ara+ column with the two bands at the appropriate sizes.
Similar to the previous published western analyses, two bands at the ~35 kDa and ~90
kDA mark would also be reflected in our western blots for the RecA-, RecB- and
WT/NHEJ+ strains because they contain both of the Mt-NHEJ proteins after L-
arabinose is added (Ara+ columns in Figure 7B-D). The WT strain would show no
bands, with or without L-arabinose (boxed in red on Figure 7B), and the individual Mt-
Ku only and Mt-LigD only strains would only contain one band after induction of their
individual protein (Ara+ columns in Figure 8B). Thus, in Figure 7B-D and Figure 8B,

these western blots verify the correct expression of the NHEJ genes, according to the
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strains listed in Table 1 with their matching labeled Mt-NHEJ descriptions after L-
arabinose induction (Ara+). And with western analyses verifying Mt-NHEJ induction,
studies on Z-DNA and H-DNA-forming sequences can be conducted in all the strains to
determine the effects of NHEJ and HR on non-B DNA genomic instability.

The addition of L-arabinose to the LB culture for induction of Mt-NHEJ gene
expression does not interfere per se with the stability of the lacZ’ reporter gene on
neither the control plasmid nor on the non-B DNA-forming plasmids in the WT E.coli
strain that does not have integration of the Mt-NHEJ expression vectors (Figure 9A).
The high mutation frequencies of the Z-DNA-forming sequence, before and after
addition of L-arabinose, further confirm previous published results about the mutagenic
potential of Z-DNA in wild-type bacterial cells (1). Z-DNA is still measurably mutagenic
in the WT cells with mutation frequencies between 14 to 17 x10™, which is ~20-fold
higher than the mutation frequencies of the control plasmid pUCON that are around ~1
x10™ with or without L-arabinose (Figure 9A). As expected, regardless of the presence
of L-arabinose, the restriction analyses of the Z-DNA-induced mutants revealed that the
major event was small-scale deletions within the CG repeats, as indicated by the minor
size change of the restriction fragment that contains the Z-DNA-forming CG(14)
sequence, and further confirmed by sequence analysis (3 large-scale deletion

mutants/20 total mutants; Figure 9B).
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Figure 7. Western analyses to verify the joint expression of the Mt-NHEJ proteins,
Mt-Ku and Mt-LigD, from different bacterial strains used in the study. The cultures
were grown in LB or LB with a final concentration of 0.2% L-arabinose (Ara+) and a
His-Tag monoclonal antibody was used on the 0.2 ym nitrocellulose membranes to
probe and recognize proteins containing five consecutive histidines that are tagged on
the Mt-NHEJ proteins. (A) The wild-type (BW35) strain, the strain with only the Mt-Ku
expression vector (BWKu), the strain with only the Mt-LigD expression vector (BWLig)
and the strain that contains both Mt-NHEJ protein expression vectors (BWKuLig#2)
were examined for protein(s) expression. (Adapted from Malyarchuk et al., 2007) (B)
There was no expression of the Mt-NHEJ proteins detected in the wild-type (WT) cells
that do not have the expression vectors, while in the RecA- cells that contain the Mt-
NHEJ expression vector, Mt-NHEJ was present after Ara+ induction versus no
expression in the Ara- cells. (C) Mt-NHEJ proteins are expressed in RecB- cells that
contain the Mt-NHEJ expression vector, after Ara+ induction versus no expression in
the Ara- cells. (D) In the WT/NHEJ+ cells, which are the WT cells with the Mt-NHEJ
expression vectors, there was expression of both the Mt-NHEJ proteins after Ara+

induction versus no expression in the Ara- cells.
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Figure 8. Western analyses to verify individual expression of the Mt-NHEJ
proteins, Mt-Ku or Mt-LigD, in the Mt-Ku only and Mt-LigD only strains. The
cultures were grown in LB or LB with a final concentration of 0.2% L-arabinose (Ara+)
and a His-Tag monoclonal antibody was used on the 0.2-uym nitrocellulose membranes
to probe and recognize proteins containing five consecutive histidines that are tagged
on the Mt-NHEJ proteins. (A) The protein expression examined in the strain with only
the Mt-Ku expression vector (BWKu), boxed in blue, and the strain with only the Mt-
LigD expression vector (BWLig) boxed in green. (Adapted from Malyarchuk et al., 2007)
(B) There was Mt-Ku protein expression in Mt-Ku only cells (blue box) and Mt-LigD
protein expression in Mt-LigD only cells (green box) after Ara+ induction versus no

induction in the Ara- cells.
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Figure 9. The inducible factor, L-
arabinose, is not mutagenic in the experimental mutation-reporter system per se.
(A) L-arabinose (Ara+), the inducible factor of the Mt-NHEJ proteins, did not affect the
mutation frequencies of the control plasmid and Z-DNA plasmid in wild-type (WT) E.coli
cells that do not have the Mt-NHEJ expressing system. There are >100,000 colonies in
each group and the error bars indicate the standard deviation of three separate
experiments. (B) The mutation spectra is shown on an agarose gel, a representative gel
for the 20 total Z-DNA-induced mutants analyzed from WT E.coli cells without the Mt-
NHEJ proteins expression vectors, before (Ara-, top panel) and after L-arabinose
supplementation (Ara+, bottom panel). The arrows refer to the Z-DNA-forming
fragments; “+” marks the large-scale deletions (=50 bp); “C* labels the control plasmid;

and “M” labels the size standard marker. (Adapted from Kha et al., 2010)
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Previously, an end-joining assay was used to demonstrate that the expression of
Mt-Ku and Mt-LigD in E.coli can effectively rejoin linearized plasmids that have 2 bp
overhangs in a RecA and RecB-independent manner (55). Our blue/white mutation
screening can also be applied to see if functional NHEJ is actually exhibited in these
modified E.coli cells. After EcoRI digestion, linearized pUCON and pUCG14 plasmids
that have “sticky-ends” were transformed into the RecA- and RecB- strains that contain
an inducible Mt-NHEJ system to detect the frequency of inaccurate NHEJ repaired
plasmids (the white-colored mutant colonies) over total repaired plasmids (mutant
white-colored and wild-type blue-colored colonies) recovered from the strains when
there is NHEJ (NHEJ+) or when the Mt-NHEJ genes are not expressed (NHEJ-; without
L-arabinose induction; Figure 10A and 10C).

