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Abstract

5-azacytidine and its derivatives are cytidine analogs used for leukemia
chemotherapy. The primary effect of 5-azacytidine is the prohibition of cytosine
methylation, which results in covalent DNA-methyltransferase crosslinks at cytosine
methylation sites. These DNA-protein crosslinks have been suggested to cause
chromosomal rearrangements and contribute to cytotoxicity, but the detailed
mechanisms of DNA damage and the repair pathways of DNA-protein crosslinks have
not been elucidated.

We used 2-dimensional agarose gel electrophoresis and electron microscopy to
analyze plasmid pBR322 replication dynamics in Escherichia coli cells grown in the
presence of 5-azacytidine. 2-dimensional gel analysis revealed the accumulation of
specific bubble- and Y-molecules, dependent on overproduction of the cytosine
methyltransferase EcoRII and treatment with 5-azacytidine. Furthermore, a point
mutation that eliminates a particular EcoRII methylation site resulted in disappearance
of the corresponding bubble- and Y-molecules. These results imply that 5-azacytidine-
induced DNA-protein crosslinks block DNA replication in vivo. RecA-dependent X-
structures were also observed after 5-azacytidine treatment. These molecules may be
generated from blocked forks by recombinational repair and/or replication fork

regression. In addition, electron microscopy analysis revealed both bubbles and rolling
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circles after 5-azacytidine treatment. These results suggest that replication can switch
from theta to rolling circle mode after a replication fork is stalled by a DNA-
methyltransferase crosslink. The simplest model for the conversion of theta to rolling-
circle mode is that the blocked replication fork is cleaved by a branch-specific
endonuclease. Such replication-dependent DNA breaks may represent an important
pathway that contributes to genome rearrangement and/or cytotoxicity.

In addition, we performed a transposon mutagenesis screen and found that
mutants defective in the tmRNA translational quality control system are hypersensitive
to 5-azacytidine. The hypersensitivity of these mutants requires expression of active
methyltransferase, indicating that hypersensitivity is dependent on DNA-
methyltransferase crosslink formation. Furthermore, the tmRNA pathway is activated
upon 5-azacytidine treatment in cells expressing methyltransferase, resulting in
increased SsrA tagging of cellular proteins. These results support a “chain-reaction”
model, in which transcription complexes blocked by 5-azacytidine-induced DNA-
protein crosslinks result in ribosomes stalling on the attached nascent transcripts, and
the tmRNA pathway is invoked for cleaning up the resulting pile-ups. In support of this
model, an ssrA mutant is also hypersensitive to antibiotic streptolydigin, which blocks
RNA polymerase elongation. These results reveal a novel role for the tmRNA system in
clearance of coupled transcription/translation complexes in which RNA polymerase has

become blocked.
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1. Background

1.1 The formation of DNA-protein crosslinks

DNA contains genetic information that must be transferred from one generation
to another. The genetic information is essential for cell function and survival; therefore,
DNA is constantly replicated, transcribed into RNA and then translated into protein. In
addition, DNA is tightly packaged into chromosomes by wrapping around histones thus
many proteins are needed in order to relax the DNA and to transfer the genetic
information. For these reasons, one can image that DNA is always surrounded by many
different types of protein. However the environment of these cellular processes has
frequent insults to the DNA, some of which lead to crosslinking to the surrounding
proteins. These crosslinkings may present a major physiological challenge to the DNA
metabolic machinery.

The formation of DNA-protein crosslinks (DPCs) can be induced by multiple
agents including ionizing radiation, UV light, aldehyde, metals, crosslinking agents and
many currently used anticancer drugs (for review see Barker et al., 2005). Ionizing
radiation (IR) and UV light are common agents to induce DPCs. Exposure of cells to IR
results in generation of reactive oxygen species such as hydroxyl radical. These reactive

oxygen species can attack the surrounding DNA as well as proteins resulting in multiple



types of DNA damage including DPC. Formaldehyde is a genotoxic chemical that is
widely used as DPC-inducing agent to study DPC repair. Treatment of cells with
formaldehyde induces the reaction between formaldehyde and amino or imino groups
of protein to form a Schiff base, which can then react with another amino group of a
DNA base resulting in covalent crosslinking of a protein to the surrounding DNA.
Methylglyoxal is an exogenous aldehyde that is commonly found in food, beverages and
in cigarettes. Methylglyoxal reacts with proteins and DNA to create crosslinking
through lysine and cysteine residues. Metal compounds such as nickel and chromium
are DPC-inducing agents that come from the environment or from some anticancer
treatments. These compounds induce not only covalently linkage but also other types of
chemical crosslinks.

In addition to the above physical and chemical DPC-inducing agents, many
anticancer drugs also generate DPCs. Type I and type II topoisomerase inhibitors target
topoisomerase-DNA (topo-DNA) covalent complexes which are transient intermediates
when topoisomerase relaxes DNA supercoiling ahead of the replication fork. However,
the binding of the inhibitor to the topo-DNA complex results in stabilized DPCs and
leads to DNA breaks (detailed mechanism will be discussed below). Nucleotide analogs

such as 5-fluorocytosine and 5-azacytidine also generate DPCs through incorporation



into DNA that results in croslinking to methyltransferase due to incompletion of
methyltransferase reaction (Santi et al., 1983).

Mutation in genes that are involved in DNA processes can also result in DPC
formation. Tyrosyl-DNA phosphodiesterase (Tdpl) was discovered to have a role in
repairing stalled topo-DNA covalent complex (Yang et al., 1996). Tdp1 has an enzymatic
activity that can hydrolyze the phosphodiester linkage between the O-4 atom of a
tyrosine and a DNA 3’-phosphate. However, a human disorder that has a mutation in
tdpl gene results in accumulation of the covalent Tdpl-DNA reaction intermediate
(Interthal et al., 2005). Another specific type of DPC is induced during the repair process
of oxidized abasic sites such as 2-deoxyribonolactone. This type of abasic site can be
processed by abasic site endonucleases, but the incised residue forms stable DPC with
DNA polymerase {3, the next enzyme in the base excision repair (DeMott et al., 2002).
The linkage is a stable amide bond formed between the nitrogen in the lysine residue
and the carbonyl group on the abasic site.

With most of the above DPC-inducing agents, DPCs form at relatively random
sites on the DNA with a collection of many different DNA-binding proteins. In part
because of these characteristics, the study of DPCs has been difficult. The crosslinking
between proteins and DNA is expected to cause problems in DNA metabolic processes,

such as replication, recombination, repair, transcription and chromatin remodeling.



Many previous studies have proposed that DPC formation may lead to undesirable
consequences, such as replication blockage, transcription blockage, DNA breaks and
chromosomal rearrangement and instability (see Friedberg et al., 2006; Barker et al.,
2005). However, the detailed mechanisms of these consequences and the repair

pathways of DPCs have not yet been studied in detail.

1.2 5-azacytidine as a model to study DPCs

One major challenge to study DPCs is that most of the DPC-inducing agents
generate other forms of DNA damage in addition to DPCs. In addition, the crosslinking
sites on the DNA and crosslinking proteins are usually heterogeneous. Therefore, it is
hard to observe directly the effects of DPCs.

To form site-specific and protein-specific DPCs, an anticancer drug, 5-azacytidine
(aza-C) is used. Aza-C and its derivatives (aza-deoxycytidine or aza-dC, also called
Decitabine) have been under development for 40 years. These compounds have been
approved for all sub-types of myelodysplastic syndrome (MDS), and have proven
beneficial for patients with acute and chronic myelogenous leukemia (AML and CML;
Kaminskas et al., 2005; Glover et al., 1987; Silverman et al., 2002).

Aza-C is a cytidine analog in which carbon-5 (C5) of the pyrimidine ring is

replaced with nitrogen. Normally, a cysteine residue at the active site of DNA cytosine-



C5 methyltransferase (MTase) acts on a cytosine residue in its recognition sequence by
covalently binding to C6, and then transferring the methyl group from S-
adenosylmethionine to C5; the covalent DNA-protein linkage is then reversed and the
enzyme dissociates from the DNA (Santi et al., 1983). However, aza-C substitution at the
target cytosine interferes with the reaction cycle and results in long-lived or irreversible
DNA-MTase crosslinks (Santi et al., 1984; Friedman, 1985; Gabbara and Bhagwat, 1995).
Evidence for crosslink formation in vivo has been previously presented (Friedman and

Som, 1993; Liu et al., 2003).

1.3 Physiological effects of aza-C

A major consequence of aza-C treatment is loss of cytosine MTase activity
(Taylor and Jones, 1982; Creusot et al., 1982; Christman et al., 1983). Hypomethylation
caused by aza-C can lead to alteration of gene expression, replication timing and
decondensation of chromatin (Jones et al., 1982; Jones, 1985; Jablonka et al., 1985;
Jablonka et al., 1987; Haaf and Schmid, 1989). Significantly, tumor suppressor genes can
be reactivated by aza-C treatment, and synergistic effects have been seen with a histone
deacetylase inhibitor (Cameron et al., 1999). In mammalian cells, aza-C treatment also
results in defective tRNAs and rRNAs, and inhibits protein synthesis (Christman, 2002).

These RNA effects can be avoided with the deoxy version, aza-dC.



The consequences of covalent DNA-MTase crosslink formation can also be
important. Embryonic stem cells and transgenic mice with reduced levels of cytosine
MTase were more resistant to aza-dC than the wildtype, suggesting that DNA-protein
crosslink formation mediates aza-dC cytotoxicity (Juttermann et al., 1994). In addition,
aza-C sensitivity of some tumor cell lines correlates positively with MTase levels
(Ferguson et al., 1997). Furthermore, Jackson-Grusby et al. (1997) detected a high
frequency of C:G to G:C transversion mutations at CpG islands in promotor regions
after aza-dC treatment, suggesting that DNA-MTase crosslinks might be involved in
mutagenesis. Aza-dC treatment also causes induction of p53 DNA damage response,
proposed to be dependent on formation of the DNA-MTase crosslinks (Karpf et al.,
2001). Finally, aza-C-dependent DNA-MTase crosslinks have been implicated in
chromosomal rearrangements, chromosomal breakages and bone marrow toxicity
(Christman, 2002).

Studies in bacterial cells have contributed to our understanding of aza-C
cytotoxicity. Bacterial EcoRII methyltransferase is trapped at cognate CCWGG sites
(W=A or G) when the second dC residue (the one normally methylated) is substituted
with aza-dC. The chromosomally encoded DNA cytosine MTase (Dcm) protein in K
strains, which recognizes the same sequence, also forms covalent crosslinks with aza-

dC-containing DNA by a very similar mechanism.



E. coli cells deficient in the chromosomally-encoded Dcm are less sensitive to aza-
C than wild-type (Barbe et al., 1986), whereas overproduction of Dcm or MTase EcoRII
(M.EcoRII) increases aza-C sensitivity (Bhagwat and Roberts, 1987; Lal et al., 1988). In
addition, mutations in the recombination genes recA and recBC cause hypersensitivity to
aza-C (Barbe et al., 1986; Bhagwat and Roberts, 1987; Lal et al., 1988). Genetic studies of
recA and lexA (SOS repressor) mutants argue that the recombination function of RecA is
very important for survival after aza-C treatment, and that induction of the SOS
response is protective (Barbe et al., 1986; Lal et al., 1988). These results imply that aza-C-
induced DNA-MTase crosslinks play a significant role in cytotoxicity, and that some
pathway of RecA-dependent recombinational repair is competent to repair these DNA-

protein crosslinks or downstream DNA damage.

1.4 Replication fork blockage

Covalent DNA-protein crosslinks or tightly bound proteins represent a major
challenge to the DNA replication machinery. DNA replication forks can be blocked in
vivo by replication termination complexes such as Tus-Ter (Neylon et al.,, 2005). In
addition, a variety of antitumor drugs and antibacterial quinolones have been shown to
stabilize covalent topoisomerase-DNA complexes involving either type I or type II

topoisomerases, including bacterial DNA gyrase (Chen and Liu, 1994; Reece and



Maxwell, 1991). Topoisomerase and bacterial gyrase are enzymes that relax DNA
supercoiling ahead of the replication fork. For type I topoisomerase, the enzyme first
binds to the DNA by cutting a single strand of a DNA double helix and forms a transient
covalent crosslink to the DNA which is referred to as topo-DNA cleavage complex. The
other single stranded DNA can then pass through the transient break to relieve the
tension on the DNA and the enzyme seals the single stranded break to complete the
reaction. In several cases, these topo-DNA cleavage complexes have also been shown to
block replication forks, and these blocked forks can be cleaved by endonucleases leading
to DNA breaks (Hiasa et al., 1996; Hong and Kreuzer, 2000; Hong and Kreuzer, 2003;
Pohlhaus and Kreuzer, 2005). These DNA breaks are an indirect consequence of the
primary mechanism of inhibition, and have been referred to as collateral DNA damage.
Drug-stabilized topoisomerase complexes have several important features. First,
the cleavage complexes contain a latent DNA break which may or may not convert into
a “real” DNA break by endonucleases. Second, the cleavage complexes are reversible.
Therefore, the processing and the consequences of these complexes may not represent a
general scheme of DPC repair. Drug-stabilized topo-DNA complexes are somewhat
analogous to aza-C-induced covalent DNA-MTase crosslinks. However, no intrinsic

DNA break is being created during aza-C-induced DPCs formation, and aza-C-induced



DPCs are not reversible. It will be insightful to know how aza-C-induced DPCs affect

replication fork behavior and the downstream processes.

1.5 Major DNA repair mechanisms

Several major DNA repair models in general are discussed here in order to fit
into the context of possible repair mechanisms of DPCs.

Base excision repair targets DNA base damages caused by hydrolysis, reactive
oxygen species and other metabolites. The damage recognition is catalyzed by lesion-
specific DNA glycosylases which cleave the N-glycosidic bond between a damaged base
and a deoxyribose sugar. The cleavage results in DNA containing an abasic site. Abasic
sites are recognized by abasic endonucleases and removed by breaking the
phosphodiester bond 5’ to the abasic site. The action of abasic endonuclease generates a
5" terminal deoxyribose-phosphate residue which is them removed by exonucleases. The
repair is completed when the missing nucleotides are replaced by DNA synthesis and
ligation (Friedberg et al., 2006).

Nucleotide excision repair is another commonly used DNA repair mechanism for
a variety of DNA damage. The general mechanistic paradigm of nucleotide excision

repair is conserved among bacteria, archaea and eukaryotes, but the biochemical



features and proteins involved are distinct. For the purpose of this dissertation, the
nucleotide excision repair in E. coli is discussed.

The nucleotide excision repair machinery is able to locate and identify various
types of nucleotide damages in the DNA. Dimeric UvrA and monomeric UvrB form a
complex and bind to DNA to scan along the DNA for damage. When the complex
encounters the site of base damage, UvrA protein dissociates from the complex and that
allows the UvrB-DNA complex to recruit UvrC protein. The incisions are made at the
damaged DNA strand 4 nucleotides 3" and then 7 nucleotides 5" by UvrC. Following the
bimodal incisions, a DNA helicase (UvrD) displaces the oligonucleotide fragment from
the DNA. The repair is completed by DNA polymerase I and DNA ligase to re-
synthesize the missing fragment (Friedberg et al., 2006).

DNA double-stranded break can be accomplished through various mechanisms.
These breaks have to be repaired efficiently to prevent loss or alteration of genetic
information and also to prevent cell death. Homologous recombination is critical for
such DNA break repair in E. coli.

When a DNA double-stranded break is created, RecBCD (exonuclease V) binds
to the end of the linear duplex. RecBCD is a heterotrimeric helicase/nuclease complex
that unwinds from the end of the strand break and degrades the 3" terminal strand.

When the complex reaches a chi-site on the DNA, the 3’ to 5 nuclease activity attenuates

10



and a weaker 5 to 3’ nuclease activity is activated. The result is generation of 3’ single-
stranded tails that are bound by RecA protein. The RecA-single-stranded DNA filament
invades a homologous region in the DNA to create a D-loop structure. D-loop extension
creates a Holliday junction that can be branch migrated by RuvAB complex or RecG
proteins. The Holliday junction is cleaved by RuvC endonuclease to complete the repair
process (Friedberg et al., 2006). In addition, the invading RecA-single-stranded DNA
filament can also trigger localized or extensive DNA replication, with the potential of

restarting a collapsed replication fork.

