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“I must say a word about fear. It is life’s only true opponent. ... if vour fear becomes a
wordless darkness that you avoid, perhaps even manage to forget, you open yourself to
further attacks of fear because you never truly fought the opponent who defeated you.”

Adapted from “Life of Pi” by Yann Martel
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Abstract

DNA-protein crosslinks (DPCs) are induced by a variety of commonly
encountered agents, including metals, aldehydes and radiation, as well as
chemotherapeutic drugs. There is tremendous variability in the literature with
respect to our understanding of the induction, stability, and proposed repair
pathways for DPCs induced by various agents. Different crosslink chemistries
are likely to affect the impact, stability, and repair of these lesions. As well, a
number of different methods have been used for DPC measurements, which has
probably contributed to the variability seen in DPC analyses.

lonizing radiation (IR) is an important environmental risk factor for various
cancers and also a major therapeutic agent for cancer treatment. Exposure of
mammalian cells to IR induces several types of damage to DNA, including
double and single strand breaks, base and sugar damage, as well as interstrand
crosslinks (ICLs) and DPCs. The biological consequences of DPC-inducing
agents, such as IR, include increased mutagenesis, chromosomal aberrations
and cytotoxicity, but the contribution of DPCs to these endpoints has not been
well characterized. The determination of the consequences of DPC induction will
require an assessment of which proteins become crosslinked to DNA and the
stability of these linkages.

This work describes the development and validation of novel methodology
for the isolation of DPCs from mammalian cells using chaotropic agents to isolate
genomic DNA and stringently remove non-crosslinked proteins followed by

nuclease digestion to release covalently crosslinked proteins. This method
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generates high quality protein samples in sufficient quantities for analysis by
mass spectrometry.

Using our DPC isolation method in combination with mass spectrometry,
we have identified 29 proteins belonging to numerous functional categories that
can become crosslinked to DNA by y-radiation under aerated and/or hypoxic
conditions. Several aspects of DPC induction were examined by staining 1-D
SDS-PAGE gels with SYPRO Tangerine followed by analysis using fluorescence
imaging. DPCs were induced linearly with IR dose at low doses, but appeared to
reach a plateau with higher doses. There was no dramatic influence of oxygen
on total IR-induced DPCs observed. DPC removal was observed to be limited in
repair-deficient cell lines. Measurements of the extent and timecourse of protein

crosslinking will ultimately contribute to the understanding of the effect of DPCs.
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Chapter 1: DNA-protein crosslinks: their induction, repair and biological

consequences

A version of this paper has been published:

Barker, S.L., Weinfeld, M., and Murray, D. DNA-protein crosslinks: Their induction, repair and
biological consequences. Mutation Research, 389(2): 111-35, 2005.
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1.1. Introduction

The purpose of this overview is to summarize our current understanding of
the mechanisms of induction and repair, as well as the biological consequences,
of the types of DNA lesion known as DNA-protein crosslinks (DPCs). A DPC is
created when a protein becomes covalently bound to DNA. Such events occur
following exposure of cells to a variety of cytotoxic, mutagenic and carcinogenic
agents, including ultraviolet light and ionizing radiation (IR), metals and
metalloids such as chromium, nickel and arsenic, various aldehydes, and some
important chemotherapeutic drugs including cisplatin, melphalan and mitomycin
C. Humans are continuously exposed to DPC-inducing agents present in
environmental pollutants such as cigarette smoke and automotive and diesel
exhaust, industrial chemicals and foodstuffs, as well as physiological metabolites,
such as products of lipid peroxidation. Understanding the biology of these
lesions is complicated by several factors. For example, different agents induce
DPCs by different mechanisms (Figure 1-1). Proteins can become crosslinked to
DNA directly through oxidative free radical mechanisms or they can be
crosslinked indirectly through a chemical or drug linker or through coordination
with a metal atom. A subtype of these crosslinking mechanisms involves a
sulfhydryl linkage to the amino acid. The combined result is numerous types of
DPCs that are chemically distinct and whose formation is influenced by factors
such as cellular metabolism, cell-cycle phase, and temperature. It is likely that
these different types of crosslinks will be more or less susceptible to various

mechanisms of reversal (e.g., hydrolysis) and enzyme-catalyzed repair, given

[39)
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A) drug/chemical B) reactive oxygen species

o ‘o OH
o o N /“\NH N
| A
HoN NH/\NHJ\/ ° NH ﬁ

OH

NH,

Figure 1-1: Crosslink structures

A schematic representation of two of the chemistries by which proteins may
become crosslinked to DNA. A) a formaldehyde induced crosslink between
cytosine and lysine (taken from [1]). B) an IR-induced crosslink between thymine
and tyrosine (taken from {2]).

)
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their different chemical structures and physical conformations. They may also
have different cellular consequences.

The timing of this review coincides with the emergence of proteomics as a
tool for studying biological complexes involving unknown proteins, so that the
identification and quantification of specific proteins that become crosslinked to
DNA is now possible without the necessity for presumption. This approach has
been recently highlighted because of its success in identifying proteins involved
in complex cellular structures such as the spliceosome [3] and lipid rafts [4].
Such studies have highlighted an important issue that may have compromised
earlier studies of this type, namely that of protein abundance and solubility under
a given set of assays conditions, which may greatly influence the proteins that
are identified to the exclusion of others. These issues may have contributed to
discrepancies among earlier studies.

Two classes of DPC, the attachment of topoisomerases to DNA and the
association of DNA and protein caused by hyperthermia, have been reviewed

recently [5,6] and will not be discussed in depth in this chapter.

1.2. Detection of DPCs

Early studies of DPCs tended to focus on the issue of whether cellular
protein became associated with DNA and quantifying these DPCs following
exposure of a test system to a given genotoxic agent. Existing techniques for the
quantitation of DPCs differ in their detection limit/sensitivity level and associated

problems. DPC induction can be measured using the comet assay because the
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crosslinking of proteins to DNA retards the migration of DNA fragments, resulting
in a reduced tail moment [7,8]. However, this method does not allow for isolation
of DPCs. Gradient separation methods (e.g., CsCl, sucrose) [9,10] separate
most DPCs from the bulk of the DNA and protein by density, but DPCs are found
throughout the DNA and protein fractions [11].

A filter-based DPC isolation method employing nitrocellulose membranes
is useful for obtaining dose response curves for total DNA-protein binding based
on DNA retention, but is not useful for the identification of specific proteins
involved in DPCs because nitrocellulose binds all cellular proteins [12-14]. A
method developed by Zhitkovich and Costa [15,16] measures DPC induction as
the extent of DNA associated with protein after the protein is precipitated using
sodium dodecyl sulfate/potassium (SDS/K®). However, SDS/K™ precipitation is
expected to result in the precipitation of some non-covalently linked proteins
because SDS binds selectively to proteins and is then precipitated (with bound
DNA) by the potassium.

An alternative approach to DPC quantitation is to isolate DNA and
measure the associated protein. The alkaline elution assay traps high molecular
weight DNA (with attached proteins) on a polyvinylchloride or polycarbonate filter
while non-covalently bound proteins are washed away [17,18]. However,
recovering DPCs from the filters is difficult and poorly reproducible (unpublished
data). Total genomic DNA can be isolated using a chaotrope/detergent mix and
ethanol precipitation. This DNA isolation method can be combined with

additional steps to stringently dissociate non-covalent protein-DNA complexes to
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allow the isolation of proteins truly crosslinked to the DNA. Modifications of this
method have been used to isolate and identify nuclear matrix proteins
crosslinked to DNA by cisplatin [19,20].

The lack of stringency of DPC isolation methods has been part of the
problem in assessing the biological relevance of DPC analyses to date. It is
known that nuclear matrix proteins are tightly associated with the DNA; their
complete dissociation is crucial for the identification of those less abundant
proteins that are covalently crosslinked to DNA by a given agent. As well,
proteins are usually crosslinked at low levels, and it can be difficult to isolate
sufficient quantities for the sequencing of proteins for identification. Detection
limits of the various techniques have contributed to variability in results. Several
studies have made use of 2-dimensional polyacrylamide gel electrophoresis (2-D
PAGE) to analyse proteins present in crosslinked samples or in nuclear matrix
fractions [10,19-24], but this technique does not itself identify the proteins.
However, the emerging field of proteomics, which combines the separating
capacity of 2-D PAGE analysis with powerful protein sequencing technology,

should greatly facilitate the identification of these proteins.