When there was expression of the Mt-NHEJ proteins, there were approximately
20-fold more colonies observed than in the un-induced cells. This indicated that the HR
repair mechanism was substantially reduced in the RecA- and RecB-deficient strains
and the transfected linearized plasmids were more receptive to repair when the NHEJ
mechanism was available, upon L-arabinose induction. Figure 10A and 10C shows the
very low mutation frequencies generated from the linearized plasmids in the NHEJ-
groups, illustrating that there might be low amounts of natural rejoining of the linearized
plasmids or other repair mechanisms that differ from NHEJ and traditional HR repair
that requires both RecA and RecB. When Mt-NHEJ proteins were present in both RecA-
and RecB- strains, there were ~1,000-fold increases in the mutation frequencies of both
pUCON and pUCG14-linearized plasmids, confirming that the expression of Mt-Ku and
Mt-LigD was sufficient for processing DSBs in a mutagenic fashion. This is consistent
with the predominately inaccurate end-joining products previously seen, and
concordantly, to the repair products of the NHEJ mechanism (55).

Moreover, the mutants from linearized plasmids recovered from the NHEJ+ cells
had a majority of large-scale deletions as assessed by restriction enzyme and gel
electrophoresis analyses (14/22; Figure 10B and 10D). The RecB- strain was also
subjected to transformation with “blunt-ended” linearized plasmids that contain a DSB
placed four bp from the lacZ’ reporter gene after an EcolCRI digestion, and the repair of
this kind of DSB was found to be more efficient in NHEJ+ cells, as indicated by ~10 to
30-fold more colonies than in the NHEJ- cells and the vast majority of the repair

products were mutants (data not shown). These results verify that the two-component
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Mt-NHEJ proteins were effectively expressed and functional in repairing DSBs in vivo in

a mutagenic fashion in our system.
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Figure 10. Cells expressing the functional Mt-NHEJ proteins process the DSBs in
a mutagenic fashion. (A) The repair of EcoRI-generated DSBs resulted in mutation
frequencies in the presence (NHEJ+) or absence (NHEJ-) of functional NHEJ in RecA-
cells. (B) The NHEJ+ mutant spectrum after Eagl and BssSI digestion and separation of
the seven fragments by agarose gel electrophoresis. (C) The repair of EcoRI-generated
DSBs caused mutation frequencies in the presence (NHEJ+) or absence (NHEJ-) of
functional NHEJ in RecB- cells. (D) The NHEJ+ mutant spectrum after Eagl and BssSI
digestion and separation of the seven fragments by agarose gel electrophoresis.
Linearization of pUCG14 and pUCON was done by EcoRI digestion. The error bars
indicate the standard deviation of two separate experiments. The arrows refer to the Z-
DNA-forming fragments; “+” marks the large-scale deletions (=50 bp); “C* labels the
control plasmid; and “M” labels the size standard marker. (Adapted from Kha et al.,
2010)
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NHEJ effects Z-DNA-induced mutagenesis in modified E.coli

The processing of DSBs begins with Ku binding to the DSB ends in NHEJ repair
and RecB binding to the DSB ends in HR repair (47, 67). However, the exhibited
divergence between the two DSB repair pathways lies in the subsequent steps of HR,
when RecA directs the newly resected 3-OH ssDNA into a homologous sister
chromatid for the strand invasion reaction (91). To eliminate the interactions of RecA
with DSB ends and to determine the role of NHEJ on non-B DNA-induced mutagenesis,
we used a RecA- strain that is deficient in RecA, but has the Mt-NHEJ expression
vectors integrated.

In the RecA- strain, the presence of Mt-NHEJ proteins does not significantly
affect the Z-DNA-induced mutation frequency (Figure 11A). The Z-DNA-forming plasmid
remains highly mutagenic compared to the control plasmid pUCON, regardless of Mt-
NHEJ induction, with mutation frequencies of ~15 x10™ versus <1 x10™, respectively.
Although there was not a distinct difference in the Z-DNA-induced mutation frequencies
with or without NHEJ, the mutation spectra differ in the presence or absence of
functional NHEJ (Figure 11B). In Figure 11B, the top panel shows the types of Z-DNA-
induced mutants from the RecA- strain when Mt-NHEJ was not present (NHEJ-); the
fragment containing the Z-DNA-forming sequence can be seen, similar to previously
published work from our lab (1). The majority of the mutations were small expansions or
deletions within the repeats. Confirmed by direct DNA sequencing analysis of mutant
clones, the overwhelming majority of mutations found were small-scale deletions when
NHEJ was absent (no large deletions (>50 bp) were detected in 22 total mutants; top
panel in Figure 11B). In contrast, when Mt-NHEJ was introduced into the RecA- cells,
some portion of the Z-DNA-induced mutants were found to have undergone large-scale
deletion events, as seen in the bottom panel of Figure 11B (3 large-scale deletion
mutants/22 total mutants).

Since the binding and processing activities of RecB occur before RecA activities
in the HR pathway, the non-B DNA-induced mutagenesis generated in the RecA- strain
may not fully reflect the exclusive work of NHEJ or a complete shut down of the HR
pathway. DSB ends sequestered by RecB may prevent Mt-Ku and Mt-LigD from
performing NHEJ on the broken DNA ends. Therefore, in an attempt to reduce HR

efficiency by a different mechanism, we studied a RecB- strain that is deficient in this
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critical factor that processes the DSB ends and facilitates RecA loading in the HR
mechanism (102).