1.6 Proposed repair mechanisms of DNA-protein crosslinks

There are several previously proposed models for DPC repair. The simplest
model is a pathway that allows the direct reversal of a DPC. This model is proposed
from the study of a eukaryotic protein called Tdp1, which has been shown to reverse the
crosslinks caused by a type I topoisomerase inhibitor (Pouliot et al., 1999). Since DPCs
can be generated through many different mechanisms with different types of linkage,
this type of direct reversal pathway is presumably very limited because the proteins act
only at a specific type of chemical linkage. In addition, sequence comparison revealed no

bacterial homolog of Tdpl.
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The second possible model is excision repair. Several previous reports have
shown excision repair activities both in vitro and in vivo. Minko et al. (2002; 2005)
showed that bacterial nucleotide excision repair proteins can create incision efficiently
on DPCs with small peptides but much less efficient with a 16-kDa protein. Later
Reardon and Sancar (2006) also reported that human nucleotide excision system can
only incise DPC with small peptides but not with a 16-kDa protein. These studies
suggest that excision repair proteins may only act on DPCs with a smaller covalently
bound protein. Up to date, no evidence has been presented with larger proteins with
excision repair. In addition, uvrA mutants are not hypersensitive to aza-C, arguing that
excision repair is not a major pathway of aza-C-induced DPCs (Bhagwat and Roberts,
1987; Lal et al., 1988; Nakano et al., 2007).

Since the excision repair pathway can only act on DPCs with a smaller bound
protein, it is possible that proteolysis of large proteins within DPCs is required to allow
excision repair. Studies by Liu’s group showed that topoisomerase cleavage complexes
can be targeted for degradation by the eukaryotic proteosome (Desai et al., 1997; Desai et
al., 2003; Mao et al., 2000; Mao et al., 2001). Moreover, Quievryn and Zhitkovich (2000)
presented evidence that proteosome action could help reverse formaldehyde-induced
DPCs. On the other hand, evidence arguing against this model includes findings that

uvrA mutants are not hypersensitive to aza-C and also that inactivation of the four

12



cytosolic ATP-dependent proteases in E. coli does not affect aza-C sensitivity (Bhagwat
and Roberts, 1987; Lal et al., 1988; Nakano et al., 2007).

There has been strong evidence that recombination proteins are involved in the
repair of DNA damage induced by both aza-C and topoisomerase inhibitors (Bhagwat
and Roberts, 1987; Lal et al., 1988; Stohr and Kreuzer, 2001). However, it is not known if
recombination proteins are directly involved in repairing the DPCs. It is possible that
these proteins instead act on downstream DNA damage caused by DPCs.

Another possible model is that nucleases recognize the DPC and create a double-
stranded break on both sides of the DPC. The double-stranded break could be repaired
by recombination proteins. Several studies in both bacteria and eukaryotes support this
model. In E. coli cell, SbcCD protein was shown to cleave DNA near a terminally
attached avidin (Connelly et al., 2003). More recently Neale et al. (2005) showed that
Mrel1l-Rad50 complex can promote cleavage of DNA next to a DPC involving the
meiotic topoisomerase-related protein Spo1l1.

Although there are currently several possible DPC repair models, many of the
pathways are limited to certain substrates with certain specific repair proteins. Given
that DPCs are formed frequently in all cells, it seems plausible that cells have one or

more general repair mechanisms that can act on diverse DPC structures.
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1.7 Major questions to be addressed

The focus of this dissertation is to analyze the consequences and the repair
mechanisms of aza-C-induced DPCs in vivo. Aza-C induces site-specific and protein-
specific DNA-protein crosslinks and therefore provides important advantages to
observe the effect of DPCs directly. This dissertation will address the following issues.

As mentioned above, covalently linked DNA-protein crosslinks represent a
major challenge to the DNA replication machinery. Using biochemical approaches, such
as DNA 2-dimensional agarose gel electrophoresis, we aim to understand the effect of
aza-C-induced DPCs on DNA replication fork progression. Specific questions that will
be addressed are: (1) Do aza-C-induced DPCs block DNA replication? (2) If replication
forks are blocked, does this blockage lead to DNA breaks?

The second aspect of this dissertation aims to uncover the consequences and the
repair mechanisms of aza-C-induced DPCs. Using transposon mutagenesis approach,
aza-C hypersensitive mutants were isolated. These mutants were further categorized
and analyzed to clarify the involvement of each protein.

In addition, this mutagenesis screen uncovered mutations in genes that are
connected to the co-translational quality control system (tmRNA) for truncated and
miscoding mRNAs. The isolation of mutants in the tmRNA pathway is highly

suggestive of an important role of this pathway in survival during aza-C treatment.
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Therefore, the third aspect of this dissertation is to understand what role of the tmRNA
system could play in aza-C sensitivity. We ask: (1) Does aza-C hypersensitivity of these
mutants depends on aza-C-induced DPC formation? (2) Does aza-C treatment lead to

activation of tmRNA system?
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2. 5-Azacytidine-Induced Methyltransferase-DNA
Crosslinks Block DNA Replication in vivo

2.1 Introduction

Numerous chemicals as well as radiation can lead to covalent DNA-protein
crosslinks (DPCs), but little is known about the consequences of these crosslinks in vivo.
One important chemotherapeutic agent that leads to DPCs is 5-azacytidine (aza-C),
which induces site-specific and protein-specific DPCs with methyltransferase (MTase;
see Chapter 1).

Aza-C-dependent DNA-MTase crosslinks have been implicated in cytotoxicity,
chromosomal rearrangements, chromosomal breakages and bone marrow toxicity. In
addition, covalent DNA-protein crosslinks or tightly bound proteins represent a major
challenge to the DNA replication machinery. In this Chapter, we aim to understand the
effect of aza-C-induced DPCs on DNA replication fork progress. Here, we report that
aza-C-induced DNA-MTase crosslinks block plasmid pBR322 DNA replication in vivo.
We also observed RecA-dependent X-structures after replication blockage, implying that
blocked forks are processed by RecA. In addition, electron microscopy (EM) revealed
both theta and rolling circle (RC) replicating plasmids. The formation of X-structures

and RCs suggest that the stalled replication forks may be prone to breakage. If so, these
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“collateral” DNA breaks may represent a pathway that contributes to the cytotoxicity

and/or genome instability induced by aza-C.

2.2 Results

Replication fork blockage in vivo after aza-C treatment

To investigate the potential blockage of DNA replication by aza-C-induced
DNA-MTase crosslinks in vivo, we used 2D agarose gel electrophoresis. The first
dimension separates DNA based on size with little contribution from shape, while the
second dimension separates DNA by both size and shape. Replication intermediates of
plasmid pBR322 were visualized by Southern hybridization with a specific probe.

Figure 1 shows the expected replication intermediates and predicted 2D gel
patterns of pBR322 linearized by HindIIl (Figure 1A) or AIwNI (Figure 1B) (Martin-
Parras et al., 1991; Schvartzman et al., 1993). Plasmid pBR322 replicates unidirectionally
from position 2535 bp, generating predominantly bubble (B) molecules and double Y-
molecules (DY) in these restriction digests. We first analyzed DNA isolated from a
pBR322-containing strain that has only the endogenous (chromosomally encoded) Dcm.
However, we did not detect any accumulation of stalled forks after growth in the
presence of aza-C (Figure 2B and 2G). The activity of endogenous Dcm protein is weak

(Bhagwat and Roberts, 1987), so we reasoned that DN A-MTase crosslinks formed with
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Figure 1. Predicted replication intermediates and 2D gel pattern of linearized pBR322.
Plasmid pBR322 is linearized by either HindIIl (A) or AlwNI (B), and the leftward
arrows indicate the replication start site (2535 bp). Inverted triangles indicate EcoRII
methylation sites (at positions 131, 1060, 1443, 2501, 2622 and 2635 bp from left to right)
and diamonds indicate covalently attached MTase at a blocked fork. Abbreviations are
as follows: B, bubble; DY, double Y; OC, open circle; LM, linear monomer; LD, linear
dimer; five-pointed star, replication intermediate blocked at the 1060 methylation site
and the resulting accumulation on the 2D gel.
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Dcm might be insufficient for detecting stalled forks. We therefore generated a strain
containing both pBR322 and plasmid pR215, which overexpresses M.EcoRII; M.EcoRII
recognizes the same sequence as Dcm (CCWGG; second C is methylated). With
overexpression of M.EcoRIl, we readily detected three strong spots on the bubble-arc
(Figure 2D and 2I, closed arrows). These accumulations on the bubble-arc were
dependent on the presence of pR215 and aza-C treatment (compare the aza-C-treated
samples in Figure 2D and 2I with the untreated samples in Figure 2C and 2H). If aza-C-
induced DNA-MTase crosslinks block DNA replication, then we would expect four
classes of bubble molecules (branches near 131, 1060, 1443, and 2501 bp) and two classes
of double-Y molecules (branches near 2622 and 2635 bp). However, the bubbles near the
2501 bp site would be very small, and these molecules should therefore migrate very
near the linear monomer (LM), which likely prevents their detection. In addition, the
two classes of double-Y molecules would be obscured by a strong accumulation of late
replicating intermediates in this region of the gel even in the absence of aza-C (compare

the double-Y region in Figure 2D and 2C).
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Figure 2. DNA replication is blocked in aza-C treated cells that overexpress M.EcoRII.
DNA was prepared from cells containing either pBR322 (A-D and F-I) or mutated
pBR322-C1060A (E and ]) and digested with either HindIIl (upper panels) or AlwNI
(lower panels). The overexpression of M.EcoRII (presence of plasmid pR215) and the
treatment with aza-C are indicated. The digested DNA was subjected to 2D gel
electrophoresis and visualized by Southern hybridization. Closed arrows in D and I
indicate the accumulation of bubble molecules at locations consistent with the EcoRII
methylation sites at 131, 1060 and 1443 bp. Closed arrows in E and ] indicate the
disappearance of the bubble molecules corresponding to the 1060 bp site in the pBR322-
C1060A mutated plasmid. The open arrows in D and E indicate the accumulated spot on
the Y-arc that disappears in the mutated pBR322-C1060A plasmid.
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Figure 3. BstNI digestion of WT and mutated pBR322 plasmids. Plasmids pBR322 (lane
1) and pBR322-C1060A (lane 2) were digested with BstNI and analyzed by agarose gel
electrophoresis with ethidium bromide staining. BstNI recognizes the same sequence as
EcoRII and restricts pBR322 into six fragments (1857, 1058, 929, 383, 121 and 13 bp; only
the 4 larger fragments are detected). In pBR322-C1060A plasmid DNA, the 929 and 383
bp fragments are fused into a single 1312-bp fragment as expected.
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To determine whether the fork blockage evident on the bubble-arc is due to aza-
C-induced DNA-MTase crosslinks, we mutated CCATT to CAATT at the 1060 bp
M.EcoRII recognition site. The mutated plasmid (pBR322-C1060A) was confirmed by
restriction enzyme digestion and DNA sequencing (Figure 3; data not shown). The
bubble spot consistent with the 1060 bp site disappeared in both the HindIIl and AIwNI
digests of the mutated plasmid (Figure 2E and 2], closed arrows). Therefore, we

conclude that aza-C-induced DNA-MTase crosslinks block DNA replication in vivo.

RecA-dependent formation of X-structures

We were surprised to find an accumulation of X-structures in the 2D gels,
dependent on both M.EcoRII overexpression and aza-C treatment (Figure 2D and 2I).
We next introduced pR215 and pBR322 into a recA  derivative of AB1157 and analyzed
the DNA from aza-C treated cells. The X-structures disappeared from the recA  strain
(indicated by arrow in Figure 4A and 4B), while bubble accumulations were still present.
Accumulation of the X-structures is therefore RecA-dependent.

Wild-type cells transformed with monomeric plasmid still contain a small
percentage of dimer plasmids due to RecA-dependent recombination. Thus, the absence

of X-structures in Figure 4B could be an indirect consequence of RecA deficiency.
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Figure 4. Dependence of X-molecules and Y-spots on RecA protein and dimeric
plasmid state. AB1157 (WT, panels A and C) or AB1157 recA™ (panels B and D) cells
contained either monomer (upper) or dimer (lower) pBR322 along with M.EcoRII
expression plasmid pR215. DNA was prepared after aza-C treatment and analyzed by
2D gel electrophoresis as above (Figure 2, top panels). Arrows indicate the presence or
absence of X-molecules (DNA with presumptive Holliday junctions). The diagram on
the right indicates migration of the following DNA forms: LM, linear monomer; LD,
linear dimer; X, X-structure; Y, Y-molecule; B, bubble.
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Therefore, we created wild-type and recA™ strains containing pR215 monomer and
pBR322 dimer plasmids. The X-structures were again absent from the recA  strain
(compare Figure 4C to 4D; indicated by arrow). Therefore, accumulation of the X-
structures is directly dependent on RecA, presumably reflecting either RecA-dependent

recombination or RecA-dependent fork regression (see Discussion).

Formation of Y-molecules is due to rolling circle replication

Another unexpected pattern from the 2D gels was the accumulation of spots on
the Y-arc. The Y-spot accumulations were dependent on M.EcoRII overexpression and
aza-C treatment (Figure 2D and 2I), and much more dramatic with plasmid dimers than
monomers (compare spots on the Y-arc in Figure 4C and 4A). In addition, one of the Y-
spots disappeared from the mutated pBR322-C1060A plasmid (compare Figure 2E to 2D,
open arrows), implying that the Y-spots depended on aza-C-induced DNA-MTase
crosslinks.

At least three possible mechanisms can create Y-molecules. First, theta
replication within a dimer pBR322 creates bubbles if replication is blocked before the
first restriction digestion site but Y-molecules if replication is blocked after that site
(Figure 5A). According to this interpretation, we would expect a roughly equal intensity

for the spots on the Y- and bubble-arcs from the cells carrying the dimer plasmid.
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Figure 5. Models for generation of Y-form DNA. (A) Replication blockage within a
theta-replicating pBR322 dimer can result in accumulation of bubble- and Y-molecules.

(B) Replication blockage at the fork of a RC generates only Y-molecules after the
restriction digest. (C) Theta replication within the tail of a RC can generate both bubble-
and Y-molecules after the restriction digest. Arrows indicate replication origins, inverted
triangles indicate cytosine methylation sites and diamonds indicate covalently attached
MTase at a blocked fork.
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However, we detected much more intense spots on the Y-arc. The second possible
mechanism is replication blockage within a rolling circle (RC) replication structure
(Figure 5B). RC plasmid replication usually does not occur in E. coli because the
exonuclease function of RecBCD destroys the RC tail (Wright et al., 1971; Cohen and
Clark, 1986). However, the exonuclease activity of RecBCD may be inhibited in aza-C
treated cells. Induction of chromosomal DNA damage, e.g. by UV, appears to saturate
the exonuclease activity (Kuzminov, 1999). Alternatively, RecBCD translocation might
be inhibited by aza-C-induced DNA-MTase crosslinks on the RC tail. The third possible
mechanism for creating Y-molecules also involves RC replication, namely blockage of
theta replication within the tail of the RCs (Figure 5C). Blockage of theta replication
within the tail would result in a similar set of theta- and Y-molecules as described above
for the first model, but the Y- molecules could predominate.

To distinguish between these mechanisms and further analyze aza-C-induced
replication blockage, we set out to use electron microscopy (EM) to visualize the
intermediates. DNA was prepared from aza-C-treated cells that contained dimeric
pBR322 and monomeric pR215 plasmid. We used a modification of the Hirt isolation
method (Hirt, 1967; Cesare and Griffith, 2004) to separate non-replicating plasmids and
replicating plasmid intermediates from the chromosomal DNA. This procedure

precipitates chromosomal DNA, while plasmid DNAs remain in the supernatant. We
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analyzed the efficiency of the Hirt procedure by subjecting the two DNA fractions to
both 1D and 2D gels. When analyzed by 1D gel with ethidium bromide staining,
roughly 90-95 % of the chromosomal DNA was precipitated into the pellet, while 90 %
of the plasmid circles remained in the supernatant. Meanwhile, 2D gel analysis of
HindlIII-digested DNA with Southern blotting showed that about 65 % of the replication
intermediates were pelleted while about 35 % remained in the supernatant (Figure 6D
and 6A, respectively).

Although we recovered less than half the replication intermediates in the
supernatant, the elimination of chromosomal DNA was critical for clear interpretations
of the EM images. Therefore, we analyzed the DNA from the supernatant by EM. For
each replication intermediate visualized, we measured the lengths of the DNA segments
and compared the circle length to the measured length of non-replicating control pR215
and pBR322 dimer plasmids (see Figure 7 legend for measurements of molecules in that
Figure).