1.3. Chemical-induced DPC formation

1.3. a. Formaldehyde-induced DPCs

Formaldehyde is a widely studied DPC-inducing agent, and the
crosslinking of proteins to DNA by formaldehyde is used for the investigation of

DNA-protein interactions in a technique called chromatin immunoprecipitation
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(ChIP). To perform ChIP, cells are treated with formaldehyde, resulting in the
covalent crosslinking of proteins to the DNA sequences with which they are
associated. The DNA is then fragmented and the protein-DNA complex is
isolated by immunoprecipitation with an antibody to the protein of interest.
Formaldehyde can react with amine, thiol, hydroxyl and amide groups to
form various types of adducts, but the major class of DNA lesions induced by this
compound are DPCs (reviewed in [25], [26]). DPC induction involves the
reaction of formaldehyde with amino and imino groups of proteins (e.g., lysine
and arginine side chains) or of nucleic acids (e.g., cytosine) to form a Schiff base,

which then reacts with another amino group (Figure 1-2) [27,28].

1.3. b. Metal-induced DPCs

Among the DPC-inducing agents commonly found as environmental and
workplace pollutants are a number of metal compounds. DPCs induced by nickel
compounds have been suggested to involve oxidative mechanisms [29,30].
Nickel ions have a high affinity for proteins, especially for histidine, cysteine and
aspartic acid residues [29,30]. In one study [29], DPCs were isolated by SDS/K*
precipitation from rat lymphocytes treated with various nickel compounds. Co-
incubation of lymphocytes with nickel compounds and either metal chelators, free
amino acids, or scavengers of reactive oxygen species (ROS) all decreased the
yield of DPCs.

Analysis of metal ion-induced crosslinks demonstrated that not all putative
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Figure 1-2: Formaldehyde crosslinking mechanism

This figure depicts the steps in the reaction of formaldehyde with an amino group
(e.g., of a protein side chain) to form a Schiff base (in step 1) which can then go
on and react with another amino group (of a DNA base) to complete the
crosslink.
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DPCs are due to covalent linkages [24] and that one agent can induce more than
one chemical type of crosslink. DPCs were induced in human leukemic cells or
isolated nuclei by treatment with potassium chromate, chromium (lIl) chloride or
IR. DPCs were isolated by SDS/K® precipitation/ethanol precipitation and
analysed by 2-D SDS-PAGE. Some crosslinked proteins were liberated by
treatment with EDTA, indicating that they were not covalently crosslinked to DNA
but rather were bound to DNA through a chelatable form of chromium. Some
crosslinked proteins were liberated by treatment with thiourea, indicating that
they were crosslinked to DNA through a sulfhydryl linkage. The majority of IR-
induced DPCs were not reversed by EDTA or thiourea treatment and were only
released from the DNA by DNase | digestion, and therefore represent covalent
crosslinks formed through oxidative mechanisms. Some of the DPCs induced by
chromate were also resistant to EDTA or thiourea treatment, and were thus likely
to be covalent linkages formed via ROS.

Zhitkovich et al. [31] reported that a considerable proportion (~50% at
biologically relevant doses) of chromium-DNA adducts were in fact DNA-metal-
protein complexes. The amino acids most frequently involved in these
complexes were cysteine, histidine and glutamic acid. Reactions of cysteine or
histidine with trivalent or hexavalent chromium were analysed, and it was shown
that Cr(VI) must be reduced to Cr(lll) and that Cr(lll) must first complex with an
amino acid before reacting with DNA to form the crosslink. No complex was
formed between DNA and amino acid if the DNA alone was first incubated with

Cr(ltl) and then separated from unreacted Cr(lll) and reacted with protein.
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Additionally, these investigators reacted the Cr(lll)-histidine complex with
nucleosides and nucleotide monophosphates and showed that nucleotides could
participate in crosslinks but nucleosides could not, indicating that the phosphate
group is essential for the crosslinking reaction. However, this crosslinking
utilized free amino acid and free nucleotide and thus may not be identical to that
which would occur in vivo. The different types of linkages seen with chromium
treatment (chelation complexes, sulfhydryl linkages, and linkages generated by
ROS) raise the interesting question as to whether other DPC-inducers can
generate more than one type of crosslink and what factors might influence the

spectrum and yield of various types of crosslinks produced by a given agent.
1.4. DPCs induced by IR and ROS

1.4.a. lonizing radiation-induced DPCs in cells

Exposure of cells to IR results in the generation of ROS, many of which
are localized within a short distance of each other and of the DNA (Figure 1-3).
Many of these ROS, including the extremely reactive hydroxy! radical ("OH), will
be generated at high levels within small discrete regions known as spurs, blobs
and short tracks [32]. When these ionization-dense regions overlap a DNA
molecule, this can result in what are variously referred to as "locally multiply
damaged sites" or "clustered lesions", because each radical within the region can
potentially generate damage to the DNA. The result is multiple types of damage
— single strand breaks (SSBs), double strand breaks (DSBs), base damage or

base loss, ICLs, and/or DPCs — generated within a short distance of each other

10
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Figure 1-3: Generation of ROS by ionizing radiation (IR)

IR can directly ionize DNA or protein in its path, generating DNA or protein
radicals. Indirectly-ionizing events include the ionization of water molecules
surrounding the DNA or protein, generating the reactive hydroxyl radical ("OH)
which can then react with DNA or protein, rendering it reactive. The dashed line
represents the boundary of the spur [32].

11
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in the DNA. Most studies of the biological effects of the cellular lesions induced
by IR have focused on DSBs, and not much attention has been paid to the DPC.
However, measurements of the amounts of each type of damage induced per
mammalian cell per unit absorbed dose of IR reveal that the yield of DPCs
(~150/cell/Gy) is actually higher than that of either DSBs (20-40/cell/Gy) or ICLs
(~30/cell/Gy) [33].

Early studies by Fornace and Little [34,35] using alkaline elution
demonstrated the induction of DPCs in aerated human cells exposed to very high
doses of X-rays. They also showed an increase in DPC induction efficiency
under hypoxic conditions. A similar observation was made by Meyn and
colleagues using Chinese hamster ovary (CHO) cells [36,37] and by Radford [38]
using mouse L cells, again using alkaline elution, and by Xue and colleagues [13]
in V79 hamster cells using a filter binding assay. Zhang et al. [39-41] suggested
that negligible levels of DPCs are formed at oxygen concentrations above 1%,
that there is maximal DPC induction at oxygen concentrations below 0.1%, and
that oxygenated cells are 10-100 fold less susceptible to forming DPCs than
hypoxic cells. Similarly, vanAnkeren, Murray and Meyn (unpublished data)
examined the relationship between oxygenation and DPC induction in CHO cells
exposed to y-radiation and found that the yield of DPCs decreases as oxygen
levels increase (Figure 1-4). Several other studies have also shown a marked
increase over background in cellular DPCs induced by IR [2,42-45].

Zhang et al. [40] showed that pH, nutrient depletion, temperature, and

growth phase did not significantly influence the yield of IR-induced DPCs in
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Figure 1-4: Oxygen dependence of DPCs and cell killing in y—irradiated AA8

CHO cells

DPCs (W) were measured by the alkaline elution assay using polyvinylchloride
filters, and cell killing (A) was measured by colony-forming assay. The x-axis
represents the percent oxygen in the gassing mixture. Single-cell suspensions
were stirred at 4°C while being gassed with a mixture of 5% CO,, varying
concentrations of O,, balance N, for 3 h prior to irradiation. (S. vanAnkeren, D.
Murray, R.E. Meyn, unpublished data)
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aerated normal and tumor cells as measured by alkaline elution. Similarly, pH
and nutrient status had no effect on cellular DPC induction when oxygen was
absent [46]. Importantly, Zhang et al. [40] pointed out that it is difficult to
compare DPC studies because the various techniques used to measure DPCs
differ in their detection limits.

Given that the yield of DPCs in cells decreases markedly as oxygen is
introduced, whereas the effect of oxygen on IR-induced cell killing goes in the
opposite direction, and because the yield of other types of DNA damage such as
DSBs closely parallels cell killing under these conditions, the role of DPCs in the
biological effects of IR has been largely disregarded. However, as will be
discussed in section 1.9.c, these lesions may contribute to the radiosensitivity of
hypoxic cells if their repair is compromised. Also, as will become apparent from
the findings to be presented in Chapter 3 of this thesis, the study of individual
proteins involved in DPCs suggests a very different scenario than was suggested
by these gross DPC studies.