When Mt-NHEJ proteins were present in the RecB- strain, the spontaneous and
non-B DNA-induced DSBs were directed into the more mutagenic NHEJ repair
pathway, as indicated by an overall increase in the mutation frequencies for all the non-
B DNA plasmids. Prior to Mt-NHEJ induction, the Z-DNA-induced mutation frequency
was ~13 x10™ (Figure 12A). This mutation frequency modestly increased to ~17 x10™
when in the presence of NHEJ (p-value < 0.01; Figure 12A). Even though the statistical
analysis of the Z-DNA-induced mutation frequencies showed a significant increase after
Mt-NHEJ induction, the control plasmid pUCON (or spontaneous) mutation frequency
had a significant increase as well, with its frequency rising from ~1.5 x10* to ~7 x10™*
when NHEJ was present (p-value < 0.01; Figure 12A). Therefore, the mutations
generated in the RecB-deficient cells showed that NHEJ could increase mutagenesis in
a sequence-independent manner, since DSBs can be generated on plasmid DNA
spontaneously. However, contrary to the mutagenesis frequency results, there was a
striking difference seen in the types of Z-DNA-induced mutations compared to the
spontaneous mutations generated in the RecB- strain (Figure 12B). The top panel of
Figure 12B shows mutants generated in the absence of NHEJ (NHEJ-), and the bottom
panel shows mutants generated after Mt-NHEJ induction (NHEJ+).

In contrast to the NHEJ-mediated mutations seen in the RecB- strain, in the
WT/NHEJ+ strain (containing both RecA and RecB), the expression of the Mt{-NHEJ
genes in wild-type E.coli cells did not show a significant impact in altering the
spontaneous or the non-B DNA-induced mutation frequencies (Figure 13A). Notably,
the Z-DNA-induced mutation frequency of ~16 x10™ before Mt-NHEJ induction (Figure
13A) was not significantly higher than ~11 x10™* in Mt-NHEJ+ cells based on our
statistical analysis. These results from the WT/NHEJ+ strain are surprising, since there
was an expectation for the NHEJ and HR pathways to be competitive in repairing the
non-B DNA-induced DSBs, when both pathways were made available. In addition, we
predicted that in the presence of the more ‘error-prone’ mutagenic NHEJ repair
pathway, there would be more mutations generated.

This prediction was based on the idea that if there was an absence of one DSB
repair pathway, then there should be a shunt in the DSB repair towards the other

available repair pathway. HR typically provides an accurate and ‘error-free’ repair of
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DSBs with the assistance of a homologous sister chromatid as a template. During the
ssDNA invasion reaction and homologous pairing event in HR, misalignments can
occur, which can lead to small expansions or deletions at simple repeat sequences, like
the CG(14) repeats in the Z-DNA-forming sequence used in this study. These events
are often restricted to the repetitive area and do not affect the neighboring sequences.
In NHEJ repair, as opposed to HR repair, there is the possibility of generating larger
deletions of the sequences between the two homologous regions. It is possible that
when both NHEJ and HR pathways are available in the Ara+ cells, the HR pathway is
still the major repair activity of the DSBs, and thus, the effects of NHEJ can be
overshadowed by HR repair. Notably, similar misalignment can also occur during DNA
replication, leading to small deletions and insertions within the repeats.

We were able to determine if the presence of NHEJ in E.coli alters the mutation
frequencies and types of mutants induced by non-B DNA structures, with the observed
mutation frequencies after Mt-NHEJ induction and characterization of the mutants by
restriction digestion and sequencing analyses. DNA plasmids obtained from the
mutants generated in each strain, with or without Mt-NHEJ induction, were digested
with Eagl and BssSI and then electrophoresed on a 1.4% agarose gel. And overall, the
presence of NHEJ system did substantially shift the mutation spectra with more
proportions of large-scale deletions after Mt-NHEJ was induced. The three strains that
contain Mt-NHEJ expression vectors, when induced with L-arabinose, came with an
assortment of genetic backgrounds, where one strain was wild-type in HR and the other
two strains had a deficiency in the HR pathway, either in RecA-deficiency or RecB-
deficiency.

Collectively, the percentage of large-scale deletions in the Z-DNA-induced
mutants was calculated as shown in Figure 12C for the NHEJ-deficient (NHEJ-) and the
NHEJ-proficient (NHEJ+) groups. The ratio of large-scale deletions of Z-DNA-induced
mutants to total number of mutants from the RecA-, RecB- and WT/NHEJ+ strains
shifted from 2% (1 large-scale deletion mutant/56 total mutants, without Mt{-NHEJ
induction) to 24% (12 large-scale deletion mutants/50 total mutants, with Mt-NHEJ
induction), implicating the NHEJ repair pathway in the Z-DNA-induced large-scale
deletions. Sequencing analysis confirmed that when the cells were lacking NHEJ, there
was a majority of small-scale deletions or insertions with 2-24 bp alteration within the Z-

DNA-forming CG(14) sequence. There were, however, a significant number of large-
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scale deletion (=50 bps) mutants that had complete loss of the Z-DNA-forming
sequence and some adjoining sequences when functional NHEJ was present. The
junctions in these mutants were composed of 2-4 bp of microhomologies, similar to
what was found in mammalian cells (Figure 14) (1). The Z-DNA results demonstrate
that the mutations produced in the NHEJ+ E.coli cells were similar to the types of
mutations generated in mammalian cells, which contain an endogenous NHEJ
mechanism.