We observed many non-replicating circular pBR322 dimers and several theta
structures (Figure 7A and Table 1). In addition, we found 8 unambiguous RCs (Fig. 7C)

with a tail length ranging from 1.4 to 2.5 times larger than the attached circle size.
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Figure 6. 2D gel analysis of DNA isolated by the Hirt procedure. DNA samples from
the supernatant (upper) or pellet (lower) were either digested with HindIII (panels A
and D) or not digested (panels B, C, E and F). Treatment of the cells with aza-C is
indicated. The diagram on the right indicates migration of the following DNA forms in
the undigested samples: L, linear; OC, open circle; CCC, covalently closed circle; the
numbers refer to the multimeric state (1 = monomer; 2 = dimer). The spots labeled CatA
are catenanes formed by two open circles (see Martin-Parras et al., 1998). The “ds

eyebrow” has been previously characterized as containing RC forms (Belanger et al.,
1996).
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Figure 7. Replication bubble and RC molecules for pBR322 dimer and pR215 plasmid
from aza-C treated cells. EM analysis revealed replication bubbles and RCs from both
pBR322 dimer and pR215 plasmids. The replication bubbles (A, B) and RCs (C, D)
shown had approximately the contour lengths expected for pBR322 dimer (A, C; 8.7 kb
expected) and pR215 (B, D; 6.2 kb expected). Arrows indicate the branch junctions of the
bubble and RC molecules. The plasmid and tail lengths were measured using the Gatan
DigitalMicrograph program. The replicated segments of the bubbles were measured to
be 5.0 and 4.8 kb for pBR322 dimer (A) and 3.4 and 3.2 kb for pR215 (B). The
unreplicated regions were measured to be 2.9 kb for pBR322 dimer (A) and 2.6 kb for
pR215 (B); in each case, the unreplicated segment is the one in the middle. The circle
within the pBR322 dimer RC (C) was measured to be 8.4 kb and the tail was 18.9 kb,
while the pR215 RC (D) circle was measured to be 5.7 kb and the tail was 18.4 kb.
Identical magnifications were used in panels A and B and in panels C and D (lower
magnification was used in C and D so that the entire RC could be visualized).
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Table 1. Summary of EM analysis of replication forms. The length of the circular
component of all replication forms in the theta and rolling circle columns were
measured and thereby assigned as either pR215 (roughly 6.2 kb) or pBR322 dimer
(roughly 8.7 kb). Several plasmids larger than pBR322 dimer were also observed and
added to the pBR322 dimer category. The sizes of these larger plasmids were closest to
dimer pR215 or trimer pBR322. Simple circle molecules represented in the last column
were not measured, but categorized as either “pR215” or “pBR322 dimer and larger
plasmids” based on visual inspection of the circle size.

Plasmid Thetas Plasmid with short tail  Rolling circle  Simple circle
pR215 5 14 4 784
Pbr322 dimer
& 6 26 8 1480

larger plasmids
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Out of these 8 RCs, 4 had a circle consistent with the size of pBR322 dimer, while 4
others had a larger plasmid circle than expected, resembling either trimeric pBR322 or
dimeric pR215. Furthermore, we scored 5 replicating theta forms (Figure 7B) and 4 RCs
(Figure 7D) for pR215 monomer plasmid, which reinforces the conclusion that RC
replication occurs in the presence of aza-C. We also found a relatively large number of
plasmids with small tails (Table 1), which could result from either broken thetas or RCs
with short or broken tails. We observed some molecules with apparent X-structure in the
EM. However, these are not definitive because they could be either bona fide X-structures
or two DNA molecules that happen to overlap on the grid. Overall, the EM data
strongly support the hypothesis that aza-C induces a switch from theta to RC in a subset
of molecules.

As an additional test for the existence of RC intermediates, we analyzed the Hirt
pellet and supernatant fractions by 2D gel analysis without restriction enzyme digestion
(Figure 6). RC intermediates produced from a well-characterized in vitro replication
system have been shown to migrate in a characteristic “ds eyebrow” arc that emanates
from the open circle spot (Figure 6, diagram on the right; Belanger et al., 1996). In both
the supernatant and pellet, DNA from the aza-C-treated cells (but not the untreated
cells) displayed this ds eyebrow arc (Figure 6C and 6F), providing additional evidence

that aza-C induces plasmid RC replication. The aza-C-dependent ds eyebrow emanated
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from the dimer open circle spot, not from the monomer, indicating that the RC
molecules have a dimeric rather than monomeric template circle (consistent with the EM

results above).

2.3 Discussion

The major conclusion of this work is that aza-C-induced DNA-MTase crosslinks
block DNA replication in vivo. We did not detect blockage induced by the endogenous
Dcm protein, presumably due to low endogenous Dem activity (Bhagwat and Roberts,
1987). However, fork blockage was evident after aza-C treatment of cells carrying the
M.EcoRII overexpression plasmid pR215. Previous studies provided evidence for the
formation of covalent aza-C-induced DN A-MTase crosslinks in vivo (Friedman and Som,
1993; Liu et al., 2003), and our results argue that a major effect of these crosslinks is the
blockage of DNA replication.

In addition to fork blockage within theta intermediates (Figure 2), we detected
strong accumulation of spots on the Y-arc, particularly when cells carried dimeric
pBR322 plasmid (Figure 4). These accumulations were also dependent on aza-C-induced
DNA-MTase crosslinks (Figure 2E), and our results argue that these Y-molecules are
created by fork blockage in a RC. Using EM analysis, we found both replicating thetas

and sigma-shaped plasmids with tails. Sigma-shaped plasmids would correspond to the
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Y-molecules in the 2D gels after restriction digestion. A number of the sigma molecules
in the EM had tails longer than the length of the attached plasmid circle, demonstrating
that RC replication had occurred (Figure 7, Table 1). We strongly suspect that RCs with
even longer tails were preferentially lost in the Hirt precipitation, which eliminates long
linear DNA. The simplest explanation for the formation of RCs in the aza-C-treated cells
involves breakage of the stalled forks (see below).

We also observed a strong accumulation of RecA-dependent X-structures after
aza-C treatment of cells with pR215. The blocked forks on the theta- and Y-arcs
appeared as early as 30 minutes, but X-structures only appeared after 60 minutes of aza-
C treatment (data not shown). This result argues that the X-structures are somehow
generated from molecules with blocked forks. One model is that these X-structures are
Holliday junctions generated by a recombination reaction. Replication forks stalled by
aza-C-induced DNA-MTase crosslinks may sometimes be processed into strand breaks
that can then be used as a substrate for RecA-dependent recombination. Because
recombination mutants including recA are hypersensitive to aza-C (Bhagwat and
Roberts, 1987; Lal et al., 1988), the Holliday junctions we observe may reflect a key repair
pathway for survival after aza-C treatment.

Another model for X-structure formation is RecA-dependent replication fork

regression of a stalled RC. Robu et al. (2001) showed that RecA protein can catalyze fork
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regression in vitro, and Courcelle et al. (2003) presented evidence consistent with RecA-
stabilized fork regression in wvivo following UV-induced damage. Because of the
repeating nature of a RC tail, regression of a RC intermediate can generate an X-
structure that is exactly twice the plasmid length after restriction digestion, i.e., exactly
equivalent in structure to a plasmid dimer with a Holliday junction. In summary, the
generation of Holliday junctions after aza-C treatment implies that DNA ends are
created either by fork breakage or by fork regression.

We propose that RCs are sometimes generated after a unidirectional fork in a
theta molecule encounters an aza-C-induced DNA-MTase crosslink. Replication fork
blockage can allow a branch-specific endonuclease to cleave one arm of a fork (Hong
and Kreuzer, 2003; Pohlhaus and Kreuzer, 2005), and then two general models for RC
replication are possible.

In one model, RC replication ensues after gap repair/ligation at the broken fork
and replication restart at the unbroken fork (Figure 8). The model begins when a
unidirectional replication fork is blocked at an aza-C-induced DNA-MTase crosslink
(Figure 8, top). In some fraction of the molecules, a branch-specific endonuclease cleaves
one arm of a fork, either at the stalled fork or the fixed fork at the origin (Figure 8, step

A). The cleavage events shown here break the template strand of the leading-strand arm
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Figure 8. RC replication after fork cleavage by branch-specific endonuclease. See text
for detailed description.



of the stalled fork (Figure 8, left) or the lagging-strand template at the fixed origin fork
(Figure 8, right). To restart replication, the discontinuity created by the cleavage event
needs to be healed by gap filling and ligation (Figure 8, step B). If the fixed fork at the
origin had been broken, the DNA-MTase crosslink has to be somehow removed or
bypassed to allow replication to begin (Figure 8, right side, step C). If the MTase-blocked
fork had been broken, replication would need to begin in the retrograde direction at the
fixed origin fork (Figure 8, left side). Removal or bypass of the DNA-MTase crosslink
(Figure 8, step C) would presumably still be needed to allow extensive RC replication
(Figure 8, step D). RC replication can ensue when any missing replisome components
are loaded onto the non-broken fork, and the existing 3’ end is used as a primer for new
leading-strand synthesis (Figure 8, step D). Our 2D gel data is more consistent with the
model on the right side: (1) the number and position of the spots along the Y-arc are
consistent with only one direction of RC replication, the direction depicted in the right
side; and (2) the Y-spot that disappears upon mutation of the MTase site at 1060 is in the
position expected for the model on the right side.

The second model involves RecA-dependent recombination triggered by the
broken fork. In this version of the model, the lagging-strand template at the stalled fork
is broken (Figure 9, step A). The discontinuity created by the cleavage event is healed by

gap filling and ligation (Figure 9, step B). The broken end invades in an intermolecular
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Figure 9. Recombinational model for RC replication after fork cleavage. Thicker lines
indicate newly synthesized strand.
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fashion, resulting in a DNA form with circular plasmids at both ends (Figure 9, step C).
The strand invasion creates a D-loop (Figure 9, step D) and branch migration occurs at
the back of the D-loop (Figure 9, step E). The replisome is loaded for the initiation of
recombination-dependent DNA replication (Figure 9, step F). Holliday junction
resolution (Figure 9, step G) results in a molecule with RC replication using the invaded

circle as template (Figure 9, step H). Extensive RC replication with this model results in
“double-circle RC” with circular plasmids at both ends (Figure 9, step I). This is only one
of several distinct recombination models that can be proposed to trigger RC replication,
differing in which arm(s) of the branch is (are) cleaved, how Holliday junctions are
resolved, and whether the strand invasion is intramolecular (i.e., into the homologous
region 180° around the dimeric circle) or intermolecular (as shown here). Some of the
intramolecular models would result in a RC with a monomeric template circle; these are
incompatible with our EM results, which showed only RC forms with dimeric (or larger)
template circles. None of the RC molecules that we observed in the EM had circles at
both ends as predicted by this simple recombination model. However, such “double-
circle RCs” could have enormously long intervening linear DNA after RC replication,
making them difficult to isolate intact. Further experiments are clearly needed to

elucidate the molecular mechanism that triggers RC replication after aza-C treatment.
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Several prior studies argued that aza-C-induced DNA-MTase crosslinks are
important in cytotoxicity (see Introduction). Prior studies also suggested that aza-C
treatment leads to DNA breaks, likely dependent on formation of the DNA-MTase
crosslinks. Karon and Benedict (1972) detected chromatin breaks after treatment of
mammalian cells with aza-C, although the mechanism was unexplored. Furthermore,
the bacterial SOS response is induced by aza-C (Barbe et al., 1986; Lal et al., 1988), and
recombination mutants (recA and recBC) are hypersensitive to the analog (Barbe et al.,
1986; Bhagwat and Roberts, 1987; Lal et al., 1988).

As described above, our observation of RC intermediates and Holliday junctions
after aza-C treatment strongly suggests that DNA breaks are formed from blocked
replication forks. We refer to this kind of DNA breakage as “collateral damage”, since it
is an indirect consequence of the primary mechanism of inhibition. We propose that this
collateral damage could be a major factor in the cytotoxicity of aza-C treatment, and that
it could be involved in generation of both DNA damage responses and chromosomal
rearrangements induced by aza-C.

Drug-stabilized topoisomerase-DNA complexes are somewhat analogous to aza-
C-induced covalent DNA-MTase crosslinks. A variety of antitumor drugs and
antibacterial quinolones have been shown to stabilize covalent topoisomerase-DNA

complexes involving either type I or type II topoisomerases, including bacterial DNA
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gyrase (Chen and Liu, 1994; Reece and Maxwell, 1991). In several cases, these complexes
have been shown to block replication forks, and these blocked forks can be cleaved by
endonucleases (Hiasa et al.,, 1996; Hong and Kreuzer, 2000; Hong and Kreuzer, 2003;
Pohlhaus and Kreuzer, 2005). Therefore, fork blockage and collateral DNA damage may

be a common mechanism for chemotherapy.

2.4 Materials and Methods

Materials

5-azacytidine was obtained from Sigma-Aldrich, restriction enzymes from New
England Biolabs, Nytran membranes from Schleicher & Schuell, Random Primed DNA
Labeling Kit from Roche Applied Science and radiolabeled nucleotides from
PerkinElmer Life Science. Oligonucleotides used for site-directed mutagenesis were
synthesized by Sigma-Aldrich and the QuikChange Site-Directed Mutagenesis Kit was
from Stratagene. Luria broth (LB) contained Bacto-Tryptone (10 g/liter), yeast extract (5

g/liter) and sodium chloride (10 g/liter).

Plasmids
The M.EcoRII overexpression plasmid with a tetracycline resistance gene, pR215,

was kindly provided by Ashok Bhagwat (1990). Monomeric (pR215, pBR322 and
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pBR322-C1060A) or dimeric (pBR322 dimer) plasmids were gel purified and used for
transformation (see below). pBR322-C1060A plasmid, which was generated using the
Stratagene QuikChange Mutagenesis Kit, contains a C to A mutation at location 1060;
this destroys one of M.EcoRII recognition sites but does not alter translation of the

tetracycline resistance gene.

E. coli strains

E. coli strains were AB1157 (his-4, argE3, leuB6, proA2, thr-1, thi-1, rpsL31, galK2,
lacY1, ara-14, xyl-5, mtl-1, kdgK51, supE44, tsx-33, rect) and AB1157 recA. These two
strains were transformed with the M.EcoRII overexpression plasmid, pR215. The desired
plasmid(s) were introduced into the AB1157 strains by transformation, and colonies
with mostly monomeric plasmid (for pR215, pBR322, and pBR322-C1060A) or mostly
dimeric plasmid (for pBR322 dimer) were selected based on miniprep results and frozen
in aliquots at —80 °C. These aliquots were diluted directly into culture media to ensure

the monomeric or dimeric plasmid state for each experiment.

DNA preparation for 2D gel electrophoresis

E. coli strains with the desired plasmid(s) were grown in LB with appropriate

antibiotics to maintain selection for the plasmid(s). Aza-C was added to 0.25 mg/ml
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when the cultures reached an OD560 = 0.3. After 3 hours incubation with or without aza-
C, 2-ml samples were collected by centrifugation and frozen in a dry ice/ethanol bath.
Cell pellets were resuspended in 500 pl of Triton lysis buffer [50 mM Tris-HCl (pH 7.8),
10 mM EDTA, 1 % Triton X-100 and 1.8 mg/ml lysozyme] and incubated at 65 °C for 20
min. Proteinase K (0.5 mg/ml) and SDS (0.2 %) were added to the samples, which were
then incubated at 55 °C for 1 hour. DNAs were extracted with
phenol:chloroform:isoamyl alcohol (25:24:1) followed by dialysis with TE [10 mM Tris-

HCI (pH 7.8), 1 mM EDTA] at 4 °C overnight.