The situation with respect to DPCs and high linear energy transfer (LET)
radiation has received some theoretical consideration. One unresolved question
is whether DPCs, either alone or in association with clustered lesions, might
differentially contribute to cell killing induced by radiations of differing LET. The
thinking is that higher LET tracks will generate more complex clustered lesions,
possibly with a higher probability of involving a DPC. Putative high-LET
"specific” lesions could include complex clustered-damaged sites wherein DSBs

are associated with DPCs [47-49]. Some experimental studies have addressed
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the issue of whether the yields and/or repair of DPCs might differ with LET.
Blakely and colleagues [50] showed that the initial DPC vyields in normal hamster
cells were similar for X-rays and high energy Ne-ions of 32, 100 and 183 keV/um
at low doses, although N-ions (120 keV/um) generated a lower DPC yield.
Another study suggests that a high-LET beam of N-ions appeared to induce
higher levels of residual (6 h post-IR) DPCs per unit dose than low-LET X-rays
in human melanoma cells (data from Eguchi et al. [51], re-calculated by
Frankenberg-Schwager [52]). This difference may be attributable to the above-
mentioned induction of lesions of greater complexity at higher LET, rendering

DPCs more difficult to repair.

1.4.b. lonizing radiation-induced DPC structures

To understand the cellular consequences of DPCs and to investigate their
possible repair pathways, it will be important to delineate the chemistries of these
linkages (e.g., see Figure 1-1). Extensive work with cell-free models has
demonstrated the covalent nature of IR-induced DPCs, and the chemical
structure of some DPCs has been determined using gas chromatography/mass
spectrometry (GC/MS) analyses [53-55]. These reports examined y-irradiated
aqueous mixtures of thymine and amino acids (lysine, glycine, alanine, valine,
leucine, isoleucine, tyrosine and threonine) and demonstrated that particular
DNA-amino acid crosslinks exist as several isomers [53-55]. The involvement of
these amino acids in DPCs was also shown in vitro in isolated irradiated mixtures

of calf thymus nucleohistone [53-55].
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The GC/MS experiments were extended to analyse the formation of DPCs
in vivo using cultured mammalian cells [2,56] and rat renal tissue [57). These
samples were treated with ferrous ions, hydrogen peroxide, or IR, and the
chromatin was isolated, subjected to acid hydrolysis, and analysed by GC/MS.
Crosslinking of DNA to protein through a thymine-tyrosine linkage was detected
in these samples. In both the in vitro and in vivo studies, the induction of DNA-
amino acid complexes and DPCs increased linearly with IR dose. Hydrogen
peroxide treatment of cultured cells also resulted in the concentration-dependent
induction of DPCs in chromatin [2]. Addition of radical scavengers/metal
chelators (dimethylsulfoxide or o-phenanthroline) partially inhibited DPC
formation [2].

Dizdaroglu [55] has proposed that the *OH radical is involved in the
formation of the crosslink whether these DPCs are induced by ferrous ions,
hydrogen peroxide or IR. Free radicals/ROS are also generated through
biological redox reactions and under conditions causing oxidative stress, such as
malnutrition, numerous disease states, exposure to particular drugs, and
environmental pollution. The crosslinking mechanism involves H-atom
abstraction from the methyl group of thymine by ‘OH, addition of the resultant
thymine radical to the carbon-3 position of the tyrosine ring, and oxidation of the
resulting adduct radical [55].

Electrospray-ionization mass spectrometry (ESI-MS) analysis of an
irradiated solution containing angiotensin and thymine demonstrated the

formation of a covalent bond between the methyl group of thymine and C3 of the
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angiotensin tyrosine ring [58] and also indicated C2 of tyrosine as another major
site of bond formation. Crosslinks between thymine and tyrosine were detected
at IR doses as low as 0.1 Gy, and the yield of crosslinks was linear up to 100 Gy.
Reaction of *OH with thymine most frequently resulted in addition to the C5-C6
double bond (~60% and ~30%, respectively, at the 5 and 6 positions), and
abstraction of an H-atom from the methyl group occurred only ~10% of the time.
It will be of interest to determine whether specific proteins found to be
covalently crosslinked to DNA in vivo will prove to be linked through any of these
identified target residues. Additionally, this information may be of use in
predicting which proteins are likely targets for DPC formation because of their
amino acid composition and their contact with the DNA. Identifying a crosslinked
protein and the residue through which the linkage forms may also provide
information on molecular geometry because the DNA and protein must be in

close proximity during free radical generation.

1.4.c. Protein radicals and DPCs

DNA is not the only site of free radical generation or the only target for free
radical attack following IR exposure (Figure 1-3). Proteins and amino acids are
also susceptible to attack by ROS. Indeed, an alternative mechanism for DPC
induction involves an initial protein radical created by abstraction of an H-atom by
‘OH from the amino acid, followed by addition of the amino acid radical to the C6
position of thymine and oxidation of the adduct radical [53]. ESI-MS studies by
Weir-Lipton et al. [58] show that *OH adds to the tyrosine ring at C3 ~50% of the
time and at C2 ~35% of the time. The C3 tyrosine adduct radical loses water to

17
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generate a phenoxyl radical, which can then react with DNA. Thus, a DPC may
be formed by the addition of a protein radical to DNA or vice versa, or from a
combination of two radicals.

Exposure of proteins to ROS can generate protein hydroperoxides or
other reactive protein species as well as additional free radicals. An in vitro study
[59] used several purified proteins (insulin, a-casein, apotransferrin and bovine
serum albumin (BSA)) irradiated in aqueous solution in the presence of oxygen
or nitrous oxide to generate protein hydroperoxides, and tested these for DPC
formation with plasmid DNA based on the retardation of DNA migration on an
agarose gel. The observation that inclusion of anti-oxidants did not reduce the
yield of DPCs suggested that these lesions were not generated from long-lived
radical species produced at the irradiation step. However, the formation of DPCs
was reduced by including metal chelators in the reaction, suggesting that at least
some of the DPCs were dependent on metal atoms associated with the DNA.
Other reports have indicated that proteins that do not bind to DNA (e.g., BSA
[60]) cannot generate DPCs in vitro, so there is some question as to whether or
not non-DNA-binding proteins can be involved in DPCs. It is likely that the
conflicting reports reflect differences in in vitro experimental parameters such as
DNA and/or protein concentrations, presence of radical scavengers, and
presence of salts or metals or reductants that would interfere with the DPC-
formation reaction.

Further work examining the role of reactive protein species in DPC

formation used hypochlorous acid (HOCI), an oxidant that is produced by normal
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metabolic processes such as phagocyte activity [61]. HOCI can react with
protein amino groups, generating chloramines that decompose to protein radicals
which can react with DNA. HOCI can also interact with DNA to form
chloramines. Hawkins and colleagues [61] investigated the formation of DPCs
by HOCI in nucleosomes of eukaryotic-cell nuclei using electron paramagnetic
spin resonance spectroscopy. The reaction of protein radicals with pyrimidine
nucleosides was observed to yield nucleobase radicals which could result in
covalent crosslinking of DNA to protein. These authors [61] suggested that
reaction of HOCI occurs predominantly with the protein and not the DNA, and
that 50-80% of these reactions are with lysine or histidine residues. The finding
that adduct formation was decreased in the presence of radical scavengers
suggested that a radical is involved in this reaction.

Similar steps in DPC formation were suggested by analysis of
malondialdehyde-induced DPCs in vitro [60]. These investigators reacted
malondialdehyde with either protein or DNA in aqueous solution, purified away
non-reacted material, and then attempted the second half of the DPC reaction
(by introducing DNA or protein). For the formation of a DPC, it was apparent that
the malondialdehyde must first react with the protein to generate an adduct that
subsequently reacts with the DNA to form the crosslink.

Although both DNA- and protein-radical formation have been suggested
as the first step in DPC formation in vitro, it remains to be seen which mechanism
predominates in vivo. Both mechanisms are probably operative for various

agents, and other factors may influence the levels of each type of radical
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produced. For example, in the case of IR, the spatial distribution of DNA and

proteins in the radiation track may be critical in this regard [49].