In support of this notion, using Ligation-mediated PCR (LMPCR) experiments as
previously described in Wang et al. (1) with a modification procedure to isolate the
plasmid DNA from bacterial cells, the Z-DNA CG(14) sequence did indeed lead to DSBs
in E.coli. The plasmid DNA extracted from MBM7070 bacterial cells following the
modified method described by Zhang et al. (103) allowed for collection of small DNA,
rather than collecting circled DNA as in the alkaline lysis methods used previously in
Wang et al. (1). The Z-DNA CG(14) sequence was found to cause a DSB hotspot in
bacteria, while there was no breakpoint found near the control sequence in plasmid
pUCON (data not shown and produced by Dr. Graham Wang in the Vasquez lab). This
finding further demonstrated that DSBs were caused by Z-DNA in bacteria, which is

similar to what was seen in mammalian cells.
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Figure 11. Spontaneous and Z-DNA-induced mutation frequencies and spectra in
the RecA- strain. (A) Spontaneous and Z-DNA-induced mutation frequencies in the
RecA- strain in the presence (NHEJ+) or absence (NHEJ-) of the Mt-NHEJ proteins.
There are >100,000 colonies in each group and the error bars indicate the standard
deviation of three separate experiments. (B) The mutants induced by Z-DNA are shown
on a representative gel for the 44 Z-DNA-induced mutants analyzed from the RecA-
strain after Eagl and BssSl digestion and separation of the seven fragments by agarose
gel electrophoresis from NHEJ- (top panel) and from NHEJ+ (bottom panel) strains. The
arrows refer to the Z-DNA-forming fragments; “+” marks the large-scale deletions (=50

bp); “C* labels the control plasmid; and “M” labels the size standard marker.
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Figure 12. Spontaneous and Z-DNA-induced mutation frequencies and spectra in
the RecB- strain. (A) Spontaneous and Z-DNA-induced mutation frequencies in RecB-
cells in the presence (NHEJ+) or absence (NHEJ-) of the Mt-NHEJ proteins. (B) The Z-
DNA induced mutation spectrum is shown on a representative gel for the 42 Z-DNA-
induced mutants analyzed. There are >100,000 colonies in each group and >100
mutants screened; the error bars indicate the standard deviation of three separate
experiments and bacterial groups. The arrows refer to the Z-DNA-forming fragments; “+”
marks the large-scale deletions (=50 bp); “C* labels the control plasmid; and “M” labels
the size standard marker. The Z-DNA-induced mutants were digested with Eagl and
BssSl, as seen in the separation of the seven fragments by agarose gel
electrophoresis. (Adapted from Kha et al., 2010). (C) Total number of large-scale
deletions to total number of deletions from the combined NHEJ-deficient (NHEJ-) and
NHEJ-proficient (NHEJ+) bacterial strains. The “#” symbol marks the significant
difference (p-value < 0.01) between the NHEJ- and NHEJ+ induction.

38



N
o

BNHEJ -

-
[&)]

BNHEJ +

Mutation Frequency (x 10%)
o

pUCON pUCG14

T ———— T —— — — S~ —

—
—
. — L —— — — — — —

¥ -—

-

g

Figure 13. Spontaneous and Z-
DNA-induced mutation frequencies and spectra in the WT/NHEJ+ strain. (A)
Spontaneous and Z-DNA-induced mutation frequencies in the WT/NHEJ+ strain in the
presence (NHEJ+) or absence (NHEJ-) of the Mt-NHEJ proteins. There are >100,000
colonies in each group and the error bars indicate the standard deviation of three
separate experiments. (B) The Z-DNA-induced mutations are shown on a
representative gel for the 20 Z-DNA-induced mutants analyzed from the WT/NHEJ+
strain after Eagl and BssSl digestion and separation of the seven fragments by agarose
gel electrophoresis; NHEJ- (top panel) and from NHEJ+ (bottom panel). The arrows
refer to the Z-DNA-forming fragments; “+” marks the large-scale deletions (=50 bp); “C*

labels the control plasmid; and “M” labels the size standard marker.
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Figure 14. Sequenced junctions of the Z-DNA-induced mutants from the RecB-
strain. (A) Examples of sequencing data from the small-scale deletions in the Z-DNA-
induced mutants from the RecB- cells. The ‘M’ represents the Z-DNA-induced mutants
and the ‘WT’ represents the wild-type Z-DNA-forming sequence. (B) Examples of
sequencing data from the large-scale deletions in the Z-DNA-induced mutants from the
RecB- cells. The spaces between the lines were deleted from the Z-DNA-forming
plasmid sequence. The letters at the end of each line represents the microhomologies.

(Adapted from Kha et al., 2010)
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The functional NHEJ system, and not Ku or LigD individual activity, is involved in
the Z-DNA-induced large-scale deletions

The multi-domain Mt-LigD protein is an essential partner in the “two-component”
Mt-NHEJ system. On the C-terminus of Mt-LigD there is a ligase domain, while the
polymerase domain resides at the N-terminus, and in between there is a nuclease
domain that has 3’ to 5 exonuclease activity (3, 68-71). The multiple activities of Mt-
LigD raises the question of whether there is a single protein activity that could, rather
than NHEJ activity as a whole, cause the large-scale deletions seen in the Z-DNA-
induced mutants in Ara+ cells. Also in question is the Mt-Ku homodimer, which binds to
DNA breaks and can also alter the type of DSB repair implemented in processing the
DSBs depending on other repair factors available (LigD or LigC, etc) (3, 55, 68, 104,
105). Therefore, to sort out whether the NHEJ pathway or the individual components,
Mt-Ku or Mt-LigD proteins, are responsible for the large-scale deletions in the Z-DNA-
induced mutants, the Z-DNA-forming plasmid was transformed into the Mt-Ku only and
Mt-LigD only strains to calculate and compare the Z-DNA-induced mutation frequencies
and spectra to those found in cells containing both Mt-Ku and Mt-LigD. These particular
strains only express the individual components, whether Mt-Ku or Mt-LigD, which
makes them insufficient in the full Mt-NHEJ activities seen in the RecA-, RecB- and
WT/NHEJ+ strains after L-arabinose induction.