2D gel electrophoresis and Southern hybridization

The first dimension (0.4 % agarose) was run in 0.5X TBE buffer at 1 V/cm for 29
hours. The desired slices were cut, rotated 90 degree counterclockwise, and cast within
the top of the second-dimension gel (1 % agarose with ethidium bromide at 0.3 pg/ml).
The second-dimension gel was run at 4.5 V/cm for 16.5 hours at 4 °C with recirculated
0.5X TBE containing ethidium bromide at 0.3 ug/ml. The gels were analyzed by
Southern hybridization with a 32P-labeled probe that was made using the Random
Primed DNA Labeling Kit and a 729-bp ampicillin resistance gene fragment from
pBR322 (which does not hybridize with plasmid pR215). Southern blots were visualized

by Phosphorlmager.
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DNA preparation for EM

DNA samples for EM analysis were prepared using a modification of the Hirt
precipitation method (Hirt, 1967; Cesare and Griffith, 2004). Briefly, cell pellets from 6
ml of culture were resuspended in 0.5 ml SDS lysis buffer [10 mM Tris (pH 7.6), 10 mM
EDTA and 0.6 % SDS] and incubated at room temperature for 15 min. NaCl was added
to a final concentration of 1.4 M and the lysate was mixed gently and then incubated at 4
°C overnight. The lysate was centrifuged at 13,000X g at 4 °C for 40 min to remove cell
debris and chromosomal material. The supernatant was collected and treated with
RNase A (0.05 mg/ml) at 37 °C for 1 hour, followed by proteinase K (0.5 mg/ml) at 55 °C
for 1 hour. The DNAs were further purified by phenol:chloroform:isoamyl alcohol

(25:24:1) extraction and dialyzed against TE at 4 °C overnight.

EM

Sample preparation for EM used the denatured cytochrome C method
(Kleinschmidt method) in the droplet form. DNA samples were mixed with ammonium
acetate (0.25 M) and cytochrome C (Sigma) at 7 pg/ml and placed on a sheet of parafilm
for 90 sec to 5 min. The surface film was picked up with a parlodion covered EM grid
and dehydrated in 70% and 90% ethanol, 30 sec each, and air dried. The grids were

shadowcast with rotation (8 degrees) with Pt:Pd (80%:20%) at 1 x 10 torr and examined
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in Tecnai 12 TEM instrument at 40 KV. Images were collected with a 4K x 4K Gatan

CCD camera.
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3. Isolation of Azacytidine Hypersensitive Mutants

3.1 Introduction

DNA-protein crosslinks (DPCs) can be induced by a variety of mechanisms.
However, little is known about the consequences and the repair mechanisms of DPCs.
As described in Chapter 1, aza-C induces site-specific and protein-specific DNA-
methyltransferase crosslinks which provide an excellent model. In this chapter, we
describe a genetic approach to isolate aza-C hypersensitive mutants by transposon
mutagenesis to explore the consequences and repair mechanisms of DPCs in vivo.

E. coli K strains encode an endogenous DNA cytosine methyltransferase (Dcm)
protein. Dcm and bacterial EcoRII methyltransferase (M.EcoRII) recognize the same
sequences and have a very similar mechanism for methylation. Previous reports have
documented that the level of Dcm and EcoRII MTase directly affect the aza-C sensitivity
of the cells. E. coli cells deficient in the chromosomally-encoded Dcm are less sensitive to
aza-C than wildtype (Barbe et al., 1986), whereas overproduction of Dcm or M.EcoRII
increases aza-C sensitivity (Bhagwat and Roberts, 1987; Lal et al., 1988). These data
imply that aza-C-induced DNA-MTase crosslinks play a significant role in cytotoxicity.

To understand how covalently linked DPCs are repaired, we undertook a

transposon mutagenesis screen in E. coli cells overexpressing M.EcoRIl. We screened
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6888 colonies and isolated 56 mutants. The most interesting mutants include recA, recC,
recG, dinG and uvrD, which are involved in DNA recombination and repair. In addition,
we also isolated mutants that are involved in the tmRNA pathway, ssrA, hfIC and dna].
The screen is still in progress and we intend to screen about 20,000 colonies to reach

close to saturation.

3.2 Results

Transposon mutagenesis screen for aza-C hypersensitive mutants

To investigate the consequences and processing pathways of DPCs, we
undertook a genetic screen for E. coli mutants that are hypersensitive to aza-C. The
presence of a cytosine MTase expression plasmid renders E. coli more sensitive to aza-C,
arguing that the DPC’s are relevant for survival (Barbe et al., 1986; Bhagwat and Roberts,
1987; Lal et al., 1988; Juttermann et al., 1994; Ferguson et al., 1997). For the mutagenesis
screen, we first used strain JH39 that carries an M.EcoRII-expressing plasmid, pR215, to
favor isolation of mutants affected in some pathway relevant to DPC formation or
processing.

SulA protein is a cell-division inhibitor that is under the regulation of the SOS
regulon. This protein is upregulated when SOS response is induced, resulting in cell

filamentation and inhibition of cell division. Aza-C treatment leads to induction of the
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SOS response in E. coli. Therefore, we removed this gene from the cell to reduce
filamentation and inhibition of cell division upon SOS induction

EZ-Tn5™<KAN-2>Tnp Transposome ™ Kit (Epicentre) was used for the
mutagenesis screen. The transposome kit contains stable transposase-transposon
complexes and the transposon has a functional kanamycin-resistance gene. The
transposome was electroporated into JH39 strain that carries pR215, and kanamycin-
resistant colonies were selected. These kanamycin-resistant colonies went through two
screens to test their sensitivity to aza-C.

The primary screen started by picking each individual colony into a 96-well plate
that contained 50 pl of LB. Using a replicating device, the colonies were pronged onto
no-drug or aza-C (5 ug/ml) containing plates with appropriate antibiotics. After
overnight incubation at 37°C, growth of each colony was compared between no-drug
and aza-C-containing plates. The colonies that looked sensitive to aza-C were carried on
to the secondary screen for confirmation

The aza-C sensitive colonies from the primary screen were streaked from the no-
drug plate to avoid cells that have incorporated aza-C in the drug-containing plate. The
secondary streaks were compared on no-drug and aza-C-containing plates to confirm

the sensitivity. Genomic DNA from those that passed both screens were isolated and
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sequenced using a primer from the kanamycin-resistance gene to identify the mutated
gene.

We screened ~10,000 colonies and isolated ~100 aza-C hypersensitive mutants
that passed both primary and secondary screens (see Table 2). At that point of the
screen, however, we found a paper that shows that overexpression of MTase can have
an untoward effect in most E. coli strains: with an increased level of MTase, sites that
resemble the MTase recognition site become methylated and trigger DNA damage by
the McrA and McrBC restriction systems (Bandaru et al., 1996). We were very concerned
that this nuclease effect might influence the results of the screen, and therefore we
decided to do the screen again in a mcrA and mcrBC deficient strain. Mutants from this
initial screen might still be interesting, for example, the products of ruvA and ruvC may
be relevant to DPC repair. It may be worthwhile to bring some of these mutants by P1

transduction into the new genetic background described below to investigate further.

Mutagenesis screen result

We switched to E. coli strain ER1793 which has the McrA and McrBC restriction
systems removed. We also deleted the sulA gene in this background for the reason
mentioned above. The sulA mutation, which contains a kanamycin-resistance cassette,

was obtained from the Keio knockout collection (Baba et al., 2006), and moved into the
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Table 2. List of aza-C hypersensitive mutant screen in JH39 background. Mutants are
categorized according to their functions. The number inside the parenthesis represents
the number of times an insertion in that gene was isolated. Only 69 mutants are listed
here, and another 31 mutants have not been sequenced. * The insertion in the umuCD*
mutant is within the LexA box, and therefore this may be an UmuCD overexpressing
mutant.

Function/Pathway

Gene

DNA recombination & repair

recA (2), recB (7), recC (2), recG (1),
ruvd (3), ruvC (1), xerD (1),

umuCD*(1),
Cell division envC (1), fisX (1)
RNA modification penb (1)
Nucleoside interconversion amn (1),

Transporters

acrA(1), ompN (2), ydiM (3), ydiN (1),
YajE (1), yegH (1)

Biofilm formation

ybfG (1), pgad(2), pgaC (1)

Fatty acid oxidation

ydil (1), fadK (1)

TCA cycle sdhB (1), veaT (1)
Carbohydrate catabolism weuR (1)
Cellular response to acid resistance | ydeO (1), hdeA (1)
Guanylate cyclase activity vddV (1)
Fimbria yadN (1)
Iron transport finA (1),

Prophage and phage related function

yiH (1), yJ (1), ydfy (1), pinQ (1)

Outer and inner membrane protein

vegV (1), uidC (1), ybbM (1), viE (1),
vddA (1)

Cysteine biosynthesis cysB (1)
Cell envelope barrier function sanA (1), ycil (1)
Sulfur metabolism sseB (1)

No information

yegX (2), yohN (1), yebC (1), ydjJ (1),
vecT (1), yIbH (1), ydbN (1), yiaY (1),
YK (1), yegh (1)
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ER1793 genetic background by P1 transduction. The kanamycin cassette was then
removed using FLP recombinase (Baba et al., 2006). In addition, we also introduced the
dinD::lacZ reporter gene by P1 transduction from strain JH39 strain into this
background, allowing the detection of SOS response. The ER1793 derivative with the
above genetic modifications was named HK21. The M.EcoRII-expressing plasmid pR215
was introduced into HK21 for MTase overexpression.

Using this new genetic background, we screened 6888 colonies and isolated 56
mutants in 46 genes that were hypersensitive to aza-C compared to the parental strain
(see Table 3 for the list of mutants). Among the 46 genes, 39 were of known function and
7 were open reading frames of unidentified function. We categorized the mutants into 15
different groups according to their functions. The primary and the secondary screen
methods used were subjective; therefore not all 46 genes will pass a more stringent test
as described below.

This genetic screen was continued by two other graduate students in the lab. Up
to date, a total of around 25,000 colonies were screened and more aza-C-hypersensitive
mutants have been isolated. In addition, a quantitative minimum inhibitory

concentration (MIC) test was developed as a tertiary screen to confirm aza-C sensitivity
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Table 3. List of aza-C hypersensitive mutants in HK21 background. Mutants are
categorized according to their functions. The number inside the parenthesis represents
the number of times an insertion in that gene was isolated. The asterisk indicates those
that passed the MIC test. The dagger indicates those that were tested in this Chapter.

Function/Pathway Gene

DNA recombination & repair recA*t (2), recC*t (3), recG*T (2),
uvrD*t (2), dinG*% (1)

tmRNA pathway ssrA*T (1), hIC*T (1), dnaJ*t (1)

Cell division JisK* (2), fisI* (2), zapA (1)

tRNA modification & RNA miaA* (1), mnmE* (2), mnmG* (2),

metabolism trmH* (1), stpA (1)

Protein biosynthesis or prmC* (1), phoQ (1),

modification

Drug efflux transporter mdtG* (1), tolC (1), acrB (1)

Outer membrane porin ompN (1). ycbR (1)

Inner membrane protein il (2), uidC (1), yeal (1),

Nucleotide biosynthesis purB (1)

Folic acid biosynthesis JolD (1)

Fatty acid biosynthesis JabR (1)

Miscellancous udg (1), yvebQ (1)

Prophage gene weaD (1), ynaK (1)

Pscudo-gene yfeU (1), ybfL’ (1), yedN’ (1), arpB’ (1),
vdbA’ (1)

No information yfdX* (1), yohN (1), yqil (1), vbdD (1),
veiG (1), ymgA (1), yaaW (1), yeaN (1)
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of the mutants. MIC is considered a gold standard to assess drug sensitivity. Therefore,
all the mutants were subjected to this test to eliminate false positive mutants. In Table 3,
those that passed the MIC test were indicated by an asterisk. The screen is still in
progress and the larger screen result will be presented elsewhere.

The most interesting mutants from the 46 genes include those involved in DNA
recombination and repair. We isolated recA, recC, recG, dinG and uvrD. In addition, we
also isolated mutants that are related to the tmRNA pathway, ssrA, hfIC and dnaj. To
confirm that the mutations in these genes were the cause of aza-C hypersensitivity, we
brought the transposon insertion into a fresh HK21 background by P1 transduction and
tested for aza-C sensitivity as described below. All these mutants, except recG and uvrD,
were confirmed by P1 transduction; however, recG and uvrD were isolated multiple
times in the screen arguing that the transposon is causative. In this Chapter, I will
present data on the mutants that were confirmed by P1 transduction or isolated multiple

times (indicated with 1 in Table 3).

Sensitivity test with aza-C and other drugs
To test aza-C sensitivity among these mutants, we set up a semi-quantitative
serial dilution spotting assay (Figure 10A). In this assay, the growth of serial 10-fold

dilutions on plates with a fixed concentration of aza-C was measured. The recA and recC
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A
MTase No drug 10 pg/ml aza-C

wWT -
WwWT +
recA +
recC
dinGG
recG
uvrD

+

+

+

+

dnal +
hfiic +
ssrA +
B

MTase 400 ng/ml HU 100 pg/ml MMC

WwWT -
WwWT +
reed 4
recC 4
dinG +
recG  +
uvrD 4
dnal +
hiicC  +
sseA +

Figure 10. Sensitivity of the mutants to aza-C, hydroxyurea and mitomycin C. Ten-fold
serial dilutions of wild-type and mutant cells were spotted onto (A) no-drug and aza-C
(10pg/ml) or (B) hydroxyurea (HU; 400ug/ml) and mitomycin C (MMC; 100ug/ml)
containing plates. +/-MTase indicates the presence or absence of MTase expression
plasmid pR215.
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mutants showed the strongest aza-C sensitivity, while others showed different degrees
of aza-C sensitivity (Figure 10A). We also tested these mutants with hydroxyurea (HU)

and mitomycin C (MMC). HU depletes the dNTPs pool resulting in slowing down DNA
replication; while MMC crosslinks DNA. With no surprise, recA and recC mutants
showed high level of sensitivity toward both drugs (Figure 10B). In addition, recG was
also sensitive to both drugs but to a much lower extent. Mutants with defective in dnaJ
and ssrA gene were very sensitive to HU but showed little sensitivity to MMC.
Surprisingly, dinG, uvrD and hflC showed little or no sensitivity to both drugs. These
results suggest that DinG, UvrD and HfIC proteins may have a specific role in DPC

repair, but more extensive and quantitative testing needs to be done.

Methyltransferase expression is required for aza-C hypersensitivity

Because aza-C can incorporate into RNA, it is possible that aza-C residues in
RNA somehow cause damage. Therefore, the hypersensitivity of certain mutants could
conceivably be dependent on aza-C incorporation into RNA. In this model, MTase
expression may not be required since MTase only binds to DNA. To test this model, we
compared aza-C sensitivity of these mutants in the presence or absence of the MTase
expression plasmid. As shown in Figure 11, the aza-C hypersensitivity of all mutants is

dependent on the presence of the M.EcoRII-expression plasmid pR215. Therefore, this
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RNA-based model is disfavored. On the other hand, these data strongly suggest that

aza-C-induced DPC formation is necessary for the aza-C hypersensitivity of the mutants.

MTase No drug 10 pg/ml aza-C

WT -
WwWT +
recA -
reeA +
dinG -
dinG +
WT -
WwWT +
recC -
- - -
dnal -
dnal +
WT -
WwWT +
ssrA -
ssrA t
hAIC —
hic  +

Figure 11. Methyltransferase expression is required for aza-C hypersensitivity in the
mutants. Ten-fold serial dilutions of wild-type and mutant cells were spotted onto no-
drug (upper panels) and aza-C (lower panels; 10pug/ml) containing plates. +/-MTase
indicates whether the cells contained MTase expression plasmid or not.
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3.3 Discussion

We undertook a transposon mutagenesis screen to isolated aza-C hypersensitive
mutants. The goal of the screen is to learn more about potential consequences and repair
mechanisms of DPCs induced by aza-C. We screened 6888 colonies and obtained 56
mutants. I will only discuss those mutants that are confirmed by P1 transduction or
isolated multiple times; further work is necessary to confirm some of the other mutants.
The mutants involved in the tmRNA pathway are further investigated and discussed in
Chapter 4.

The most interesting mutants isolated are those involved in DNA recombination
and repair, including recA, recC, recG, dinD and uvrD. The rec mutants have been shown
previously to be hypersensitive to aza-C (Barbe et al., 1986; Bhagwat and Roberts, 1987;
Lal et al., 1988; Nakano et al., 2007), validating the screen result. Some of these mutants
were isolated multiple times and the aza-C hypersensitive phenotype caused by the
mutations was also confirmed by P1 transduction into a fresh parental background.

The aza-C sensitivity of recA and recC mutants is the highest among all the
mutants. Previous genetic studies also showed that a recA mutant was much more
sensitive than the WT cells (Barbe et al., 1986; Bhagwat and Roberts, 1987; Lal et al., 1988;
Nakano et al., 2007). The isolation of these rec mutants strongly suggests that DNA

recombinational repair is somehow involved in the repair of DPCs or downstream
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damage. In Chapter 2, we presented evidence that aza-C-induced DNA replication
blockage may lead to DNA breaks. In addition, RecBC-dependent induction of SOS also
argues strongly that DNA breaks are being created, although they may or may not be
broken forks.