1.5. Stability of DPCs in vitro

Different types of DPCs appear to have very different chemical stability.
Aldehyde-induced DPCs are reversed by spontaneous hydrolysis and are also
reversible by incubation at elevated temperatures (discussed in [26]).
Acetaldehyde-induced DPCs are hydrolytically unstable, and in in vitro
experiments only ~25% of these DPCs remained after 8 h at 37°C [62,63]. By
comparison, malondialdehyde-induced DPCs formed in vitro using purified DNA
and histone protein had a much longer half-life of 13.4 days at 37°C [60].

The lifetime of formaldehyde-induced DPCs in vitro was investigated by
Quievryn and Zhitkovich [26] using purified DNA and histone H1. Inclusion of
either SDS or 0.8 M sodium chloride with the formaldehyde during the
crosslinking reaction reduced crosslinking of histone H1 by preventing its binding
to DNA. Addition of SDS after the formaldehyde crosslinking reaction decreased
the lifetime of the histone H1-DNA DPC from 26.3 h to 18.3 h at 37°C,

suggesting that if the protein is allowed to stay associated with the DNA, the

crosslinks can reform under physiological conditions.

1.6. Biological consequences of DPCs

The covalent crosslinking of proteins to DNA is expected to interrupt DNA
metabolic processes such as replication, repair, recombination, transcription,

20
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chromatin remodeling, etc. Indeed, the effect of agents that cause DPCs on
DNA replication has been widely investigated ([64-66] and others). DPCs are
expected to act as bulky helix-distorting adducts and would therefore be likely to
physically block the progression of replication or transcription complexes and/or
prevent access of proteins required either for synthesis along the template
strand, for transcription, or for repair recognition and/or incision. They may also
affect all of these processes by anchoring the chromatin and preventing its
remodeling.

Unfortunately, our understanding of the biological consequences of DPCs
is hampered by the fact that no agent exclusively induces these lesions in
genomic DNA (although studies using plasmid DNA have provided some insight
into the processing of these lesions by cells; see section 1.6.b). Thus, all known
DPC-inducing agents generate other forms of DNA damage in addition to DPCs,
and direct attribution of any observed effect such as mutagenesis or
carcinogenesis to DPCs is inevitably confounded by the concomitant impact of
these other lesions. Nonetheless, several studies have reported that the
induction of DPCs by many agents correlates with genetic damage such as sister
chromatid exchanges (SCEs), transformation, and cytotoxicity {67-71]. Thus,
DPCs may contribute to the genotoxic effects of many different DNA-damaging

agents, some of which are discussed below.
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1.6.a. Nickel

Various types of chromosome damage (e.g., DNA gaps and breaks,
SCEs) have been shown to persist in lymphocytes of nickel workers for years
after exposure [72,73]. Earlier studies demonstrated an increased incidence of
alveolar/bronchial/adrenal medulla neoplasms in rats exposed to nickel

compounds [74].

1.6.b. Chromium

Chromium exposure has been associated with an increased incidence of
respiratory cancers (reviewed in [75]). Voitkun et al. [76] used amino acid-
chromium-DNA adducts (model DPCs) in a shuttle vector to show that
processing of these lesions by human cells can result in mutagenesis. Plasmids
containing DNA-Cr(lil)-glutathione or DNA-Cr(lll)-amino acid adducts were
transfected into human fibroblasts, re-isolated after a 48-h incubation, and
sequenced. The types of mutations caused by the DPCs were mainly single
base substitutions at G:C base pairs, with G:C—A:T transitions and G:.C—T:A
transversions being induced with similar frequency. Chromium-DNA complexes
also resulted in sequence mutations, although this effect was weaker.

The feasibility of using DPCs as biomarkers for exposure to chromium in
human cells has been investigated [75]. Higher levels of DPCs were detected in
lymphocytes of individuals exposed to chromium compounds than in non-
exposed individuals, although the DPC level was found to plateau in individuals

exposed to high levels of chromium.
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1.6.c. Arsenic

Arsenic has been implicated in the induction of skin, lung, bladder and
liver cancers [77-79]. Although it is carcinogenic, arsenic has not been found to
be mutagenic. Earlier studies suggested that arsenic only induces DNA damage
at high concentrations; however, a recent study [80] suggests that different cell
types differ in their sensitivity to arsenic. Arsenic does in fact induce DNA
damage at concentrations that are biologically relevant, the major forms of
arsenic-induced DNA damage being oxidative DNA adducts and DPCs [80]. As
well, multiple pathways have been proposed for arsenic-induced cytotoxicity [80].
Treatment with arsenite may result in DNA damage through the production of
HOCI because there is an activation of NADH oxidase and an increase in
superoxide production after NADH addition in arsenite-treated human vascular
smooth muscle cells [81]. This pathway can result in DNA damage because
superoxide is converted to hydrogen peroxide by superoxide dismutase, and the
resulting hydrogen peroxide can react with chloride ions to form HOCI or with
transition metal ions to produce *OH [81-83].

Evidence that arsenic cytotoxicity may not be due to DNA damage comes
from Mei et al. [84]. Similar sensitivity was seen for normal human cells and
various DNA repair-deficient cell lines (Xeroderma Pigmentosum (XP), Bloom
Syndrome (BS), and Fanconi Anemia (FA)) after treatment with sodium arsenite;
however, Ataxia-Telangiectasia (AT) cells were significantly more sensitive. This
sensitivity did not appear to be related to DSB repair because additional cell lines

defective in DSB repair did not display increased sensitivity to arsenic. As well,

o
(V%)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



there was no induction of DSBs (as measured by histone H2AX phosphorylation)
and no activation of p53 upon treatment of normal cells with sodium arsenite.
One parameter that did seem to be affected by arsenic treatment was cell cycle
distribution. Normal cells showed a significant increase in the percentage of cells
in S-phase and a modest increase in the percentage of cells in G2/M phase after
arsenic treatment, whereas the cell cycle distribution of AT cells was unaffected.
Thus, the sensitivity of AT cells to arsenic may be due to an effect on cell cycle
regulation and not necessarily due to DNA damage. Current evidence indicates
that heavy metal exposure has effects on cell cycle checkpoints and progression
[85]. However, Bau et al. [80] provided evidence that arsenic induces DPCs that
are converted to DSBs over time. Thus, measurements of DSBs and DPCs will
be inaccurate as DPCs become converted to DSBs. The disruption of cell cycle
seen with arsenic treatment may be due to DPCs. Although there is little
knowledge on the effect of DPCs on cell cycle progression, these lesions are

expected to disrupt multiple functions of DNA metabolism/organization.

1.6.d. Formaldehyde

Formaldehyde is mutagenic in bacteria, lower eukaryotes, and human
lymphoblasts, inducing primarily point mutations and deletions. Formaldehyde
also causes micronuclei [86] and is implicated in the induction of nasal tumors in
experimental animals [87,88]. The induction of DPCs by formaldehyde has been
shown to be dose-dependent and to correlate with tumorigenesis [89,90]. The

extent of DNA-protein crosslinking has been used as a biomarker of
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formaldehyde exposure in mammalian cells [89,91,92] and may have similar

applicability in assessing risk factors for exposure to other DPC-inducers.

1.6.e. Methylglyoxal and glyoxal

Methylglyoxal [pyruvic aldehyde: CH3;COCHO] is another endogenous
aldehyde metabolite known to induce DPCs. It is found widely in food and
beverages and in cigarette smoke. Methylglyoxal reacts with free amino acids,
proteins, and nucleic acids (mainly guanines thereof) resulting in DNA adducts,
strand breaks, ICLs, and extensive DNA-protein crosslinking through lysine and
cysteine residues [93], including crosslinking of histones, (reviewed in [94-96)).
Mutations induced by methylglyoxal in mammalian cells were predominantly
(~50%) deletions but included a significant proportion of base-pair substitutions
(~35%) [95]. The DNA-damaging effects of methylglyoxal include the induction
of SCEs, chromosomal aberrations and micronuclei [95].

Glyoxal [(CHO),] is a related, endogenously produced, aldehyde that
induces DNA strand breaks but ~10 fold fewer DPCs than methylglyoxal.
Glyoxal also induces ~10 fold fewer frameshift mutations than methylglyoxal,
suggesting that DPCs might be the cause of these events (which are a common
result of bulky adducts) [96]. Roberts et al. [96] compared the effects of glyoxal
and methylglyoxal on human skin cells using both the comet assay and an in
vitro plasmid assay. In the comet assay, the tail moment increased when cells

were treated with glyoxal, indicating DNA strand breakage. However, following
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methylglyoxal treatment, there was compaction of the nucleus and reduced

migration, indicating the presence of DPCs.