In the absence of Mt-Ku in the wild-type E.coli cells, the Z-DNA-induced
mutation frequency was ~17 x10™*, which was the same Z-DNA-induced mutation
frequency for the WT strain before L-arabinose was supplemented into the LB (Figure
15A and 9A). The introduction of Mt-Ku into the wild-type E.coli cells produced a Z-
DNA-induced mutation frequency of ~32 x10™ (Figure 15A). The difference in mutation
frequencies in the Mt-Ku only strain was not significantly different from the uninduced
cells (p value = 0.16). Similarly, in the cells that only expressed Mt-LigD, the Z-DNA-
induced mutation frequency was not significantly altered from ~21 x10™, without Mt-
LigD induction, to ~17 x10*, with Mt-LigD induction (Figure 15C). Our data is in
agreement with previous results that showed that the Mt-LigD nuclease activity is not
involved in processing DNA breaks independently, and that Mt-Ku works with Mt-LigD

as the two-component NHEJ repair system (3, 106).
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Figure 15. Z-DNA-induced and spontaneous mutation frequencies and spectra in
Mt-Ku only and Mt-LigD only bacterial strains. (A) Z-DNA-induced and pUCON-
induced (i.e. spontaneous) mutation frequencies in Mt-Ku only cells in the presence (Mt-
Ku+) or absence (Mt-Ku-) of the Mt-Ku protein. (B) The pUCG14 mutant spectrum after
Eagl and BssSI digestion and separation of the seven fragments by agarose gel
electrophoresis from Mt-Ku+ cells. (C) Z-DNA-induced and pUCON-induced mutation
frequencies in Mt-LigD only cells in the presence (Mt-LigD+) or absence (Mt-LigD-) of
the Mt-LigD protein. (D) The pUCG14 mutation spectrum after Eagl and BssSI digestion
and separation of the seven fragments by agarose gel electrophoresis from Mt-LigD+
cells. There are >70,000 colonies in each group and the error bars indicate the standard
deviation of three separate experiments. The arrows refer to the Z-DNA-forming
fragments; “C“ labels the control plasmid; and “M” labels the size standard marker.
(Adapted from Kha et al., 2010)
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Moreover, the types of mutants induced by Z-DNA in both of the Mt-Ku only and
Mt-LigD only strains were consistent with the inability of the individual proteins to
process the DSBs. The mutations were small-deletions within the CG(14) repeat (20
small-scale deletion mutants/20 total mutants; Figure 15B and 15D), as also seen prior
to Mt-Ku or Mt-LigD expression in the wild-type E.coli cells (20 small-scale deletion
mutants/20 total mutants; data not shown). Regardless of the Mt-Ku or Mt-LigD
expression status, the Z-DNA-induced mutation frequencies and spectra were
unaltered. It is indeed the entire NHEJ system, rather than either Mt-Ku or Mt-LigD
alone that is responsible for generating the large-scale deletions on the Z-DNA-forming
plasmids in the modified bacterial E.coli cells.

There are other potential factors in addition to the traditional HR and NHEJ
components, which may be involved in non-B DNA-induced genomic instability in our
study. In vivo, there are other DSB repair mechanisms that are not directly categorized
under HR or NHEJ, such as the alternative RecFOR homologous recombination
pathway in prokaryotes that is also available and independent of the RecBCD function
in HR (89). As noted from our assays, there highly accurate DNA end rejoining of
“sticky-ended” DSBs generated from EcoRI digestion, suggesting a direct ligation of the
DSBs could also be involved. Interestingly, repair of the “blunt-ended” DSBs resulting
from EcolCRI digestion occurred in a more mutagenic fashion (more than 60% of the
recovered mutants had a mutation on the lacZ gene 4-bp from the targeted DSB; data
not shown). There are also recent new findings of an end-joining repair mechanism in
E.coli that has not been characterized prior to this study (107). This mechanism is
different than canonical NHEJ, and is dependent on ligase-A activity. Nonetheless, the
efficiency levels of these processes (identified or as yet unidentified) may not be as high
as in the HR or NHEJ pathway and they contribute a very minor role for processing the
DSBs, as is evident by the reduced amount of colonies after the linearized plasmids
were transformed into the RecA-/RecB- strains without Mt-NHEJ induction compared to
the cells that are proficient in RecBCD and RecA or the cells that had the Mt-NHEJ
proteins present.

When NHEJ and HR are both available, there can be competition for the DSB
intermediates, as previously reported (108). Even so, this is not seen in the processing
of the Z-DNA-induced DSBs when both DSB repair systems were made available, as in

the modified E.coli cells that contained the Mt-NHEJ proteins. If NHEJ was not present,
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such as in the wild-type E.coli cells, then the repair of the Z-DNA-induced DSBs may be
shunted to the HR pathway or to other available pathways (Figure 16), resulting in
accurate ligation of small deletion/expansions in the repetitive sequences. And although
the novel expression of Mt-Ku and Mt-LigD in E.coli cells can be sufficient for the
initiation of processing broken DNA ends and the ligation of the DSB strands in a NHEJ-
like fashion, different repair outcomes can be produced when these proteins are
expressed in various genetic backgrounds; indicating that the host E.coli cell proteins
can assist with the repair processes (3, 55, 106). Additionally, independent of DSBs
and/or their repair processing, there can also be contractions or expansions within the
CG(14) repeats via slippage events during DNA replication (1), which can overshadow
the small-scale deletions or expansions resulting from DSB repair. Thus, the
contribution of NHEJ proteins in Z-DNA-induced mutagenesis could be underestimated

in our system.
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Figure 16. Proposed model for the role of double-strand repair pathways in
processing of Z-DNA-induced DSB. (A) HR, NHEJ, and other processes, such as
direct ligation of DNA breaks, may participate in the processing of Z-DNA-induced
DSBs. (B) In mammalian cells, where NHEJ is available, large-scale deletions are
prevalent after the Z-DNA-induced DSBs are processed by that mechanism. (C)
However, in E.coli, where NHEJ is absent, the HR pathway largely repairs the DSBs
and this may produce small expansions/contractions within the repeat because of

misalignment events. (Adapted from Kha, et al., 2010)
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NHEJ does not affect H-DNA-induced mutagenesis in modified E.coli

Previous results in our laboratory demonstrated that Z-DNA is mutagenic in both
mammalian cells and bacterial cells, while H-DNA is only mutagenic in mammalian cells
and not in wild-type E.coli (1, 2). This quite stable, non-mutagenesis characteristic of H-
DNA in bacteria may possibly be due to the lack of an error prone NHEJ pathway in
E.coli cells. In addition, since the H-DNA-forming sequence tested in this study was not
a simple repetitive sequence, there is a greater possibility for an accurate alignment of
the invading stand into the homologous template during HR, which would not result in
small expansions or deletions, allowing for error-free repair of H-DNA-induced DSBs.
Therefore, the H-DNA-induced mutagenesis was re-evaluated in modified E.coli that
express the Mt-NHEJ proteins to mimic a similar DSB repair situation in bacteria as in
mammalian cells.