One possible model arising from the above conclusions is that these
recombination proteins may act on the downstream DNA damage such as DNA double-
stranded breaks caused by DPCs. RecBCD exonuclease is known to bind to the end of
duplex DNA when DNA double-stranded breaks are created (Friedberg et al., 2006).
RecBCD can unwind and degrade DNA to prepare the single-stranded region for the
binding of RecA proteins. The RecA-single-stranded DNA filament can then invade the
homologous region of another DNA creating a D-loop structure. Expansion of the D-
loop can generate Holliday junctions that can be branch migrated by RecG or RuvAB
proteins. Mutations in ruvABC genes were also previously reported to cause aza-C
hypersensitivity (Nakano et al.,, 2007). To complete repair of the DNA break,
recombination intermediates can be resolved by Holliday junction resolvase RuvC or
DNA replication can be initiated in the D-loop by loading the replication holoenzyme.

Another possible model is that these recombination proteins may process the
DPCs directly through recombination intermediates. As described in the previous

model, the generation of D-loops and/or Holliday junctions creates the opportunity for
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helicase loading. Helicases such as UvrD and DinG might serve as a surveillance system
on the DNA to initiate repair of the DPCs (see below). Further experiments are needed
to distinguish these models.

UvrD is an SOS-inducible DNA helicase. One of the major roles of UvrD during
nucleotide excision repair is removing the damage-containing oligonucleotides
(Friedberg et al., 2006). In addition to the role in nucleotide excision repair, recent
reports suggest that UvrD plays an important role in removing Tus protein bound at
ectopic ter sites in vivo (Bidnenko et al., 2006). Tus-ter is a very tight non-covalent
complex, but it seems possible that a similar repair pathway operates on both tight
complexes and covalently linked DPCs. The authors suggested a model in which UvrD
can displace Tus at a stalled replication fork, however no direct evidence of the removal
of proteins was provided. The finding that the uvrD mutant is hypersensitive to aza-C
argues that UvrD may play a special role in DPC repair.

DinG is a newly identified branch-specific helicase. Because DinG is SOS-
inducible, it is believed that DinG may be involved in some DNA repair pathways
(Voloshin and Camerini-Otero, 2007). From the sequence comparison, DinG is closely
related to several eukaryotic helicases involved in repair, including yeast Chll and Rad3
and the human XPD and BACHI1 (Voloshin et al., 2003). A dinG mutant was previously

shown to be mildly UV sensitive. The dinG mutant that we isolated is hypersensitive to
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aza-C but shows little or no hypersensitivity to hydroxyurea or mitomycin C. These data
suggest that DinG may have a specific role in the repair of DPCs, but further
experiments are clearly necessary.

Several additional mutants have not been confirmed by P1 transduciton, but the
function of these gene products are very interesting and may be related to DPCs. I
would therefore like to discuss them briefly. We identified several transposon insertions
in genes involving cell division, ftsK, ftsI and zapA. Both ftsK and fts] mutants passed a
more stringent MIC test (see Table 3) and are likely to be aza-C hypersensitive. FtsK
protein also plays a key role in the XerCD system of resolution of chromosomal dimers
generated by recombination (Weiss, 2004). As mentioned above, recombination may be a
key event in repairing DPCs directly or in repairing downstream damage from DPCs. In
either case, two copies of the chromosome can be linked through recombination and
need to be resolved before cell division. Therefore, the finding of the ftsK mutant
strongly suggests that FtsK is needed for resolving the recombination event after aza-C

treatment.
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3.4 Materials and Methods

Materials
Aza-C, hydroxyurea and mitomycin C were obtained from Sigma-Aldrich; EZ-
Tn5™<KAN-2>Tnp Transposome ™ Kit was from Epicentre; Luria broth (LB) contained

Bacto tryptone (10 g/liter), yeast extract (5 g/liter), and sodium chloride (10 g/liter).

Plasmids
Plasmid pR215 is a pACYC184-derived plasmid containing the M.EcoRII gene
controlled by its natural promoter, along with a tetracycline resistance gene (Bhagwat et

al., 1990).

E. coli strains

E. coli strain ER1793 [F, fhud2, A(lacZ)rl, ginV44, el4 (McrA’), trp-31, his-1,
rpsL104, xyl-7, mtl-2, metBl, A(mcrC-mrr)114::1S10]was obtained from New England
Biolabs. We introduced a sulA deletion which contains a kanamycin-resistance cassette
from the Keio collection into this background. The kanamycin cassette was then
removed using FLP recombinase as described by Baba et al. (2006). A dinD::lacZ fusion
that contains an ampicillin-resistance gene was also inserted into this background by P1

transduction from JH39. The resulting strain was named HK21 and was then
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transformed with the M.EcoRII-expressing plasmid pR215, and this was the strain used
for the transposon mutagenesis screen.

JH39 [F,, sfiAll, thr-1, leu-6, hisG4, argE3, ilv(Ts), galK2, srl(?), rpsL31, lac_U169,
dinD1:MudIl(Apr lac)] contains a dinD::lacZ reporter gene fused with a ampicillin

resistance gene.

Transposon mutagenesis screen

E. coli strain HK21 containing the EcoRII MTase overexpressing plasmid pR215
was used for the mutagenesis screen. The competent cells were first prepared and EZ-
Tn5™<KAN-2>Tnp Transposome ™ Kit was electroporated according to the
manufacturer’s instructions. The diluted cells were plated on kanamycin-containing
plates so that single colonies were separated from each other. Each of the colonies was
picked and resuspended in a 96-well plate with 50 pl of LB. The primary screen was
done by pronging the cells from the wells onto no-drug and aza-C-containing (5 pg/ml)
plates. After overnight incubation at 37°C, the colonies with defective growth on the
aza-C-containing plates were selected for secondary screens.

Secondary screens were performed to confirm aza-C sensitivity. Colonies from

the no-drug plate in the primary screen were streaked onto no-drug and aza-C-
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containing (5 pg/ml) plates, with overnight incubation at 37°C. The colonies which
passed both screens were selected for genomic DNA isolation and DNA sequencing.
Genomic DNA was isolated using GenElute™ Bacterial Genomic DNA Kit
(Sigma). A transposon-specific primer (5'-ACCTACAACAAAGCTCTCATCAACC-3)
was used to identify the location of transposon insertion by DNA sequencing. The
bacterial genomic sequencing was done by Duke University Cancer Center DNA
Analysis Facility with a modified genomic sequencing program (60 cycles, 60°C

annealing temperature).

Phage P1 transductions

P1 transductions were done as previously described by Silhavy et al. (1984).
Briefly, P1 donor lysates were generated from the desired mutant strain and used to
transduce the mutation into the desired receipient. The kanamycin-resistance gene of the

transposon was selected and the insertion was confirmed by PCR.

Spot test for aza-C sensitivity

Overnight cell cultures in LB were diluted to roughly 8 x 108 cell/ml. Ten-fold

dilutions were then generated across a microtiter plate. A replica device was used to
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transfer cells from the wells onto aza-C, hydroxyurea or mitomycin C containing plates

with appropriate antibiotics. The plates were incubated overnight at 37°C.
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4. The tmRNA System is Essential When Transcription is
Blocked by DNA-Protein Crosslinks

4.1 Introduction

DNA-protein crosslinks (DPCs) are induced by many chemicals, including
formaldehyde, and by radiation. With most of these agents, DPCs form at heterogeneous
sites on the DNA with a collection of many different DNA-binding proteins. In part
because of these characteristics, the study of DPCs has been difficult. Thus, compared to
most forms of DNA damage, relatively little is known about the consequences and
processing of DPCs in vivo. In this study, we have used aza-C as a reagent for a model
system to study DPC processing in vivo.

We previously reported that one downstream consequence of aza-C treatment is
that the induced DNA-MTase crosslinks block DNA replication in vivo (Kuo et al., 2007).
We also presented evidence that the blocked replication forks led to DNA breaks, which
could be the breaks involved in induction of the SOS response. Aza-C induced DNA-
MTase crosslinks have also been shown to block in vitro transcription by E. coli RNA
polymerase (Som and Friedman, 1994). However, the in vivo consequences, and whether
cells have special mechanisms for processing this kind of transcriptional blockage,

remain unknown.
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To further analyze the in vivo processing and consequences of aza-C-induced
DPCs, we undertook a mutational screen for aza-C hypersensitive mutants. As
described in Chapter 3, this screen uncovered mutations in genes that are connected to
the co-translational quality control system for truncated and miscoding mRNAs (for
review, see Karzai et al., 2000; Keiler, 2008; Moore and Sauer, 2007).

The cornerstone of this system, the ssrA gene product, is a specialized RNA
called tmRNA. The tmRNA contains two major domains: a tRNA-like domain and an
mRNA-like domain. The proposed mechanism of tmRNA pathway is illustrated in
Figure 12. The tRNA-like domain includes an acceptor stem that can be charged by
alanyl-tRNA synthetase. The mRNA-like domain contains a peptide reading frame that
ends with a stop codon. Both domains are linked by pseudoknots. The tmRNA is
associated with a protein cofactor, SmpB, which is required for all known activities of
tmRNA. The binding of SmpB to the tmRNA is followed by aminoacylation by alanyl-
tRNA synthetase. The aminoacylation of tmRNA is essential because only the
aminoacylated tmRNA-SmpB complex can be recognized by an elongation factor Tu
(EF-Tu) and GTP. Both SmpB and EF-Tu are important for delivering and initial binding
of tmRNA to the stalled ribosomes. When the co-translational quality control system is

invoked, tmRNA-SmpB-EF-Tu complex binds to the A site of the ribosome. The proper
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Figure 12. The proposed tmRNA model. This figure is adapted from Keiler, 2008.
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accommodation of the tRNA-like domain of tmRNA triggers GTP hydrolysis on EF-Tu
to start the first transpeptidation reaction between alanine-charged tmRNA and the
incomplete polypeptide. The tmRNA switches from tRNA mode to mRNA mode,
allowing the ribosome to continue translation from the tmRNA polypeptide reading
frame, and as a result, releasing the aberrant mRNA. The defective mRNA is then
degraded by RNase R to prevent repeated cycles of aberrant translation and provides an
mRNA quality control system (Mehta et al., 2006; Richards et al., 2006; Yamamoto et al.,
2003). The translation of the mRNA domain of tmRNA results in addition of an 11-
amino acid tag (AANDENYALAA) to the prematurely truncated growing peptide, with
two important consequences. First, the trapped ribosome is freed and recycled into the
cellular pool by allowing a productive termination event to occur. Second, the 11-amino
acid SsrA tag added to the C-terminus of the unnatural protein is a signal for its
proteolysis. Several different proteases, including ClpXP, ClpAP, FtsH (HfIB) and Tsp,
are involved in proteolysis, with ClpXP being responsible for most of the degradation
(Keiler et al., 1996; Gottesman et al., 1998; Herman et al., 1998; Lies and Maurizi, 2008).
In addition, chaperones such as DnaJ and DnaK can modulate proteolysis of certain
substrates with the SsrA tag (Munavar et al., 2005).

While a major function of the tmRNA pathway is to allow completion of

translation of mRNAs that lack a stop codon, the system can also be invoked when the
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ribosome encounters rare codons or internal RNA damage. In the latter cases, mRNA
cleavage within the ribosome is required to allow tmRNA binding to the A site of the
ribosome. The tmRNA system also induces degradation of the aberrant mRNAs that
result in ribosome stalling, thereby preventing repeated cycles of aberrant translation
and providing an mRNA quality control system (Mehta et al., 2006; Richards et al., 2006;
Yamamoto et al., 2003).

At the physiological level, the tmRNA pathway is universal in eubacteria and
appears to have multiple important functions. The pathway is essential for growth in
some bacterial species, and even in species where it is not essential, knockout mutants
(ssrA, smpB) often show increased sensitivity to stress, such as carbon starvation or
oxidative stress from macrophage attack (Okan et al., 2006). The tmRNA system has also
been adopted in aspects of certain gene regulatory circuits, such as in the autoregulation
of Lacl repressor levels (Abo et al., 2000). SsrA-deficient mutants have been shown to be
hypersensitive to kanamycin and streptomycin (Abo et al., 2002), presumably because
these drugs cause misreading of the genetic code including read-through of stop codons.

In this study, we show that ssrA, smpB, hflC and dna] mutants are hypersensitive
to aza-C, suggesting that the tmRNA pathway becomes critical in the presence of aza-C-
induced DPCs. We present evidence supporting a chain-reaction model, in which

transcription complexes blocked by DPCs lead to stalled ribosomes on the attached
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message, thereby activating the tmRNA system to clean up the resulting pile-ups.
Consistent with this model, we show that an ssrA mutant is also hypersensitive to
streptolydigin, which blocks RNA polymerase elongation by a different mechanism.
These results reveal a novel role for the tmRNA system in clearance of coupled
transcription/translation complexes that have become blocked at the transcriptional level

as a result of DNA damage.

4.2 Results

Hypersensitivity of ssrA, hflC and dna] mutants to aza-C

To investigate the consequences and processing pathways of DPCs, in Chapter 3,
we undertook a genetic screen for E. coli mutants that are hypersensitive to aza-C.
Briefly, we constructed an E. coli strain HK21, which carries an M.EcoRII-expressing
plasmid, pR215, to favor the isolation of mutants affected in some pathway relevant to
DPC formation or processing. The presence of the M.EcoRII-expressing plasmid resulted
in significantly higher aza-C sensitivity in the HK21 genetic background (Figure 13 and
14). We isolated a collection of transposon insertion mutants that are hypersensitive to
aza-C compared to the parental strain. Possible hypersensitive mutants were confirmed
by secondary screens involving growth phenotypes on aza-C-containing plates, and the

precise location of the transposon insertion in each mutant was determined by genomic
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DNA sequencing using a transposon-specific primer. Here we will focus on insertions in
three genes, ssrA, hflC and dnaJ, which were isolated among the aza-C hypersensitive
mutants. The products of these three genes are all connected to the tmRNA system for
truncated and miscoding mRNAs. As described above, the ssrA gene encodes tmRNA
itself. The HfIC gene product modulates the activity of the FtsH (HfIB) protease, a highly
conserved ATP-dependent protease that acts on certain SsrA-tagged polypeptides (for
review, see Ito and Akiyama, 2005). DnaJ is a chaperone that often acts with DnakK, and
these two proteins can facilitate proteolysis of at least some substrates by FtsH (Straus et
al., 1990; Yura et al., 2000); dnaJ also shows genetic interactions with ssrA (Munavar et
al., 2005). Both HfIC and DnaJ also have activities outside the tmRNA pathway, and so
their aza-C hypersensitivity may or may not be due to a defect in the tmRNA pathway
(also see below).

We confirmed that each of these three insertions is causative by moving the
transposon insertion into a fresh HK21 background using phage Pl-mediated
generalized transduction and confirming the hypersensitivity phenotype.
Hypersensitivity is evident in two different tests: growth of serial 10-fold dilutions on
plates with a fixed concentration of aza-C (Figure 13, lower panels) and minimal
inhibitory concentration (MIC) measurements of growth in the presence of increasing

concentrations of aza-C in liquid media (Figure 14).
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Figure 13. Aza-C hypersensitivity of mutants with M.EcoRII expression vector. Cells
of the indicated genotype with (lower panels) or without (upper panels) M.EcoRII-
expressing plasmid pR215 were diluted from overnight culture to 4 x 10% cells/ml. Ten-
fold serial dilutions were generated across a 96-well plate and 5 ul of each dilution was
spotted onto LB plates with no drug (left panels) or aza-C (5 pg/ml; right panels). Plates
were photographed after overnight incubation at 37°C.
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Figure 14. Hypersensitivity of mutants by MIC assay depends on M.EcoRII
production. This graph presents the average of 3 independent minimum inhibitory
concentration (MIC) assays. Overnight cultures of the indicated strain with or without
the M.EcoRII-expressing plasmid pR215 were pelleted, resuspended in LB, and diluted
to 2 x 10° cells/ml. Appropriate antibiotics and tetrazolium dye (Biolog) were added to
each of the cell suspensions, which were then delivered into wells of a microtiter plate
(75 ul/well). Aza-C (Sigma-Aldrich) stocks were prepared at twice the desired
concentrations, and 75 pl of each was delivered into the appropriate wells to give a final
volume of 150 pl. The background optical density of each well was read at 405 (Anthos
Plate Reader 2001) immediately, and the plate was then incubated at 37°C for 20 hours
with shaking before the final optical density reading. Standard deviations are shown as
error bars (N = 3).
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Hypersensitivity depends on M.EcoRII expression, but is not caused by alterations in
M.EcoRII expression

Because the tmRNA pathway operates on stalled ribosomes, the hypersensitivity
of the three mutants could conceivably be dependent on aza-C incorporation into RNA.
In this model, aza-C residues in RNA might directly cause miscoding at the ribosome or
lead to stalling by some indirect pathway (e.g. chemical modification of the aza-C
residue into another form). This RNA-based model is strongly disfavored by the finding
that the presence of the M.EcoRII-expression plasmid pR215 is required for the high
level of sensitivity of the three mutant strains (Figure 13 and 14). Therefore, the aza-C
hypersensitivity of all three mutants is dependent on expression of M.EcoRIl, and
presumably aza-C-induced DPC formation.