1.6.f. Pyrrolizidine alkaloids

Pyrrolizidine alkaloids are cytotoxic compounds found in many plant
species that are used in herbal remedies and teas. These compounds can
cause liver disease and are carcinogenic [97]. They are metabolically activated
and form DPCs and ICLs in similar proportions when assessed by alkaline
elution [98]. The cytotoxic and anti-mitotic activities of pyrrolizidine alkaloids

correlates with their ability to form both DPCs and ICLs [98-100].

1.6.g. lonizing radiation

As noted earlier, the role of DPCs in the biological effects of IR has been
largely ignored because these lesions are more abundant following irradiation in
the absence of oxygen, a condition that is protective for most other [R-induced
end-points such as cell killing and mutation. Certainly, this observation suggests
that DPCs are minor lesions in irradiated oxygenated cells. However, there is
some evidence that DPCs can contribute to the killing of mammalian cells when
their repair is inhibited. In particular, certain DNA repair-deficient hamster cell
lines such as UV41 (XPF™) and UV20 (ERCC1") (reviewed in [101,102]) are
significantly more sensitive than wild-type cells to killing by IR under hypoxic
conditions, a phenotype that has been attributed to a deficiency in the repair of

DPCs [102].
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It should be noted that many human tumors contain a significant
proportion of hypoxic cells, and this represents a problem in the use of radiation
therapy for cancer treatment because hypoxic cells are more resistant to IR-
induced killing. The findings that DPCs are induced by IR to a greater extent in
hypoxic versus aerated cells and that certain repair deficiencies specifically
increase the radiosensitivity of hypoxic cells might provide an avenue for

improving radiation therapy if the repair of DPCs can be effectively inhibited.

1.6.h. Cumulative/background lesions

DPC accumulation may be associated with breast cancer [103]. The
base-level of DPCs, presumably caused by environmental factors and metabolic
byproducts, was found to be significantly elevated in breast cancer patients
compared to healthy individuals. |t is far from clear, however, whether these
DPCs are secondary to the many cellular changes that accompany cancer
development or treatment or if these DPCs are in fact causative in breast

carcinogenesis.
1.7. Proteins involved in DPCs

Determining which proteins become crosslinked to DNA by these various
genotoxic agents and how they are bound may help to unravel the biological
consequences of DPCs as well as the mechanisms of their repair. A number of
investigators have tried to identify proteins that can become crosslinked to DNA

using in vitro systems with purified proteins and DNA or by isolating DPCs from
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cells exposed to various DNA-damaging agents. Several proteins have been
shown to be amenable to crosslinking in vitro when they are combined with DNA
and treated with a DPC-inducing agent, although the relevance of this
information to the in vivo situation is uncertain. Some reports suggest that only
DNA-binding proteins can be crosslinked to DNA, while others suggest that any
protein can become crosslinked to DNA. Potentially biologically-relevant proteins
that have been shown to be crosslinked to DNA in vivo include actin, lectin,
aminoglycoside nucleotidyl transferase, histones, a heat shock protein (GRP78),
cytokeratins, vimentin, protein disulfide isomerase, and transcription factors/co-
factors (estrogen receptor, histone deacetylase 1, hnRNP K, HET/SAF-B) (Table
1-1) [9,20,21,24,104-107].

Actin was shown to be crosslinked to DNA in human leukemic cells or
isolated nuclei treated with chromium compounds or IR [23,24]. DPCs were
isolated by SDS/K™-urea precipitation/ethanol precipitation, followed by analysis
by 2-D SDS-PAGE. In this study, ~20 proteins were found to be crosslinked to
DNA by chromium and IR. Three of these were identified as actin,
aminoglycoside nucleotidyl transferase and lectin. Similarly, Miller et al. [21]
demonstrated the crosslinking of actin to DNA in hamster cells exposed to
chromium or cisplatin. DPCs were isolated by SDS/K*-urea precipitation/acetone
precipitation. DNA was digested with DNase |, and the isolated proteins were
analysed by SDS-PAGE. This procedure isolated several proteins, one of which
was identified as actin on the basis of molecular weight and pl, and confirmed

using immunological methods. Actin-DNA crosslinks comprised ~20% of the
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Table 1-1: Proteins Identified in DNA-Protein Crosslinks

Protein

Actin

Lectin
Aminoglycoside nucleotidyl transferase
Histones H1, H2A, H2B, H4

Histone H3

Glucose Regulated Protein 78
Cytokeratins

Vimentin

Protein Disulfide Isomerase
Estrogen receptor
HET/SAF-B

hnRNP K

Histone deacetylase 1

Crosslinking Agent | Reference
Chromium [21,24]
Cisplatin [108]
Mitomycin C [108]
Pyrrolizidine Alkaloids | [108]
Chromium [24]
Chromium [24]
Formaldehyde [106]
Formaldehyde [106]
Gilvocarcin V [104]
Gilvocarcin V [104]
Arsenic [105]
Formaldehyde [9]
Metabolic byproducts | [9]
Cisplatin [107]
Cisplatin {201
Cisplatin [20]
Cisplatin [20]
Cisplatin [20]
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total DPCs isolated. Additional proteins were found to be crosslinked by
chromium at higher metal concentrations.

Actin was also found to be crosslinked to DNA by pyrrolizidine alkaloids
[108]. Bovine kidney cells and human breast cancer cells were treated with
these compounds, and DPCs were isolated by repeated extraction/precipitation
with SDS and urea. Crosslinked proteins were released from the DNA by DNase
| digestion and analysed by SDS-PAGE. Participation of different isoforms of
actin in DPCs was confirmed by immunoblotting. Actin was also identified as a
component of DPCs isolated from cells treated with cisplatin or mitomycin C.
Another study [107] demonstrated the cisplatin-induced crosslinking of at least
four proteins to DNA in human cells and identified protein disulfide isomerase as
one of these using immunological methods. If the association of proteins with
DNA was disrupted by extracting the cells with DTT prior to cisplatin treatment,
protein disulfide isomerase was no longer crosslinked. Several proteins have
been shown to be crosslinked to DNA by arsenic [105]. DPCs were isolated from
arsenic-treated cultured human hepatic cells using SDS/K" precipitation (without
urea). Crosslinked proteins were separated by SDS-PAGE, and the presence of
several different cytokeratins was confirmed using antibodies. However, these
arsenic concentration-dependent crosslinks could be reversed by high salt,
suggesting that they may be non-covalent associations rather than true covalent
DPCs.

One protein identified as being closely associated with DNA in vivo by

virtue of its susceptibility to crosslinking by formaldehyde is vimentin, which is a

(79
o
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structural/scaffold protein [9]. DPCs were isolated from formaldehyde-treated
mouse and human cells by sucrose gradient sedimentation followed by repeated
SDS/K* precipitation/ethanol precipitation, followed by immunoprecipitation using
anti-vimentin antibodies. The vimentin could be released from the DPC by
boiling, which may indicate thermolability of the crosslinkage or a non-covalent
association. Vimentin DPCs were also observed in oxidatively-stressed and
senescent cells, indicating that metabolic byproducts can crosslink this protein to
DNA.

Gilvocarcins are naturally occurring antitumor antibiotics that can crosslink
proteins to DNA. Normal human fibroblasts treated with gilvocarcins were
subjected to lysis and DPC isolation using SDS/K™ precipitation with a sodium
chloride wash step, followed by immunoprecipitation with an antibody to double
stranded DNA [104]. The DPCs were separated by SDS-PAGE, and two
proteins — histone H3 and heat shock protein GRP78 - were identified by amino-
terminal amino acid sequencing and confirmed by immunoblotting [104].

There are conflicting reports regarding the involvement of histones in
DPCs. Several investigations have focused on the in vitro induction of histone-
involving DPCs in aqueous solution. Miller et al. [21] treated a combination of
purified actin or histone and bacteriophage DNA with chromium compounds in
vitro and found that histones were not as efficiently crosslinked to DNA as actin.
This may be due to the fact that chromate has a high affinity for sulfhydryl groups
and thus induces crosslinks through a sulfhydryl linkage, but there are few

sulfhydryl groups in histone proteins [23]. However, histones have been found to
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be readily crosslinkable to DNA by formaldehyde through an amine to amine
linkage [106,109,110] and mammalian histones can be crosslinked to DNA by
treatment with aldehydes both in cells and in cel-free systems
[26,60,62,111,112]. The choice of DPC-inducing agent may explain why some
studies found histones to be highly crosslinked to DNA while others did not.