As previously found for our Z-DNA studies described above, the addition of the
inducible factor, L-arabinose, to the LB culture for induction of Mt-NHEJ protein
expression did not influence the spontaneous or H-DNA-induced mutation frequencies
in WT E.coli cells (Figure 17). The low mutation frequencies of the H-DNA-forming
sequences, which were all below 1 x10™, validates previous observations that H-DNA is
not mutagenic in wild-type E.coli cells (Figure 17) (2). And similar to the Z-DNA-induced
genetic instability study, the H-DNA-induced genetic instability was evaluated in most of
the same strains listed in Table 1, except for the Mt-Ku only and Mt-LigD only strains. In
the RecA- and WT/NHEJ+ strains that have the Mt-NHEJ expression vectors, very
similar mutation frequencies were found between the H-DNA and control plasmids. In
both strains, there were consistently low mutation frequencies that had no significant
differences when Mt-NHEJ is expressed (Figure 18 and 20). In the RecA- cells, the
mutation frequencies remained low, before and after Mt-NHEJ induction, with all
frequencies below ~1 x10* (for both U and Y-direction; Figure 18). The combined
average mutation frequencies of the two H-DNA-forming sequences (U and Y-direction)
were at ~2 x10™, before Mt-NHEJ induction, and ~1.8 x10™, after Mt-NHEJ induction in
the WT/NHEJ+ strain (Figure 20). This lack of an effect of NHEJ on H-DNA-induced
genetic instability is further confirmed through characterization of the mutants. The
restriction and sequencing analyses of a few available spontaneous control plasmid
pUCON-induced mutants and H-DNA-induced mutants showed that the types of

mutations consisted of a mixture of small-scale and large-scale deletions when Mt-
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NHEJ was not induced and when Mt-NHEJ was induced, for both plasmids (data not
shown).

In the RecB- cells, there was a significant increase in both the H-DNA and
pUCON-induced (i.e. spontaneous) mutation frequencies when Mt-NHEJ was
expressed, which is similar to the Z-DNA-induced genetic instability results from the
RecB- strain (Figure 19). The mutation frequencies for the H-DNA-forming sequences,
prior to Mt-NHEJ induction, were averaged to ~1 x10™ (for both U and Y-directions;
Figure 19). Following Mt-NHEJ induction, the H-DNA-induced mutation frequencies had
a ~5 and a half-fold increase (p-value < 0.01; Figure 19). This ~5 and a half fold
increase after NHEJ expression, however, is not H-DNA specific, because the pUCON-
induced mutagenesis is also increased by the same fold after Mt-NHEJ induction (p-
value < 0.01; Figure 19). Clearly, the data for the H-DNA-forming sequences strongly
indicates that H-DNA is not mutagenic in bacteria cells, regardless of the expression of
NHEJ.

There are several possible factors that may come into play for this lack of H-
DNA-induced mutagenesis in the modified E.coli. Unlike the Z-DNA-induced
mutagenesis results, the types of mutants found and mutation frequencies of the H-
DNA-forming sequences were nearly identical to the control plasmid pUCON-induced
mutation frequencies and spectra (Figure 18-20). In the RecB-deficient strain, the
mutation frequencies for both the control plasmid pUCON and H-DNA-forming plasmid
increased when Mt-NHEJ was induced (NHEJ+; Figure 19). With this increase in the
number of mutants, there was also an increase in the ratio of large-scale deletions in
the spontaneous and H-DNA-induced mutants when NHEJ was available (data not
shown), which we believe is due to the error-prone NHEJ repair of spontaneous DSBs
generated in bacteria. The characterization of the spontaneous and H-DNA-induced
mutants in the other strains, with and without Mt-NHEJ, showed a mix of point
mutations and large-scale deletions for all the strains studied (data not shown),
suggesting that the sequences that can form H-DNA structures were stable in bacterial
cells, and the spontaneous mutations included a low level of large-scale deletions,

probably as a result of nuclease digestion and re-ligation.
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Figure 17. The inducible factor, L-arabinose, does not affect H-DNA-induced
mutagenesis per se. L-arabinose (Ara+), the inducible factor of the Mt-NHEJ proteins,
did not effect the mutation frequencies of the control plasmid and H-DNA plasmid in
wild-type (WT) E.coli cells that do not have the Mt-NHEJ expressing system. There are
>100,000 colonies in each group and the error bars indicate the standard deviation of

three separate experiments.
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Figure 18. Spontaneous and H-DNA-induced mutation frequencies from the RecA-
strain. This graph shows the spontaneous and H-DNA-induced mutation frequencies in
the RecA- strain in the presence (NHEJ+) or absence (NHEJ-) of the Mt-NHEJ proteins.
There are >100,000 colonies in each group and the error bars indicate the standard

deviation of three separate experiments.
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Figure 19. Spontaneous and H-DNA-induced mutation frequencies from the RecB-
strain. This graph shows the spontaneous and H-DNA-induced mutation frequencies in
the RecB- strain in the presence (NHEJ+) or absence (NHEJ-) of the Mt-NHEJ proteins.
There are >100,000 colonies in each group and the error bars indicate the standard

deviation of three separate experiments.
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Figure 20. Spontaneous and H-DNA-induced mutation frequencies from the
WT/NHEJ+ strains. This graph shows the spontaneous and H-DNA-induced mutation
frequencies in the WT/NHEJ+ strain in the presence (NHEJ+) or absence (NHEJ-) of
the Mt-NHEJ proteins. There are >100,000 colonies in each group and the error bars

indicate the standard deviation of three separate experiments.
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Summary