A trivial model for the hypersensitivity of any of the three mutants to aza-C is
that the mutation leads to higher levels of expression of M.EcoRIl from the pR215
plasmid, thereby leading indirectly to higher levels of DPC formation. We tested this
model by performing Western blots with an anti-M.EcoRII antibody, comparing protein
levels in parental wild-type versus mutant cells. The polyclonal M.EcoRII antibody
cross-reacts weakly with several bands present even in cells that lack any M.EcoRII-

expressing plasmid (Figure 15, lane 1 & 2). The antibody readily detected M.EcoRII
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Figure 15. Expression of M.EcoRII in wild-type and mutant cells. Extracts from cells of
the indicated genotype with or without M.EcoRII plasmid pR215 were analyzed by
Western blotting with polyclonal antibodies to M.EcoRII. The top portion of the gel was
excised and stained with Coomassie blue as a total protein loading control. The Western
antibody signals and total protein controls were quantitated using an Infrared Imaging
System (see Experimental Procedures). The calculated ratio of M.EcoRII to total protein
for the four lanes with significant M.EcoRII is expressed as percentage of wild-type
levels at the bottom of the figure.
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protein of the expected molecular weight (~60 kDa) in cells carrying pR215 (Figure 15,
lane 4). As expected from the studies of Friedman and Som (1993), the M.EcoRII protein
levels were much higher in aza-C treated cells (Figure 15, compare lanes 3 and 4). This
occurs because the M.EcoRII gene promoter is auto-regulated, and hence inhibition of
the MTase by aza-C residues in DNA increases transcription of the M.EcoRII gene. The
most important result of the experiment is that the induced levels of M.EcoRII protein
were very similar between the parental strain and the ssrA, hfIC and dna] mutants
(Figure 15, lanes 4, 6, 8 and 10). Therefore, the hypersensitivity of the three mutants
cannot be attributed to increased production of M.EcoRIL

The autoregulatory nature of the M.EcoRII promoter complicates analysis of aza-
C sensitivity, and we therefore sought a system to better control M.EcoRII expression.
We constructed an arabinose-inducible M.EcoRII expression plasmid (pBAD-MEcoRII)
from the pBAD33 vector (Guzman et al., 1995). As expected, expression of M.EcoRII
protein from pBAD-MEcoRII was repressed in the presence of glucose (Figure 16A, lane
2) and activated in the presence of arabinose (Figure 16A, lane 4). In a corresponding
manner, strain HK21 carrying pBAD-MEcoRII was sensitive to aza-C only when grown
in the presence of arabinose, but cells with the empty vector pPBAD33 were not affected

by aza-C (Figure 16B, lower panels; Figure 17).
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Figure 16. Arabinose-inducible M.EcoRII expression results in aza-C sensitivity. In
panel A, extracts from wild-type cells with or without M.EcoRII plasmid pBAD-MEcoRII
were analyzed by Western blotting. The cells were pre-grown with glucose for 1.5
generations, pelleted and washed with fresh LB, and then resuspended in LB containing
glucose (0.2%) or arabinose (0.05%). Protein was extracted after 60 minutes of incubation
at 37°C. In panel B, HK21 cells with the indicated plasmid were diluted from overnight
cultures to approximately 4 x 10% cells/ml. Ten-fold serial dilutions were generated
across a 96-well plate and 5 ul of each dilution was spotted onto LB plates with no drug
or the indicated concentration of aza-C. The upper panels are plates that contained
glucose (0.2%), while the lower panels are plates that contained arabinose (0.05%). Plates
were photographed after overnight incubation at 37°C.
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Figure 17. Hypersensitivity of mutants by MIC assay depends on arabinose induction
of M.EcoRII. This experiment was done exactly as described above for Supplemental
Figure 1 except that the cells contained the arabinose-inducible M.EcoRII plasmid
pBAD-MEcoRII and the wells of the microtiter plates contained LB with either glucose
(0.2%) or arabinose (0.05%). Standard deviations shown as error bars (N = 3).
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Figure 18. Aza-C hypersensitivity of mutants with arabinose-inducible M.EcoRII.
Cells of the indicated genotype with arabinose-inducible M.EcoRII plasmid pBAD-
MECcoRII were tested for aza-C sensitivity as described in the legend to Figure 16B.
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To test whether active M.EcoRII is important for aza-C sensitivity, we introduced
the C186W substitution to create plasmid pBAD-C186W; this substitution prevents both
DNA binding and methylation by M.EcoRII (Wyszynski et al., 1993). HK21 cells carrying
pBAD-C186W were insensitive to aza-C in the presence or absence of arabinose, arguing
that active M.EcoRII is required for sensitivity (Figure 16B).

Using pBAD-MECcoRII as a readily controlled source of M.EcoRIl, we found that
ssrA, hflC and dna] mutants were hypersensitive to aza-C when MTase expression was
induced by arabinose (Figure 18, lower panels) but not when MTase expression was

repressed by glucose (Figure 18, upper panels; Figure 17).

Inactivation of the protein cofactor of tmRNA also causes aza-C hypersensitivity

The SmpB protein associates with tmRNA and is required for all known
activities of tmRNA (see Introduction). Although smpB knockout mutants were not
isolated in the transposon mutagenesis screen, they should be hypersensitive to aza-C if
the tmRNA system is important for survival in the presence of the drug. To test this
prediction, an smpB knockout mutation from the Keio collection (Baba et al., 2006) was
moved into the genetic background used above with plasmid pBAD-MEcoRII, and aza-

C sensitivity of the resulting strain was assessed. As expected, the smpB mutant was

79



hypersensitive to aza-C, and sensitivity depended on induction of M.EcoRII by

arabinose (Figure 19, lower panels; Figure 17).

SsrA-tagged proteins accumulate after aza-C treatment

If the tmRNA system plays a key role in cell survival following aza-C treatment,
then aza-C treatment of cells expressing M.EcoRII should lead to protein tagging with
the SsrA tag. We therefore performed Western blotting of cellular proteins using
antibody against the wild-type SsrA tag (provided by Dr. Tania Baker, MIT). Strikingly,
aza-C led to a substantial increase in SsrA-tagged proteins in wild-type cells expressing
M.EcoRII (Figure 20A, compare lane 3 to 4). SsrA tagging was not induced by aza-C
when the cells lacked an M.EcoRII-expressing plasmid (Figure 20A, lane 1 & 2), nor was
it induced when the M.EcoRII protein contained the active site substitution that prevents
DNA binding and methylation (C186W; Wyszynski et al., 1993) (Figure 20A, lane 5 and
6). The induction of SsrA-tagged proteins was a bona fide consequence of the tmRNA
system, because it was abolished in both the ssrA and smpB mutants (Figure 20A, lane 7,
8, 11 and 12; the polyclonal antibody cross-reacted with a number of proteins that are
not SsrA-tagged, as shown by the presence of weak bands from the ssrA and smpB

knockout mutants). The induction of SsrA-tagged proteins in protease-proficient
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Figure 19. Aza-C hypersensitivity of smpB and double mutants with arabinose-
inducible M.EcoRII. Cells of the indicated genotype with arabinose-inducible M.EcoRII
plasmid pBAD-MEcoRII were tested for aza-C sensitivity as described in the legend to
Figure 16B.
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Figure 20. SsrA tagging is induced by aza-C. Cells of the indicated genotype were
grown for 2.25 generations in the presence of glucose (0.2%) with or without aza-C, and
then washed out of the aza-C-containing media into LB with arabinose (0.05%). Extracts
were made after a one-hour incubation at 37°C, and equal volumes of cell extract were
then analyzed by Western blotting with an SsrA tag polyclonal antibody.
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wild-type cells implies that the amount of tagging after aza-C treatment overwhelms
the capacity of the downstream proteases.

ClpXP is the major protease that acts on SsrA-tagged proteins (see Introduction),
and as expected, SsrA-tagged proteins were readily detected in the absence of aza-C in a
clpP knockout mutant (Figure 20A, lane 9). Nonetheless, the abundance of SsrA-tagged
proteins was greatly increased by aza-C treatment of the c/pP mutant (Figure 20A, lane
10). Overall, the major conclusion from these studies with the anti-SsrA antibody is that

SsrA tagging is induced upon aza-C treatment as a consequence of DPC formation.

Are dna] and hflC mutants hypersensitive due to a defect in the tmRNA pathway?
Although DnaJ and HfIC can act downstream in the tmRNA pathway, they also
have physiological roles outside the tmRNA pathway. Therefore, the aza-C
hypersensitivity of dnaJ and hflC mutants may or may not be related to an alteration of
the tmRNA pathway. We began to address this issue by examining the levels of SsrA-
tagged proteins in these mutants. Surprisingly, the level of aza-C-induced SsrA protein
tagging was substantially decreased in the hfIC mutant (Figure 20B, lane 16). One
possible explanation is that proteolysis of SsrA-tagged proteins is somehow increased in
the hfIC mutant. Alternatively, perhaps the hflC mutant is affected in an early step in the

tmRNA pathway such as the assembly or function of the tmRNA-SmpB complex. In
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contrast, the dnaJ mutant showed a modest increase in aza-C-dependent SsrA tagging
(Figure 20B, lane 18), as would be expected if DnaJ plays a downstream role in the
tmRNA pathway by promoting proteolysis.

The possible roles of HfIC and DnaJ in aza-C hypersensitivity were next explored
by epistasis analysis. If #fIC and dna] mutants are hypersensitive to aza-C due to a defect
in the tmRNA pathway, then the double mutants smpB hfIC and smpB dna] should be no
more sensitive than the single smpB mutant. In the presence of arabinose to induce
M.EcoRII expression, each double mutant appeared more sensitive to aza-C than any of
the single mutants (Figure 19, lower panels, 5 pug/ml). Strikingly, the double mutants
uniquely showed sensitivity to aza-C even in the presence of glucose, which should
repress M.EcoRII expression (Figure 19, upper panels). These results argue that the dnaJ
and hfIC mutations result in additional aza-C sensitivity above and beyond that caused

by defects in the tmRNA pathway (see Discussion).

The ssrA mutant is also hypersensitive to RNA polymerase elongation inhibitor
streptolydigin

The above-mentioned results strongly suggest that aza-C-induced DPCs lead to a
critical role of the tmRNA system for survival. We propose the following model: aza-C-
induced DPCs block transcript elongation, and since transcription and translation are

coupled in bacteria, the translating ribosomes stall and back up along the blocked
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transcript in a chain-reaction pile-up. The tmRNA pathway is then activated to release
the stalled ribosomes, process the blocked transcripts and possibly release the stalled
polymerase (see Discussion).

This model predicts that the tmRNA system should be important for many forms
of transcriptional blockage. The antibiotic streptolydigin inhibits bacterial RNA
polymerase at the elongation step, leading to frozen ternary complexes in vitro (Siddhiko
et al.,, 1969; McClure, 1980; Cassani et al., 1971). We used a tolC deletion strain, EW1B,
which has defects in a multidrug efflux system that result in increased susceptibility to
streptolydigin (also see Tuske et al., 2005). We found that an ss¥A mutation does indeed
cause streptolydigin hypersensitivity (Figure 21). Therefore, the tmRNA system appears
to be important for rescue from transcriptional blockage due to at least two very
different mechanisms, supporting the generality of this model.

Interestingly, the hflC and dna] mutants showed little hypersensitivity to
streptolydigin (Figure 21). Therefore, the chaperone/protease requirements appear to be
different for rescuing the harmful effects of differing modes of RNA polymerase
blockage. This result reinforces the conclusion that hflC and dna] mutants are not

hypersensitive to aza-C for the same reason as ssrA and smpB mutants (see Discussion).

85



Streptolydigin (ug/ml)

Figure 21. Hypersensitivity of ssrA mutant to streptolydigin. Cells of the indicated
genotype were inoculated (10° cells/ml) in microtiter wells and incubated with shaking
for 20 hours at 37°C in LB containing increasing concentrations of streptolydigin. Cell
turbidity (ODses) was measured using a microtiter plate reader (standard deviations
shown as error bars, N=4). This experiment was done using a genetic background
(EW1Db) that has increased susceptibility to streptolydigin.
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4.3 Discussion

We have shown that mutants defective in the tmRNA pathway, including ssrA
and smpB knockouts, are hypersensitive to aza-C. We propose that the known
crosslinking between M.EcoRII and aza-C-containing DNA leads to coupled blockage of
transcription and translation, and that the tmRNA system plays important role(s) in
relieving the blockage. One alternate model that might have explained the
hypersensitivity involves aza-C incorporation into RNA, rendering the tmRNA system
important for survival due to RNA damage. This model is refuted by the finding that the
hypersensitivity of the mutants depends on M.EcoRII expression (Figure 13 and 14;
Figure 17 and 18). A second alternate model proposes that the tmRNA system leads to
degradation of M.EcoRII in wild-type cells, and therefore tmRNA-defective cells have
increased levels of M.EcoRIl and presumably aza-C-induced DPCs. Western blot
analysis showed similar levels of M.EcoRII induction in the presence of aza-C in the
wild-type and in ssrA, hflC and dna] mutants, providing strong evidence against this
model (Figure 15).

Our data instead support a chain-reaction model in which the coupled
transcription-translation machineries of E. coli are blocked by a DPC, and the tmRNA
system aids in survival by helping to clean up the resulting pile-up. We showed that

aza-C causes a substantial increase in SsrA-tagged proteins in the wild-type but not in
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sstA or smpB mutants (Figure 20A). Tagging was not induced in cells lacking an
M.EcoRII-expressing plasmid or when the M.EcoRII contained an active site substitution
that prevents both DNA binding and methylation (C186W). Induction of SsrA-tagged
proteins in protease-proficient cells implies that the amount of tagging induced by aza-C
overwhelms the capacity of the proteases that normally degrade SsrA-tagged proteins.
As expected from the major role of ClpP in degradation of SsrA-tagged proteins
(Gottesman et al., 1998; Lies and Maurizi, 2008), the level of SsrA-tagged proteins was
much higher overall in a clpP knockout mutant, but still greatly induced by aza-C
treatment. These results argue strongly that SsrA tagging is induced as a consequence of
DPC formation. We also verified a second prediction of the chain-reaction model, that
the tmRNA pathway should be important for surviving other transcriptional blockages.
We found that the ssrA knockout mutant is hypersensitive to streptolydigin (Figure 21),
an RNA polymerase inhibitor that causes blockage of RNA polymerase elongation
(Cassani et al., 1971; McClure, 1980; Siddhiko et al., 1969). A previous study (Luidalepp
et al., 2005) showed that an ssrA knockout mutant is not hypersensitive to rifampicin,
which blocks RNA polymerase initiation. Therefore, the role of the tmRNA system in
survival with RNA polymerase inhibitors specifically involves the inhibition of

elongation.
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Given the coupled nature of transcription and translation in bacteria, the tmRNA
system seems well suited for initiating removal of blocked transcription complexes
(except within genes that produce non-coding RNAs). In addition to inducing ribosome
release and tagging incomplete nascent polypeptides for proteolysis, recent evidence
indicates that the tmRNA system also facilitates degradation of the aberrant mRNA
molecules that cause translational stalling (Karzai and Sauer, 2001; Yamamoto et al.,
2003; Mehta et al., 2006; Richards et al., 2006). Therefore, we expect that the tmRNA
system facilitates degradation of the mRNA within the DPC-blocked transcription
complexes that are generated after aza-C incorporation into the chromosome.

We also hypothesize that the action of the tmRNA system leads to either
degradation or release of the blocked RNA polymerase. In vitro, the elongation inhibitor
streptolydigin freezes the transcription complex on the DNA template with the RNA
product still bound. However, streptolydigin apparently causes rapid, complete and
irreversible loss of transcription complexes in vivo (Von Meyenburg et al., 1978),
suggesting that some system(s) exists within the cell to dislodge frozen RNA polymerase
complexes, as we are proposing in this model for tmRNA action.