Induction of DNA-histone crosslinks by IR has proven controversial.
Several studies [53-55] have shown the IR dose-dependent crosslinking of
histones to DNA in vitro using calf nucleohistone. Studies from Xue et al. [113]
and Oleinick et al. [114] using irradiated hamster cell nuclei demonstrated that
DPCs were induced in histone-depleted chromatin [114] and that extraction of
nuclei with 1.6 M NaCl showed little depletion of DNA-associated histones but
was associated with a significant decrease in DPC induction, indicating that other
proteins are involved in these DPCs [113]. However, Mee and Adelstein [43]
also examined the induction of DPCs by y-radiation using chromatin isolated from
Chinese hamster lung fibroblasts and obtained different results. They suggested
that the core histones (H2A, H2B, H3 and H4) are in fact the major proteins
involved in DPCs because they observed no difference in induction of DPCs
between in vitro-prepared whole chromatin and chromatin stripped of other
nuclear matrix proteins. These contradictory results may be due to differences in
the efficiencies of the extraction procedures, and thus the true extent of the
involvement of histones in cellular DPCs is yet to be resolved.

The conflicting data on the formation of histone-DNA crosslinks may

reflect the fact that these studies used different methods of inducing, isolating,

(V3]
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and quantitating DPCs. Given that DPC-inducing agents have different
mechanisms of action, it is possible that histones are substrates for only some
types of reactions. Different methods of isolation and analysis may result in a
failure to detect crosslinked proteins of low abundance, and detectability may be
affected by the solubilities of these proteins. These types of problems are also
likely to affect the analyses of other proteins involved in DPCs.

Like the histone proteins, high mobility group (HMG) proteins are likely
targets for DPC induction given that they are highly abundant and frequently
associated with DNA. These proteins have roles in modifying the compaction of
the chromatin fiber, promoting access to nucleosomes, and stimulating
transcription and replication [115-118]. Additionally, the high affinity of HMG
proteins for unusual structures (e.g. chromium- or cisplatin-damaged DNA) may
also predispose them to crosslinking. There is little experimental evidence for
the involvement of HMG proteins in DPCs. HMG proteins were shown to be
crosslinked in vitro to a synthetic nitric oxide-damaged DNA substrate [119]. It
has been shown [120,121] that a novel anti-tumour drug (FR-66979) covalently
crosslinks a DNA duplex with a synthetic peptide corresponding to the HMGA
(formerly HMGI/Y [122]) binding domain. Ektending this work, Beckerbauer et al.
[123] reported the crosslinking of HMGA and of HMGB1 and HMGB2 (formerly
HMG1 and HMG2 [122]) to DNA in vivo by a related drug (FR900482).
Complexes of HMGA and DNA were isolated from drug-treated cells but not
control cells using a modified ChlIP procedure and HMGA antibodies. In this

study, the “crosslinked” protein was released from the DNA by proteinase K
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digestion, making it difficult to determine if these complexes were in fact
covalent. Although the affinity of HMGB1 for undamaged DNA is very weak, it
does have very high affinity for unusual DNA structures [115]. HMG proteins
bind tightly to chromium-damaged DNA, and HMG-Cr-DNA complexes are stable
in 0.5 M NaCl [124], and the affinity of HMGB2 for cisplatin-modified DNA is 10-
fold stronger than that for chromium-damaged DNA [125].

The question of whether or not HMG proteins are involved in DPCs
requires further investigation. As their name suggests, HMG proteins are known
to be extremely mobile [115-118] and, although they are highly abundant and
frequently associated with DNA, their association with DNA could be too transient
for them to be “trapped” in the crosslinking reaction. The above-mentioned
affinity of these proteins for damaged DNA may favour such reactions during

extended treatments, increasing the likelihood of a cross-linking event.

1.7.a. Crosslinking of DNA replication/repair enzymes to DNA

The potential for crosslink formation between DNA replication/repair
proteins and the substrate DNA has been demonstrated by in vitro experiments.
HOCI is capable of crosslinking purified DNA single-stranded binding protein to
single-stranded oligonucleotides in vitro [126]. Methylglyoxal was similarly
shown to crosslink purified Klenow fragment to a synthetic DNA substrate [95].
The 2-deoxyribonolactone lesion is an abasic site produced by a variety of DNA
damaging agents, including IR. This lesion and it's pB-elimination product were

prepared in a synthetic substrate and incubated in separate reactions with
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protein (E. coli endonuclease lll, endonuclease VIII, FPG (formamidopyrimidine
glycosylase), or NEIL1 (a mammalian DNA glycosylase [127])) resulting in the
crosslinking of each of these proteins to the lesions [128]. Another study
demonstrated that the 2-deoxyribonolactone lesion could be crosslinked to DNA
polymerase [ [129].

Nitric oxide (NO) is a product of inflammation, and chronic inflammation is
a known risk factor for many cancers. NO-induced damage includes DPCs [130-
132]. One type of DNA damage induced by the nitrosation of guanine by NO is
oxanine (Oxa). A synthetic duplex DNA containing Oxa was shown to form
covalent crosslinks between the Oxa moiety and DNA repair proteins [119]. The
E. coli DNA repair proteins endo VIll, FPG, AIkA and mammalian hOGG1 (which
bind such types of base damage) formed DPCs rapidly, while histones and HMG
proteins formed DPCs more slowly and the E.coli Endo Il and mammalian
hNTH1 and mMPG did not form DPCs. Furthermore, heat inactivation of the
glycosylases prior to incubation with the Oxa substrate abolished DPC formation,
indicating that the active form of the protein was needed; however, the same was
not true for histone proteins as heat inactivation had no effect on DPC formation.
These in vitro studies used large excesses of purified proteins and therefore may
not be biologically relevant, although DPC species were also detected (as
retarded migration in gel shift studies) when the Oxa substrate was incubated
with HelL a cell extract.

These findings suggest that some types of DNA damage are reactive

suicide substrates for DNA repair proteins, leading to the further generation of
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damage (i.e., DPCs), and may thereby prevent their own repair. However, it is
not clear if HMG proteins bind damaged DNA to recruit repair factors, as in the
case of HMG binding of deoxythioguanosine DNA [133], or bind damaged DNA
non-specifically because they recognize any bend in DNA which results in
shielding the lesion from DNA repair, as is the case for binding of HMG proteins
to cisplatin-modified DNA [134,135].

Thus, it is also important to determine which proteins are responsible for
recognizing various types of DPCs and activating their repair. Clearly, the
crosslinking of DNA repair proteins to DNA would be expected to interfere with
the repair process. It may be that repair proteins can become covalently trapped

as the repairosome moves along the DNA looking for its specific lesion substrate.

1.8. Crosslinking of DNA to the nuclear matrix

The nuclear matrix is a 3-D network that is necessary for DNA
organization and nuclear structure and function. This framework consists of the
nuclear membrane with the nuclear lamina and pore proteins, the internal
network of ribonuclear proteins, and nucleolar proteins [136]. The nuclear matrix
contains anchoring sites for the DNA called “matrix attachment regions” (MARs)
and the DNA is organized into loops of 50-200 kbp between these anchor sites.
Loop domain anchoring allows for differential control of supercoiling between

loops during processes such as replication and transcription [137] which are

known to alter DNA topology.
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Nuclear matrix proteins are associated with processes such as DNA
replication, transcription, and repair [136]. Some proteins isolated from DPCs,
such as actin, are known to be associated with the nuclear matrix and to be
involved in these processes [21,138-141]. Other proteins, such as the
intermediate filament protein vimentin, have recently been shown to be
crosslinked to DNA and to be associated with the nuclear matrix [9,142].
Because vimentin can bind to and become crosslinked to DNA, particularly to
sequences that resemble sequences at MARs, and because it can also bind to
histones, it has been proposed that this protein is involved in chromatin
remodeling [142].