We studied the roles of NHEJ and HR on non-B DNA-induced genetic instability
by determining the Z-DNA and H-DNA-induced mutation frequencies and mutant
characterization in modified E.coli strains with proficiencies and/or deficiencies in NHEJ
(Ku/LigD) and HR (RecA/RecB). To summarize, in exploring for possible explanation(s)
for the different non-B DNA-induced mutagenesis patterns between mammalian cells
versus bacterial cells, our results suggested that, if made available, NHEJ can repair
the spontaneous and non-B DNA-induced DSBs in a mutagenic manner.

Previous Z-DNA and H-DNA-induced mutagenesis results revealed that the non-
B DNA structures, which induced DSBs, had higher mutation frequencies and larger
deletions in the mutants generated in mammalian cells versus those generated in E.coli
cells (1, 2). NHEJ is presumably the more error-prone pathway compared to the HR
pathway. The generation of inaccurate repair products via NHEJ is specifically reflected
in the types of Z-DNA-induced mutants found when both the M.tuberculosis NHEJ
proteins, Mt-Ku and Mt-LigD, were supplemented together into the modified E.coli cells
that had varying proficiencies of HR (RecA/RecB). The statistically significant increase
in large-scale deletions in the Z-DNA-induced mutants was visually apparent in the
mutation spectra and was confirmed in the sequencing analyses of the Z-DNA-induced
mutants recovered from the modified E.coli strains that contained functional NHEJ
(Figure 11-13). Moreover, when the Mt-Ku and Mt-LigD proteins were expressed
individually in the Mt-Ku only and the Mt-LigD only strains, respectively, there was a
lack of large-scale deletions in the Z-DNA-induced mutants (Figure 15). The type of Z-
DNA-induced mutants found in those strains was more similar to the types of Z-DNA-
induced mutants found in wild-type E.coli that does not contain a NHEJ mechanism
(Figure 9) or the modified E.coli cells that had no NHEJ induction (NHEJ-; Figure 11-
13). Therefore, without complete NHEJ function or availability, the types of Z-DNA-
induced mutants that were detected predominantly consisted of small-scale deletions.
And when NHEJ was induced in the modified E.coli cells, the types of Z-DNA-induced
mutants shifted from small-scale deletions to large-scale deletions, similar to those of Z-
DNA-induced mutants in mammalian cells that contain endogenous NHEJ (1, 4).

The types of Z-DNA-induced mutants were dependent on the available DSB
repair pathway, going from 2% large-scale deletions/rearrangements in total mutants to

24% large-scale deletions when NHEJ became available. The Z-DNA-induced mutation
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frequencies, however, generally remained the same with or without induction of the
NHEJ pathway (4). The Z-DNA-forming sequence consistently induced high levels of
mutations in different E.coli strains, either with or without NHEJ and/or HR pathways,
and the presence of NHEJ did not significantly change the Z-DNA-induced mutation
frequencies in the bacterial cells (Figure 9, 11-13, 15). Only when NHEJ became
available in E.coli, did the detection of large-scale deletions and rearrangements on the
Z-DNA plasmid show a significant increase, suggesting that NHEJ repair is involved in
the large-scale deletion and rearrangements caused by this non-B DNA structure, which
increases our mechanistic understanding of non-B DNA-induced genetic instability in
various species.

The H-DNA-induced mutagenesis frequencies remained stable and were not
altered in the presence or absence of NHEJ or HR in the newly modified E.coli cells
(Figure 17-20). The H-DNA mutagenesis induced in bacterial cells versus mammalian
cells continued to be different, even after the effort to gap the bridge between the two
cell-types, with the addition of Mt-NHEJ into the bacterial E.coli cells. The H-DNA
mutation frequencies were consistently at the same level as spontaneous mutations in
the modified E.coli cells, before and after NHEJ was induced (Figure 17-20). Since the
H-DNA-induced mutation frequencies and spectra followed that of the control plasmid
pUCON, more studies of other repair pathways and other factors involved with this non-
B DNA structure are warranted. In general, extended studies to further clarify the
mechanisms of DNA structure-induced genetic instability are needed to broaden our
understanding of how DNA structure influences human diseases, genetic instability, and

evolution.
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CHAPTER Ill: FUTURE DIRECTIONS
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lll.I FUTURE DIRECTIONS

Studying the relationship between DSB repair pathways and non-B DNA-
induced genetic instability revealed important qualitative roles of NHEJ and HR on the
repair of non-B DNA-induced DSBs, specifically finding the mutagenic role of NHEJ in
producing the Z-DNA-induced large-scale deletions as seen in mammalian cells. Since
the discovery of the B-DNA double helical confirmation by Watson and Crick over 50
years ago (5), several other types of DNA structure have been identified and
characterized. These alternative DNA structures seem to play functional roles in the
cell, as we have demonstrated here. The work described in this thesis may provide a
peephole into further studies on the functional role of DNA structure.

As stated before, there are other factors that could help further explain the
difference in the non-B DNA-induced mutagenesis found in mammalian cells versus
bacterial cells that was not elucidated in this study. For example, there are other DNA
binding proteins, in addition to RecA, that can contribute to the differences in non-B
DNA-induced mutagenesis between mammalian cells and bacterial cells. Some of
these DNA binding proteins are involved in other DNA repair mechanisms that are
different from the DSB repair pathways, NHEJ and HR, such as the nucleotide excision
repair (NER) and the mismatch repair (MMR) mechanisms. Specifically, like RecA,
which binds preferentially to the Z-DNA structure over the B-DNA structure (21),
unpublished chromatin immunoprecipitation results from our laboratory showed that
antibodies against the XPA and MSH2 proteins, which are involved in NER and MMR,
respectively, were also enriched at Z-DNA-forming sequences compared to the B-DNA
control sequence (6). Thus, other DNA repair mechanisms, such as NER and MMR,
and not solely NHEJ and HR, could also have roles in non-B DNA-induced genetic
instability. Indeed, studies form our laboratory of non-B DNA-induced mutagenesis in
the absence of functional NER and MMR have revealed a role for XPA and MSH2 in the
process (6). It would also be interesting to determine potential crosstalk involved
between the repair pathway components, in relation to the non-B DNA-induced genetic
instability.