In vitro studies show that E. coli RNA polymerase is indeed blocked by covalent
or tightly bound proteins. Particularly relevant for our studies, Som and Friedman

(1994) showed that aza-C-induced DNA-MTase crosslinks block RNA polymerase in
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vitro. Likewise, Pavco and Steege (1990) showed that a tightly bound (non-cleaving)
mutant of EcoRI endonuclease blocks E. coli RNA polymerase. A key result from the
latter study is that the blocked complexes were very stable and could be reactivated by
removal of the tightly bound protein. This result again supports the need for some
cellular system to release blocked transcription complexes.

The known mechanisms for releasing stalled RNA polymerase involve pushing
the enzyme forward on the template, in order to shorten the length of the RNA-DNA
hybrid and thereby induce transcript release (see Gilmour and Fan, 2008 for review).
Push-forward mechanisms would appear untenable in the case of RNA polymerase
blocked at a bulky lesion such as a DPC, arguing that some alternative mechanism
awaits discovery. One general possibility is that the tmRNA system itself directly causes
release or degradation of the blocked RNA polymerase. Perhaps one of several protein
factors found in the tmRNA-SmpB complex (Karzai and Sauer, 2001) plays some role in
releasing the RNA polymerase. Alternatively, assuming that the tmRNA system triggers
degradation of the connected mRNA transcript back to the vicinity of the blocked RNA
polymerase, degradation of the connected mRNA might license another system that acts
on RNA polymerase directly.

In a more speculative vein, it is conceivable that the tmRNA system constitutes a

recognition system to initiate repair of blocking DNA-protein crosslinks, in a process
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somewhat akin to transcription-coupled excision repair (for review, see Hanawalt and
Spivak, 2008). Transcription-coupled repair itself is apparently not involved, because
mfd mutants (defective in this process) showed no alteration in sensitivity to aza-C in
cells expressing M.EcoRII (preliminary unpublished data). In a general sense, current
studies of replication fork blockage imply that different DNA repair and bypass
pathways are invoked upon blockage of the replication fork by various forms of DNA
damage (McGlynn and Lloyd, 2002). It is easy to imagine that transcription blockage
could likewise provide an opportunity to initiate diverse forms of DNA repair.

The aza-C hypersensitivity of hfIC and dna] mutants might be related in part to
the tmRNA system, but is not simply due to dysfunction of this system. We found that
mutational inactivation of dnaJ led to a modest increase in SsrA-tagged proteins,
consistent with Dna] acting on SsrA-tagged proteins following DPC formation. In
contrast, the hfIC knockout showed decreased SsrA tagging, suggesting that HfIC (or
FtsH protease, which it modulates) has some direct or indirect effect on components of
the tmRNA system. We also found that smpB dnaJ and smpB hflC double mutants were
each more sensitive to aza-C than any of the three single mutants (smpB, dnaJ or hflC).
Two inferences can be drawn. First, the tmRNA system still provides some protection
from aza-C in the dna] and hfIC mutants; otherwise the double mutants would be no

more sensitive than the single dnaJ or hfIC mutants. Second, DnaJ and HfIC must provide
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some protection from aza-C outside of their possible role in the tmRNA system;
otherwise the double mutants would be no more sensitive than the single smpB mutant.
One interesting possibility is that one or both proteins process the covalently linked
M.EcoRII in the DPC as part of a repair pathway. However, since HfIC and DnaJ
presumably alter the levels of many different proteins through protease and/or
chaperone activity, the explanations for the hypersensitivity of hfIC and dna] mutants
could be complex.

The tmRNA system is present in all known eubacteria and in certain eukaryotic
organelles, and is essential for growth in some bacterial species (see Introduction). Prior
studies have elucidated the key role of the tmRNA system in responding to translational
blockages, including those caused by some antibiotics that attack the ribosome (Abo et
al., 2002; Luidalepp et al., 2005; Okan et al., 2006). Our results highlight a novel role of
the tmRNA system in survival after transcriptional blockages, including those caused by
antibiotics such as streptolydigin which inhibit transcription elongation. The discovery
of a role of the tmRNA system in response to transcriptional blockage might also relate
to some of the other phenotypes uncovered for tmRNA-defective mutants. For example,
tmRNA-defective mutants are hypersensitive to oxidative damage (Okan et al., 2006),
which presumably leads to some DNA lesions that would block RNA polymerase.

Hypersensitivity to oxidative damage correlates with an important role of the tmRNA
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system in bacterial pathogenesis in some species, perhaps in part due to a role of the
tmRNA system in surviving oxidative attack from macrophages (Okan et al., 2006;
Baumler et al., 1994; Julio et al., 2000). A second example involves a well-characterized
role of the tmRNA system in autoregulation of Lacl repressor protein. Lacl binds to
DNA sites internal to its own coding sequence, blocking elongation by RNA polymerase
and thereby inducing truncated transcripts that elicit ribosome blockage and induction
of the tmRNA system (Abo et al., 2002). The net result is down-regulation of active Lacl
protein after proteolysis of the tagged polypeptide, which is otherwise active for DNA
binding and repression. While the RNA polymerase blockage has previously been
interpreted as premature transcription termination, it seems possible that the blocked
mRNA-polymerase complex is stable and that an active pathway dislodges the blocked
RNA polymerase from its template.

In summary, the tmRNA system could contribute to cell survival after aza-C or
streptolydigin treatment by any or all of the following functions: proteolysis of aberrant
proteins that become SsrA tagged, release of ribosomes blocked in the chain-reaction
pile-up, degradation of aberrant mRNA generated by RNA polymerase blockage,
degradation or release of the blocked polymerase, and/or initiating repair of the blocking
DPC lesion. Our results suggest that the tmRNA system may well play a key role in

overcoming negative consequences of many forms of transcriptional blockage, including
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elongation inhibitors, tightly bound proteins, DNA damage, template sequences, and

damage to the transcription machinery.

4.4 Materials and Methods

Materials

Aza-C was obtained from Sigma-Aldrich; nitrocellulose membrane (Protran® BA
85) was from Whatman®; Polyclonal M.EcoRII antibody was produced by Proteintech
Group, Inc; Luria broth (LB) contained Bacto tryptone (10 g/liter), yeast extract (5 g/liter),

and sodium chloride (10 g/liter).

Plasmids

Plasmid pR215 is a pACYC184-derived plasmid containing the M.EcoRII gene
controlled by its natural promoter, along with a tetracycline resistance gene (Bhagwat et
al., 1990). We constructed another M.EcoRII expression plasmid, pBAD-MEcoRII, by
inserting the M.EcoRII coding sequence between Kpnl and Sphl sites in the multiple
cloning region of pBAD33, downstream from the araBAD promoter (Guzman et al.,
1995). These plasmids are pACYC184-derived and contain the chloramphenicol
resistance gene. Expression of M.EcoRII protein from pBAD-MEcoRII can be activated

by addition of arabinose (0.05%) and is suppressed by growth in the presence of glucose
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(0.2%). A mutant form of M.EcoRIl was created in the pBAD-MEcoRIIl plasmid by
mutating the cysteine codon to tryptophan at position 186, using the Stratagene

QuikChange Mutagenesis Kit.

E. coli strains
E. coli strain ER1793 [F, fhud2, A(lacZ)rl, ginV44, el4 (McrA’), trp-31, his-1,
rpsL104, xyl-7, mtl-2, metB1, A(mcrC-mrr)114::1S10] was obtained from New England

Biolabs. We introduced a sulA deletion with a kanamycin-resistance cassette from the
Keio collection into this background by phage Pl-mediated transduction. The
kanamycin-resistance cassette was then removed using FLP recombinase, as described
in Baba et al. (2006). A dinD::lacZ fusion that contains an ampicillin-resistance gene was
also moved into this background by transduction. The resulting strain, HK21, was then
transformed with M.EcoRII-expressing plasmid pR215 and this strain was used for the
transposon mutagenesis screen. The same strain was also used to transform the
arabinose-inducible M.EcoRII plasmid pBAD-MEcoRII for better control of M.EcoRII
expression.

EW1b [F, lacY1 or lacZ4, tsx-64, glnV44(AS), gal-6, LAM:, hisG1(Fs), AtolC5, argGo6,
rpsL (allele 8, 104 or 17), malT1(LamR)] was obtained from the E. coli Genetic Stock Center

(Yale University).
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Spot test for aza-C sensitivity

Overnight cell cultures in LB were diluted to roughly 4 x 108 cell/ml. Ten-fold
serial dilutions were then generated across a microtiter plate and 5 ul of each dilution
was spotted onto glucose- or arabinose-containing LB plates with appropriate antibiotics

and the indicated aza-C concentration. The plates were incubated overnight at 37°C.

Western blot analyses

For the experiment with plasmid pR215, overnight cultures were diluted to Ase=
0.1 in LB with tetracycline (to maintain selection for the plasmid) and grown at 37°C.
When the cultures reached an Aseo of 0.3, aza-C (dissolved in LB) was added to one
portion of the culture at a concentration of 0.05 mg/ml and LB was added to the no-drug
control. After a 2-hour incubation with or without aza-C, cell amounts equivalent to 2 ml
of Ase = 0.5 were collected by centrifugation and frozen in a dry ice/ethanol bath.

For the experiment with plasmid pBAD-MEcoRII, overnight cultures (grown
with 0.2% glucose) were diluted to Aseo = 0.1 in LB with chloramphenicol (to maintain
selection for the plasmid) and glucose (0.2%; to repress M.EcoRII expression) where
indicated. The cultures were grown at 37°C till they reached Aseo = 0.3. Cells were
collected by centrifugation, rinsed in LB, and resuspended in LB with 0.05% arabinose to

activate M.EcoRII protein expression. After a 1-hour incubation, cell amounts equivalent
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to 2 ml of Aseo= 0.5 were collected by centrifugation and frozen in a dry ice/ethanol bath.
For the SsrA tagging experiment, the above procedure was followed except that aza-C
(0.05 mg/ml) was added at Aso = 0.1 and the culture was grown to Ase = 0.5 before
inducing M.EcoRII expression.

For all Western blots, the frozen cell pellets were thawed and lysed by a method
adapted from Sambrook et al. (1989). Cell pellets were resuspended in 200 pl of lysis
buffer [50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 100 mM NaCl, 0.13 mM
phenylmethylsulfonyl fluoride and 0.26 mM lysozyme] and incubated at 4°C for 30
minutes. Deoxycholic acid (3.3 mM) was added and incubation was continued at 4°C for
30 minutes. Finally, DNase I (4 units; New England Biolabs) was added and the lysates
were incubated at room temperature for 30 minutes.

Lysates were loaded onto a 7.5% or 12% Ready Tris-HCl gel (Bio-Rad
Laboratories) and the gels were run at constant voltage (120 V) for 2 hours in 25 mM
Tris-Glycine buffer with 0.1% SDS. The portion of the gel with proteins above 75- kDa
molecular weight was cut out and stained with Coomassie blue to provide a protein
loading control for each sample. The remaining portion of the gel was transferred to
nitrocellulose membrane (Protran® BA 85; Whatman®) for Western blot analysis.
Polyclonal M.EcoRII or SsrA antibodies were used as primary antibody, and IRDye

800CW-conjugated goat anti-rabbit IgG (LI-COR®) was used as secondary antibody.
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Both the Coomassie blue-stained gel and the Western blot were scanned using an
Odyssey Infrared Imaging System (LI-COR®), and quantitation was performed using the

provided Odyssey software (version 3.0).

Minimum inhibitory concentration assays

MIC assays were performed as previously described (Andrews, 2001). Briefly,
overnight cultures were pelleted, resuspended in LB, and diluted to 2 x 105 cells/ml. The
cell suspensions with appropriate antibiotics were delivered to microtiter wells (75
ul/well). Aza-C (Sigma-Aldrich) or streptolydigin (kindly provided by Dr. Konstantin
Severinov, Waksman Institute of Microbiology) stocks were prepared at twice the final
concentration for each well, and then 75 ul of the appropriate stock was added to the cell
suspension in the microtiter wells to give a final volume of 150 pl. The background
optical density for each well was read at 595 nm (Anthos Reader 2001) before incubation,
and the plate was incubated at 37°C for 20 hours with shaking before the final optical

density reading.
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5. Conclusions and Future Directions

5.1 Summary of results

In this dissertation, anticancer drug 5-azacytidine (aza-C) was used as a reagent
in a model system to study the consequences and repair mechanisms of DNA-protein
crosslinks (DPCs) in vivo. Aza-C induces site-specific and protein-specific DPCs so that
the effects of DPCs can be observed directly.

Using 2-dimensional agarose gel electrophoresis and electron microscopy, we
analyzed plasmid pBR322 replication dynamics in Escherichia coli cells grown in the
presence of aza-C. We found that aza-C-induced DNA-methyltransferase crosslinks
block DNA replication in vivo. In addition, we also observed replication intermediates
that indicate DNA breaks are being created from the blocked forks. These data suggest
that such replication-dependent DNA breaks may represent an important pathway that
contributes to genome rearrangement and/or cytotoxicity.

We also approached the aims of this dissertation with a genetic method. Using
the transposon mutagenesis screen described in Chapter 3, we isolated aza-C
hypersensitive mutants. These mutants included knockout in genes involved in DNA
recombination and repair, SOS-inducible helicases, the tmRNA system, tRNA

modification enzymes, cell division functions and several genes with unknown function.
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We further analyzed the mutants that are involved in the tmRNA pathway. We
found that the aza-C hypersensitive phenotype of these mutants was dependent on
methyltransferase (MTase) expression and that aza-C treatment led to an increase in
SsrA-tagged proteins in the wild-type cells. These results support a “chain-reaction”
model, in which transcription complexes blocked by aza-C-induced DNA-protein
crosslinks result in ribosome stalling on the attached nascent transcripts, and the
tmRNA pathway is invoked for cleaning up the resulting pile up. In support of this
model, an ssrA mutant is also hypersensitive to antibiotic streptolydigin, which blocks
RNA polymerase elongation. These results reveal a novel role for the tmRNA system in
clearance of coupled transcription/translation complexes in which RNA polymerase has
become blocked.

The detailed discussions and implications have been described at the end of each
previous chapter. I will focus on the discussion of future direction in the rest of this

chapter.

5.2 Analysis of broken replication forks in vivo

In Chapter 2, we found that aza-C treatment leads to replication fork blockages

and DNA breaks that are apparently created as a result of these blockages. One
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remaining important question to be addressed is how these DNA breaks are being
generated.

One possible way is that the blocked replication forks are cleaved by a nuclease.
Therefore, we will search for any nuclease(s) that could produce such aza-C-induced
DNA breaks using the 2D gel approach with various mutants. The candidates for break
formation include: RuvABC, which can cleave stalled replication forks under certain
conditions (Seigneur et al., 1998); YqgF, a RuvC homolog (Aravind et al., 2000); and
SbcCD, which can cleave palindromic branched DNA (Connelly et al., 1998). If such
mutant is identified, we will test the role of these DNA breaks in cytotoxicity by
measuring the aza-C sensitivity of the nuclease deficient strain.

In addition, we also suggested two general models for rolling-circle replication
after an endonuclease cleaves one arm of the fork. In one model, RC replication ensues
after gap repair/ligation at the broken fork and replication restart at the unbroken fork
(Chapter 2, Figure 8). The second model involves RecA-dependent recombination
triggered by the broken fork. A simple version of this model involves intermolecular
recombination of the broken end with a second circle, resulting in a ““double-circle RC”
with circular plasmids at both ends (Chapter 2, Figure 9). We will isolate plasmid DNA

that are covalently linked to MTase and label the MTase in vitro for EM analysis. We aim

101



to identify which fork is cleaved and therefore elucidate the molecular mechanism that

triggers rolling-circle replication after aza-C treatment.

5.3 Characterization of aza-C hypersensitive mutants

As described in Chapter 3, we performed a transposon mutagenesis screen to
isolate aza-C hypersensitive mutants. This approach provides a powerful way to
understand the consequences of DPC formation and possible repair mechanisms. The
experimental plan proposed here will further categorize these aza-C hypersensitive
mutants and seek evidence for a possible subset of the mutants that are defective in the
repair of DPCs.