Cisplatin has been shown to crosslink nuclear matrix proteins to DNA
[20,143]. Nuclear matrix fractions and cisplatin-crosslinked fractions were
isolated from human breast cancer cells and protein profiles were compared by
2-D SDS-PAGE [20,143]. Most of the cisplatin-crosslinked proteins were nuclear
matrix proteins. Cisplatin crosslinked several transcription factors to the DNA,
leading to the suggestion that this is a mechanism of transcription inhibition by
crosslinking agents [20]. Additionally, profiles of crosslinked nuclear matrix
proteins changed in breast cancer cells at different stages of the disease [143].

The effect of IR on the integrity of DNA loop supercoiling was investigated
in mouse lymphoma cells using the propidium iodide fluorescence halo assay,
which allows the visualization of the unwinding of anchored DNA loops [137].
The supercoiling ability of DNA loops was examined in both radioresistant and

radiosensitive cells, with and without the presence of IR-induced damage, but
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DPCs were not specifically analysed. The supercoiling of DNA loops containing
IR-induced damage was inhibited to a greater degree in radiosensitive cells,
suggestive of alterations in DNA anchoring. This study also used 2-D PAGE to
examine the proteins in nucleoids (DNA with associated, extraction-resistant,
nuclear matrix proteins) from both types of cells. Several proteins associated
with nucleoids derived from radioresistant cells were absent from nucleoids from
radiosensitive cells, but none of these proteins correlated directly with
radioresistance [137]. This work provides evidence of a relationship between IR-
induced damage and the DNA supercoiling ability of DNA loop domains [137].
Balasubramaniam and Oleinick [144] demonstrated that IR can crosslink MAR-
containing DNA to the nuclear matrix. Clearly, the covalent attachment of DNA
to the nuclear matrix should result in serious disregulation of DNA metabolic
processes. Several studies have indicated that nuclear matrix proteins are
indeed involved in DPCs ([21,113,144,145] and others). Stripping histones from
the DNA with high salt extractions does not completely eliminate the formation of
DPCs, indicating that other proteins, such as nuclear matrix proteins that remain
bound to DNA despite high salt extraction, are susceptible to crosslinking by IR
[113,114].

Thus, DPC-mediated alterations in the control of DNA supercoiling by
altering the anchoring and/or unwinding of DNA loops might influence DNA repair
and other processes by altering DNA conformation, remodeling abilities, and/or
accessibility. Clearly, the effect of DPCs on the dynamic control of DNA

metabolic processes warrants further investigation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.9. Enzymatic repair of DPCs

Studies on some types of cellular DPCs indicate that these lesions can be
longer-lived than other types of DNA damage and persist through several DNA-
replication cycles [146,147] and are only partially repaired [148], which may
result in permanent DNA alterations and have serious consequences for
replication, transcription, and repair processes [149]. A significant background
level of accumulated DPCs has been reported in some types of mammalian cells
[2,60], and in mice this frequency increases with age [150,151]. In mammalian
cells, the processes of aging and other cellular stresses (illness, exposure to
drugs, IR, poliutants, etc.) may result in the accumulation of different types of
DNA lesions, including DPCs, due to oxidative mechanisms [150,151].
Nonetheless, the majority of DPCs induced by exogenous agents are clearly
removed from the genome with time (although it should be noted that studies of
the removal of DPCs from biological systems are complicated by the known
chemical instability of many types of DPCs). DPCs were detected in rat kidney
cells up to 48 h following treatment with nickel compounds [30]. Levels of ferric
nitriloacetate-induced thymine-tyrosine DPCs in renal cells of Wistar rats peaked
at 24 h (corresponding to the onset of mitosis), but DPC levels had returned to
control level by the 19" day of ongoing treatment, suggesting active repair of
these lesions [57]. Quieveryn and Zhitkovich [26] reported a half-life for
formaldehyde-induced DPCs of 11.6-13.0 h in three human cell lines (skin, lung,
and kidney cell lines) and suggested that the differences in DPC half-lives among

these cell lines might be due to an active repair process. The half-life of
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formaldehyde-induced DPCs in peripheral human lymphocytes was found to be
longer (~18 h), likely due to inefficient active repair in lymphocytes [152].
Chromium-induced crosslinks were also reported to be relatively long lived in
human lymphocytes (reviewed in [75])).

At this point, it should be stressed that many of the DPC-inducing agents
discussed in this chapter, such as IR, methylglyoxal and cisplatin, generate DNA
intra- and ICLs as well as DPCs. Both ICLs and DPCs are expected to present
special steric challenges to the DNA repair machinery because of their large size
and/or local covalent involvement of both strands of DNA. Indeed, both of these
types of lesions, or at least some sub-classes thereof, may be repaired by the
same pathway or using some common elements. For example, as will become
apparent, the nucleotide excision repair (NER) enzymes ERCC1 and XPF
appear to be involved in the repair of some types of ICLs as well as DPCs.

There are a number of outstanding issues in this regard that we will consider in

turn.

1.9.a. How are DPCs sensed at the cellular level?

The association of proteins with DNA is a common occurrence in cellular
processes. The mechanisms by which a cell will distinguish between a protein
associated with DNA appropriately and one that is bound by a covalent linkage
are unknown. Is the DPC recognized due to its bulk and/or distortion of the

helix? [s the DPC recognized because it blocks the progression of complexes
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involved in processes such as chromatin remodeling, DNA replication,

transcription, or the repair of other types of lesions?

1.9.b. How are covalent DPCs repaired?

Depending on the chemistry of the crosslink and the size and orientation
of the protein involved in the crosslink (i.e., on steric issues), these lesions may
be substrates for different repair pathways. Direct reversal by chelation (Figure
1-5A) is possible in the case where the protein is bound through complexation
with @ metal. Direct reversal by hydrolysis (Figure 1-5B) has been demonstrated
for some aldehyde-induced DPCs.

At least some DPCs could represent the typical bulky/helix distorting
adducts that are expected to be substrates for the NER pathway (Figure 1-5C).
It may be that the crosslinking of a protein with extensive DNA interaction might
prevent access to repair enzymes, and these lesions may first need to be de-
bulked by proteases before they can be processed by the NER machinery or
other repair pathways (Figure 1-5D). Alternatively, they may require
recombination-dependent pathways (Figure 1-5E). Several lines of evidence
suggest that DNA crosslinks are repaired through an incisional-recombinational
repair mechanism that involves components of NER and homologous
recombinational repair (HRR) [153,154], which, in bacteria, is suggested to be

the mechanism involved in restarting stalled replication forks [155].
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Figure 1-5: Potential DPC Repair Routes

DPCs may be repaired by A) direct reversal by chelation B) direct reversal by
hydrolysis C) NER D) partial proteolytic degradation followed by NER or other
repair E) incisional-homologous recombinational repair
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Previous studies have suggested that there is indeed active repair of DPCs in
mammalian cells and that this may involve more than one repair pathway
[35,149,156,157], with NER likely to be involved. However, the involvement of
NER or HRR in DPC repair remains unclear.

The involvement of the NER pathway in removal of formaldehyde-induced
DPCs was examined in several types of human cells and in vitro with histone H1
using the SDS/K™ precipitation method [26]. Formaldehyde-induced DPCs were
found to be removed from in vitro samples by hydrolysis. DPCs in human lung,
kidney and fibroblast cells were observed to have a reduced half-life compared to
formaldehyde-induced DPCs studied in vitro, suggesting that an active repair
process is involved in DPC loss in cells. Human lymphocytes, which are known
to have less efficient NER due to their terminally differentiated status, were
shown to have reduced DPC removal compared to other human cells studied.
However, the human NER-deficient cell lines, XPA and XPF, were found to have
DPC half-lives similar to that of normal human cells, implying that NER may not
be involved in DPC removal. Interestingly, XPA cells and, more markedly, XPF
cells are hypersensitive to formaldehyde-induced cell kKilling.  Although
formaldehyde induces other types of DNA damage that are substrates for NER,
the differential sensitivity of the XPA and XPF cells argues for the involvement of
the XPF protein in the repair of DNA damage through another pathway. A
differential sensitivity to crosslinking agents is also seen for XPF cells as

compared to XPA cells [158], and other studies have suggested the involvement
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of the XPF protein but not the XPA protein in a recombination-dependent
crosslink repair pathway [159].

It should be noted, however, that the chemical instability of many DPCs
means that direct measurements of crosslink repair in different cell types may not
be informative for identifying proteins involved in the repair of DPCs, and that
studies of the sensitivity of mutant celis to killing by DPC-inducing agents may be
more relevant in this regard.