To further assess the roles of DSB repair pathways on DNA structure-induced
genetic instability, there are further in depth studies that would allow the expansion of
this particular study and will be proposed as followed. To further support to the idea that

the NHEJ pathway did indeed cause the types of large-scale deletions in the Z-DNA-
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induced mutants found from mammalian cells, we could examine mammalian cells with
deficiencies in NHEJ. Results from these kinds of studies may be relevant to genetic
instability and human disease.

The use of E.coli cells allowed for an easy first approach to characterize
differences in some of the DSB repair components between mammals and bacteria and
allowed us to determine that NHEJ is important in DNA structure-induced mutagenesis.
However, direct comparisons between species cannot be made due to differences in
the NHEJ and HR systems in various organisms. As stated, the RecA protein in the
prokaryotic HR pathway has some differences in its activity compared to the
mammalian homolog Rad51 (21, 96). Both of the DSB repair pathways in mammalian
cells are indeed more complex compared to the prokaryotic DSB repair pathways. A
better observation on the role of DSB repair pathways in non-B DNA-induced genetic
instability could be done in mammalian cells that are deficient in NHEJ repair.

We could introduce non-B DNA plasmids that are able to replicate within these
NHEJ-deficient cells and study their non-B DNA-induced mutagenic potential. A good
collaborative candidate would be Dr. Chengming (Ben) Zhu, whose laboratory is in the
Department of Immunology at the University of Texas M.D. Anderson Cancer Center,
who studies mouse models with NHEJ-deficiencies in ligase IV (Lig 4™) and a
hypomorphic mutation in p53, p53R172P, that is not embryonic lethal and does not
develop lymphomagenesis (109, 110). We have obtained the mouse embryonic
fibroblasts (MEFs) from Dr. Zhu and future work with these cells is planned. In addition,
these mouse models that have knockouts in NHEJ components could be crossed with
our mouse models that carry the non-B DNA sequences in their chromosomes (31).
The NHEJ-deficient mouse models could help solidify the association of NHEJ with the
large-scale deletions in the Z-DNA-induced mutants from mammalian cells and mice.
We speculate that without the components of NHEJ, there may be a shift from large-
scale deletions to small-scale deletions in the Z-DNA (or other non-B DNA)-induced
mutants, corroborating our results from the modified E.coli cells with no NHEJ induction
or the incomplete NHEJ induction (Ku-only and LigD only strains).

The NHEJ-knockout mouse model study would also re-evaluate the cause for
the high rate of Z-DNA and H-DNA-induced mutation frequencies found in mammalian
cells (1, 2). It will be interesting to see if the high levels of Z-DNA and H-DNA-induced
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mutagenesis would remain when in a repair environment that is more similar to bacterial
E.coli cells, which do not contain NHEJ.

In addition to the use of mouse models to study DSB repair pathways in non-B
DNA-induced genetic instability, we could also study non-B DNA-induced genetic
instability in human cells with small interfering RNA (siRNA) that knockdown NHEJ
factors (or HR factors) as well. In a recent study, Fattah et al. used recombinant adeno-
associated viral knockout vectors (rAAV) to produce isogenic human somatic cell lines
that were deficient in the NHEJ components (Ku, DNA-PKcs, XLF, and LIGIV) (104).
These cells could prove useful to our laboratory for further studies. In addition to
observing the effects of the NHEJ knockouts in their study, they also observed the role
of ‘alternative’ NHEJ pathway (A-NHEJ) in DSB repair.

With the preliminary identification of an alternative back-up NHEJ (A-NHEJ or B-
NHEJ) in higher eukaryotes that uses DNA ligase lll, poly(ADP-ribose) polymerase-1
(PARP-1) and histone H1 (111), we could determine if the non-B DNA-induced DSBs
could be shunted into this sub-pathway, which would allow an update of our current
model in Figure 16, and further categorized or branch out the model into the ‘classical’
NHEJ (C-NHEJ) and A-NHEJ/B-NHEJ pathways. Similar to the possibility of other
repair processes (NER, MMR) in the mammalian cells that could affect non-B DNA-
induced genetic instability, a possible next step for this study could be to elucidate the
contribution of the NER and MMR pathways in conjunction with A-NHEJ/B-NHEJ
pathway, and/or competition with the classical NHEJ and HR pathways in non-B DNA-
induced genetic instability in mammalian cells. Although recent discoveries of an end-
joining (A-EJ) repair mechanism in E.coli cells may be different from the A-NHEJ found
in eukaryotes, preliminary studies can be done in the bacterial cells as well for
comparisons with our results in bacterial systems (107).

Building from this study, with the use of MEFs, NHEJ-deficient mice models, and
siRNA or rAAV knockout of NHEJ in human cells to extend our findings, we could shed
a greater light into the peephole of studying the role of the DSB repair pathways in non-
B DNA-induced genetic instability. This will help further our understanding of DNA
structure-induced genetic instability, evolution and human diseases; with the long-term
goal of improving or developing targeted treatments for diseases that are linked to DNA
structure-induced genetic instabilities. In fact, G.M. Zaunbrecher et al. have initiated

attempts for improving gene-targeting by trying to affect the ratio of HR to NHEJ for the
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enhancement of extra chromosomal recombination in somatic cells (112). Reaching
new frontiers may mean crossing these two areas of research, which could give birth to

creative and beneficial genetic tools.
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