The screen is being continued by another student in the lab, and to date around
25,000 colonies have been screened, close to saturation. In addition to the secondary
screen involving streaking colonies on aza-C-containing plates (Chapter 2), a more
quantitative method, minimum inhibitory concentration (MIC), was developed to
further confirm the hypersensitive phenotype of the mutants. For the mutants that
passed the MIC test, we also transfer the transposon insertion mutation by P1
transduction into a fresh genetic background to eliminate false positives with secondary

mutations.
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One major question concerning these aza-C hypersensitive mutants is whether
the phenotype is due to aza-C incorporation into DNA or RNA. To address this
question, the sensitivity of the mutants will be tested with aza-deoxycytidine (aza-dC),
which incorporates only into DNA. E. coli cell does not encode a deoxycytidine kinase,
which is required to phosphorylate deoxycytidine for DNA incorporation. In addition,
cytidine deaminase normally converts cytidine into uracil. Therefore, in order to allow
E. coli to incorporate aza-deoxycytidine into DNA, certain genetic modifications need to
be made. Wang et al. (1998) constructed an E. coli derivative that expresses human
deoxycytidine kinase and has a knockout of the bacterial cytidine deaminase gene. They
showed that this strain can incorporate radioactive deoxycytidine into its DNA and is
sensitive to several deoxycytidine analogs. More recently, a broad-specificity
deoxyribonucleoside kinase from Drosophila was shown to act on many deoxycytidine
analogs (Munch-Petersen et al. 2000), and our collaborator Ashok Bhagwat showed that
E. coli expressing this kinase has an increased sensitivity to aza-dC, even without
knocking out cytidine deaminase gene (personal communication).

Each of the confirmed mutants from the screen will be moved into the kinase-
expressing background by P1 transduction. These strains will be tested for aza-C and
aza-dC sensitivity. We expect that most of the aza-C hypersensitive mutants will also

show aza-dC hypersensitivity, because MTase was overexpressed in the screen
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background to favor isolation of mutants that have difficulty dealing with aza-C-
induced DPCs. However, this test might also identify a subset of mutants that are aza-C
hypersensitive due to RNA incorporation.

A relatively trivial model for the hypersensitivity of any particular mutant is that
the mutation leads to higher levels of expression of M.EcoRII from the plasmid, thereby
leading indirectly to higher levels of DPC formation. Therefore, Western blot analysis
will be performed with an M.EcoRIl antibody, comparing protein levels in parental
wild-type versus mutant cells. This test will eliminate any overexpressing mutants.

An arabinose-inducible M.EcoRII expressing plasmid was constructed to
carefully control the protein expression. In Chapter 4, this plasmid was used to show
that mutants in the tmRNA pathway are hypersensitive to aza-C only when M.EcoRII is
induced. The same plasmid will be used to test all confirmed mutants for the
requirement of M.EcoRII for aza-C hypersensitivity.

As described in Chapter 4, we identified mutants that involved in the tmRNA
pathway. We showed that aza-C treatment leads to induction of the tmRNA system by
detecting an increased in SsrA-tagged proteins by Western blotting. The tmRNA is
modified like other tRNAs (Felden et al., 1998). Therefore, it is possible that some of the
other mutants, especially those that encode tRNA modification genes, may also be

linked to the same pathway. To identify this subset of aza-C hypersensitive mutants,
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Western blot analysis with SsrA antibody will be performed with or without aza-C
treatment. This test could also potentially identify those mutants defective in degrading
SsrA-tagged proteins.

We hope to identify a subset of mutants that are generally defective in DPC
repair or processing, and so the sensitivity to other DPC-inducing agents will be tested.
Quinolones, such as nalidixic acid and norfloxacin stabilize topoisomerase-DNA
complexes, and formaldehyde can induce DPC formation in E. coli (see Chapter 1).
Although these DPC-inducing agents generate different forms of DPC and may also lead
to other types of DNA damage, some of our aza-C hypersensitive mutants may also be
hypersensitive to these agents. Mutants that are hypersensitive to multiple agents are
good candidates for being defective in DPC processing or repair.

With the experimental plans proposed above, aza-C hypersensitive mutants will
be categorized into different subsets. From the results, mutants that are defective in DPC
repair, or additional mutants in the tmRNA pathway will hopefully be identified and

further analyzed as described below.

5.4 Direct analysis of processing and repair of DPCs

Recently we have developed a Western-based assay for visualizing and

quantifying DPCs formed in vivo. Briefly, DNA is extracted from the cell with SDS lysis
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buffer, which disrupts the cell membrane, dissociates non-covalent DNA-protein
complexes, and denatures proteins. Chromosomal DNA is first sheared into smaller
pieces with the “Bead Beater”, and then loaded onto an agarose gel. After
electrophoresis, the DNA is visualized by staining with ethidium bromide and M.EcoRII
protein is detected by transferring to nitrocellulose membrane and probing with
M.EcoRII antibody.

As shown in Figure 22A, two novel bands are detected by Western blotting in the
presence of M.EcoEll-expressing plasmid pR215 and aza-C treatment. The faster
migrating band (indicated by closed arrow) co-migrates with purified M.EcoRII
proteins, therefore corresponding to free M.EcoRII protein. The slower migrating band
(indicated by open arrow) co-migrates with chromosomal DNA, strongly suggesting
that this band consists of M.EcoRII proteins within DPCs. Two additional bands are
detected (indicated by a bracket) in the Western blot. These two bands are independent
of the presence of M.EcoRII plasmid or aza-C, showing that they are species that cross-

react with the antibody.
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pR215: + + - -
pR234:
Aza-C:

DPC

Cross-reacting
species

Free M.EcoRII

DNA stain Western Western

Figure 22. In vivo DPC detection assay. The left panel in A shows a photograph of
ethidium bromide-stained nucleic acids. The right panel in A and the single panel in B
show the result of Western blotting with M.EcoRII antibodies after transfer of protein to
nitrocellulose membrane.
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As described previously, aza-C treatment leads to over-expression of M.EcoRII
protein (also shown in Fig. 22A, indicated by filled arrow). Therefore one could argue
that the slower migrating M.EcoRII band may due to some aberrant form of M.EcoRII
protein rather than a DPC. To test this possibility, we also analyzed an IPTG-inducible
M.EcoRII-expressing plasmid pR234. In this case, M.EcoRII protein is expressed to a
similar level with IPTG induction regardless of the presence or absence of aza-C (Fig.
22B; closed arrow). However, the M.EcoRII band that comigrates with chromosomal
DNA is only detected with aza-C treatment (Fig. 22B; open arrow). This experiment
provides strong evidence that the slowly migrating M.EcoRII band is indeed due to aza-
C-induced DPC formation. More recently, we showed that the same band is generated
from in vitro DPCs formed between aza-C containing chromosomal DNA and purified
M.EcoRII protein (Emptage and Kuo, preliminary data), supporting the reliability of this
assay.

Using this DPC detection assay along with the arabinose-inducible M.EcoRII
plasmid, we plan to analyze the rate of DPC formation and processing/repair in vivo. We
will attempt to demonstrate that wild-type cells repair aza-C-induced M.EcoRII-DNA
DPCs in vivo. To do this, cells will be grown for several generations with aza-C or aza-
dC treatment. After washing out the drug, M.EcoRII protein expression will be induced

with arabinose for a certain amount of time and then turned off by washing the cells
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with glucose-containing media. The level of free M.EcoRII protein will be measured by
Western blot and DPC formation will be detected by the DPC assay over time.
Disappearance of the DPC signal would support the existence of a DPC repair pathway.

In addition, this assay will also be used to analyze aza-C hypersensitive mutants
from the transposon mutagenesis screen. Mutants that are defective in DPC repair
should show over-accumulation of the DPC signal when compared to the wild-type
cells. These mutants may also show prolonged DPC signal in the time comes after
turning off M.EcoRII expression. The best candidates for repair-deficient mutants from
the screen include SOS-inducible helicases UvrD, DinG and RecG. Helicase UvrD has
been previously suggested to play a role in displacing tightly bound proteins from DNA
(Bidnenko et al., 2006). DPC analysis with recA and recBC mutants could also define a
role of recombination in DPC processing. Protease mutants would be of particular
interest because some proteases could be directly involved in degrading DNA-linked
MTase as a step in DPC repair. Currently, HfIC is the only protein related to a protease
from the screen but mutants of other major proteases in E. coli such as Lon, Clp family
proteases, FtsH, Tsp and HsIUV will also be tested singly and in combination. Since
some proteases have broad substrate specificities, double or triple mutants construction

may be required to identify which protease(s) is involved.
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The mutants in the tmRNA quality control system are another set of mutants of
interest for the DPC detection assay. In Chapter 4, we suggest that the hypersensitivity
of these mutants to aza-C may be simply due to the importance of clearing blocked
transcription/translation pile-ups, but it is also possible that this system is used as a
surveillance system for DNA damage. Although this model is highly speculative, one
can imaging that the tmRNA system might lead to degradation of RNA, release of
blocked RNA polymerase, and recognition of the DPC lesion in a sequential order.
Therefore, detecting the level of DPC formation in the tmRNA mutants will be very
informative.

In some possible DPC repair mechanisms, the covalently linked protein would
be targeted for proteolysis or modification. With the development of the DPC detection
assay, we should be able to approach this question directly. After separating
chromosomal-linked MTase from the free MTase in an agarose gel, the region containing
chromosomal DNA will be extracted. DNasel treatment will digest the DNA and the
state of the protein will be analyzed by Western blot and other approaches. As a control,
in vitro DPC complexes will be run side by side for comparison. If proteolysis is
observed, we will attempt to purify enough material for mass spec analysis to identify

the nature of the protein modification.
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A complementary approach to the above in vivo or genetic experiments is to
analyze DPC processing in vitro. The DNA substrate for the experiment will be DNA
grown in cells treated with aza-C but without any MTase expression. The DNA will be
treated with purified MTase to form DPCs in vitro. In one set of experiments, crude
extracts from E. coli wild-type cells or mutants will be added. In the other set of
experiments, purified proteins of interest will be added to the in vitro DPCs and
analyzed by the DPC detection assay. These in vitro experiments may provide a simple

system to directly analyze DPC processing and repair mechanisms.

5.5 Role of the tmRNA pathway in sensitivity to aza-C

In Chapter 4, we demonstrated that tmRNA mutants are hypersensitive to aza-C,
suggesting that the tmRNA pathway becomes critical in the presence of aza-C-induced
DPCs. We propose a chain-reaction model in which transcription complexes blocked by
DPCs lead to stalled ribosomes on the attached message, thereby activating the tmRNA
system to clean up the resulting pile-up. The future experiments proposed here aim to
understand the involvement of other components of the tmRNA system and investigate
the fate of the RNA transcript and polymerase.

One important question remaining to be addressed is whether aza-C-induced

tmRNA activation is critical for ribosome release or for proteolysis of the truncated
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protein. Previous studies using a special non-degradable SsrA-tagging system have
suggested that releasing the ribosome is more important than degrading the aberrant
proteins with respect to other phenotype to other tmRNA mutants (for review, see
Karzai et al., 2000; Moore and Sauer, 2007; Keiler, 2008). The non-degradable SsrA-
tagging system can release stalled ribosomes but does not lead to degradation of SsrA-
tagged proteins. The mutant non-degradable SsrA-tag will be tested for its effect on aza-
C sensitivity.

As described in Chapter 4, aza-C treatment leads to activation of the tmRNA
pathway resulting in induction of SsrA-tagged proteins. In the transposon mutagenesis
screen, several mutants defective in tRNA modification (mnmE, mnmG, miaA and trmH)
and transcription or translation related function (stpA and prmC) have been isolated.
Since tmRNA is modified like other tRNAs and is involved in transcription or
translation termination, it is possible that these mutants are also defective in the tnRNA
pathway.

To uncover addition genes involving in the tmRNA pathway, the above mutants
and mutants with unknown gene function will be tested for SsrA-tagged proteins with
and without aza-C treatment. This approach will identify mutants up to the SsrA-

tagging steps, but may not identify mutants in the downstream pathway. Therefore, we
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plan to make double mutants with ssrA or smpB and test the aza-C sensitivity of the
double mutants, as we did in Chapter 4 for hfIC and dna.

Another set of critical experiments is to analyze the SsrA-tagged proteins and ask
whether truncated proteins are generated due to transcription blockage at DPCs. The
proteolysis defective SsrA-tagging system will be used to stabilize that tagged proteins
for isolation. We will analyze overexpression of a protein from a plasmid with internal
EcoRII sites. By comparing the aza-C-treated and non-treated samples with Western blot
we hope to identify truncated protein species that are tagged near the DPC block site.
We will also mutate the internal EcoRII sites to test whether the protein tagging is
eliminated.

The chain-reaction model proposes that DPC formation blocks the transcribing
RNA polymerase, resulting in stalled ribosomes and triggering the tmRNA system
(Chapter 4). In this model, the fate of the blocked RNA transcript and RNA polymerase
remains to be determined. Previous report by Yamamoto et al. (2003) indicated that
RNA transcripts without stop codons are destabilized by the tmRNA system, resulting
in reduced amounts and decreased half-lives. In addition, Karzai and Sauer (2001) also
showed that RNase R is also present in the tmRNA complex and proposed that it
functions to degrade mRNA that is bound to stalled ribisomes. We will test whether aza-

C induced transcription blockage results in the same RNA destabilization by the tmRNA
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system. RNAs will be extracted from wild-type and ssrA pathway mutants with or
without aza-C treatment and analyzed by Northern blot. We hypothesize that aza-C-
induced DPC at the EcoRII sites will lead to decreased levels of RNA, decreased mRNA
half life, and perhaps truncated transcripts. These events will be all dependent on the
tmRNA system. In addition, we will test whether the internal EcoRII sites are required
for message destabilization.

To determine the fate of the blocked RNA polymerase, we will first analyze
whether RNA polymerase is being degraded. In eukaryotic cells, RNA polymerase
blockage by DNA lesions has been shown to trigger ubiquitin-dependent degradation of
RNA polymerase II (Ratner et al.,, 1998; Lee et al.,, 2002). It is possible that a similar
pathway may exist for DPC-dependent RNA polymerase blockage events in
prokaryotes. Western blot analysis with antibodies to RNA polymerase subunits will be
performed to reveal whether aza-C treatment will lead to decreased amount of full-

length subunit or generation of truncated forms.

5.6 Final remarks

Aza-C is an effective anticancer drug with multiple inhibitory effects. Since many
of these effects are interconnected, the major mechanism for the anticancer effect of aza-

C remains unclear.
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In this dissertation, we investigate the inhibitory effects resulting from the
formation of DNA-protein crosslinks. One of the major finding is that aza-C-induced
DNA-protein crosslinks block DNA replication fork progression. Our results also
suggest that DNA breaks are formed from blocked replication forks. This kind of DNA
damage is referred to as “collateral damage”, since it is an indirect consequence of the
primary mechanism of inhibition. The generation of these DNA double-strand breaks
could be a major factor in the cytotoxicity of aza-C treatment. These DNA breaks
induced by aza-C could trigger DNA damage responses and may result in chromosomal
rearrangements that were reported in previous studies (Barbe et al., 1986; Karpf et al.,
2001; Christman, 2002). Several antitumor drugs and antibacterial quinolones have been
shown to block DNA replication forks and result in collateral DNA damage (Hiasa et al.,
1996; Hong and Kreuzer, 2000; Hong and Kreuzer, 2003; Pohlhaus and Kreuzer, 2005).
Therefore, fork blockage and collateral DNA damage may be a common mechanism for
chemotherapic drugs.

In addition, aza-C-induced DNA replication fork blockages provide a model to
study fork arrest and blocked fork processing. Our findings suggest that blocked forks
may be cleaved by an endonuclease to create double-stranded ends for recombination
repair or replication restart. More studies are needed to elucidate the detailed

mechanisms.
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We also uncovered a novel role for the tmRNA system in clearance of coupled
transcription/translation complexes that have become blocked at the transcriptional level
as a result of DNA damage. As discussed in Chapter 4, this discovery of a role of the
tmRNA system in response to transcriptional blockage might also relate to some of the
other phenotypes uncovered for tmRNA-defective mutants. Our findings may suggest
experiments to understand the cause of these phenotypes. Another interesting point
raised in the discussion of Chapter 4 is that the current known push-forward
mechanisms for releasing stalled RNA polymerase would appear untenable in the case
of RNA polymerase blocked at a bulky lesion such as a DPC. This suggests that some
alternative mechanism awaits discovery, and that the tmRNA pathway may play some
role in releasing the stalled RNA polymerase. Finally, the tmRNA pathway is a potential
target for designing antibiotics for some human pathogens (Keiler, 2008). Our finding of
a new role for the tmRNA pathway may also provide some insight for better target, such

as dual targeting of RNA polymerase and tmRNA or translation and tmRNA.
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