Assessments of DPC induction and removal are affected by the limitations
of the DPC isolation and quantitation method being used. When chromium-
induced DPCs generated in V79 hamster cells were analysed, no reduced tail
moment (i.e., DPCs) was detected [7] by the alkaline comet assay, but a dose-
dependent reduction of the tail moment was detected using a neutral comet
assay. The removal of formaldehyde-induced DPCs from normal, NER-deficient
(XPA), or ICL repair-deficient (FA-A) human cells was analysed using the
alkaline comet assay [160]. The XPA and FA-A cells showed a similar tail
moment to the normal cells after formaldehyde treatment, indicating no
differences in DPC induction. The tail moments were also similar for all three
formaldehyde-treated cell lines after various repair times were allowed, indicating
no differences in DPC removal between the normal and repair deficient cell lines.
However, there was a dose-dependent relationship between formaldehyde
concentration and the induction of micronuclei in these human cell lines. The

induction of micronuclei might be due to reduced repair of DPCs and was
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significantly greater in the repair-deficient cell lines, particularly the XPA cell line,
which argues for a role for NER in the proper repair of DPCs.

Alternatively, it may be that chemically distinct crosslinks are repaired by
different mechanisms and that NER may be involved in the repair of some types
of DPCs and not others. Transplatin-induced DPCs have previously been
reported to be more persistent in human XPA cells [35]. A more recent study
[161] examined the effectiveness of NER in removing DPCs induced by a
transplatin analog, trans-[PtCla(E-iminoether);] (frans-EE). Synthetic DPCs were
generated by reacting frans-EE with an oligonucleotide to induce the
monoadduct, which was then combined with histone H1 to generate the DPC.
Double-stranded crosslinked substrate was used in in vitro reactions to assess
the efficiency of incision of this lesion by human or rodent cell-free extracts.
Incubation of control NER substrates containing a trans-EE-induced monoadduct
or a cisplatin-induced intrastrand crosslink each generated 24-30mer
oligonucleotide NER excision products, whereas the frans-EE-induced DPC
substrate showed no excision, indicating that NER is unable to recognize and/or
incise this type of lesion in vitro. These repair assays were performed in vitro,
and the protein crosslinking was done using single-stranded DNA. [t will be of
interest to see if protein-crosslinking is the predominant reaction induced by this
transplatin analog in vivo when the complementary DNA strand is present and if
those trans-EE induced lesions are also refractory to NER.

It has recently been shown that the NER system is effective in removing

chromium-induced DNA damage. This was quantitated by measuring the initial
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and residual amounts of chromium bound to DNA in human XPA, XPC, and XPF
cells [162]. Since chromium induces a number of different types of DNA
damage, this study tried to dissect the influence of NER specifically on the repair
of chromium-induced crosslinks. Cysteine was crosslinked to a plasmid by
chromium treatment and these plasmids were transfected into XPA cells and
XPA-complemented XPA cells (XPA™ cells). The XPA cells exhibited significantly
greater mutagenic and genotoxic effects after replication of the crosslink-
containing plasmid, suggesting the importance of the NER pathway in dealing
with chromium-induced DPCs. However, this analysis involved only a single
amino acid crosslinked to DNA, and the effect of an entire protein or even a
peptide fragment crosslinked to DNA may be different.

Using a synthetic substrate with an enzyme (T4-pyrimidine dimer-DNA
glycosylase) covalently crosslinked to it, it was shown that the E. coli UvrABC
complex was capable of incising DNA at the site of a DPC [163]. Two incisions
were made on the same DNA strand; one incision was made at the eighth
phosphodiester bond on the 5’ side of the DPC and the second incision was
made at the fifth and sixth phosphodiester bonds on the 3’ side of the DPC. This
in vitro incision process was more efficient than incisions made on a reduced
apurinic/apyrimidinic-site substrate, but was only half as efficient as that for a
trans-benzo[a]pyrene diol epoxide adduct. The extent to which this type of repair
might be carried out in vivo is unclear.

Although topoisomerase cleavage complexes are a distinct type of

protein-DNA covalent complex, the mechanisms of their repair may provide some
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insight into the repair of other DPCs. Tyrosyl-DNA phosphodiesterase | (Tdp1) is
an enzyme capable of removing a topoisomerase I-covalent complex from a DNA
end. The activity is specific for hydrolysing 3'-phosphodiester linkages but could
remove a protein other than topoisomerase | from the DNA end (reviewed in [5]).
Tdp1 may also act in strand break repair pathways as DNA-protein complexes
may be processed into SSBs or DSBs during replication, transcription, or repair
[5]. Cleavage complexes are also substrates for DSB repair pathways, and
these pathways have been shown in yeast to be separate from the Tdp1 pathway

through the use of NER and HRR mutants (reviewed in [5]).

1.9.c. How are IR-induced DPCs repaired?

The involvement of NER in the repair of IR-induced DPCs was
investigated by assessing the rate of removal of the DPCs induced following
irradiation of NER-deficient hamster cells under hypoxic conditions [37]. As
measured by alkaline elution, wild-type AA8 cells removed ~80% of their DPCs in
24 h, whereas NER-deficient UV41 (XPF") cells removed only ~20% of their
DPCs in the same period. As was noted earlier, UV41 cells are significantly
more sensitive than wild-type AA8 cells to killing by IR under hypoxic conditions,
suggesting that a deficiency in the repair of DPCs (which are formed
preferentially in hypoxia) increases the cells' radiosensitivity. Almost identical cell
survival data were reported for the NER-deficient UV20 (ERCC17) hamster cell
line, although the ability of these cells to repair DPCs was not measured [101].

Surprisingly, the repair of DPCs induced in UV41 cells by IR under aerated
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conditions appears to be normal [164]. Thus, DPCs induced under hypoxic
conditions appear to be distinct from those induced under aerated conditions,
which in turn influences their repair. Evidence in support of this suggestion will
be presented in Chapter 3 of this thesis.

Several other NER-deficient hamster cell lines, notably those with defects
in the XPB and XPD genes, did not exhibit this radiosensitive phenotype under
hypoxic conditions [102], suggesting that these DPCs are not repaired by NER
per se. Rather, the phenomenon of hypoxia-specific radiosensitization appears
to be restricted to genetic defects that influence both NER and HRR [102,158],
suggesting that the latter pathway is responsible for the repair of DPCs induced
by IR in hypoxia. It cannot, however, be ruled out that IR-induced DNA ICLs

underlie some aspects of these findings.

1.9.d. Might protease activity be involved in DPC repair?

Proteolytic degradation of the proteins involved in DPCs has been
suggested to occur in cells. Quievryn and Zhitkovich [26] demonstrated that
formaldehyde-induced DPCs were removed in part by proteolytic degradation
because the loss of DPCs was partially inhibited when cells were incubated with
lactacystin, a specific inhibitor of proteosomes.

However, DNA repair proteins, cell-cycle regulatory proteins, transcription
factors and signaling molecules are also substrates for proteolytic degradation

[165]; therefore, inhibiting proteolysis may affect the induction/removal/repair of
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DPCs by mechanisms other than inhibiting direct proteolytic degradation of the
crosslinked protein.

An earlier study demonstrated that covalent complexes of topoisomerase |
and DNA induced by camptothecin were ubiquitinated and then underwent
proteolytic degradation [166], and this mechanism may be active on other types
of DPCs as well. Proteolytic degradation may not remove the entire protein but
rather could leave a small peptide or amino acid adduct, which might then be a
substrate for another repair pathway, such as NER (Figure 1-5D).

Studies of the Tdp1 enzyme have demonstrated that it is more effective on
substrates containing a denatured or proteolytically digested protein than it is on
substrates containing a native protein [5]. Although this enzyme has not been
shown to be active for other protein-DNA covalent complexes, it is possible that
this or a similarly active enzyme might be involved in a DPC repair step

secondary to proteolytic digestion.

1.10. Conclusions

Because DPCs have received less attention than other types of DNA
damage, their biological consequences and mechanisms of repair are not well
understood. In part, this is because DPC-inducing agents inevitably induce other
types of DNA and protein damage. Possible biochemical consequences of the
covalent crosslinking of proteins to DNA are blockage of replication, transcription
and recombination. Evidence is mounting that DPCs contribute to the cytotoxic,

mutagenic and carcinogenic effects of a number of agents. Further information
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regarding the mechanisms of the formation and removal of DPCs would help to
delineate the biological relevance of this type of lesion, and may provide insights
into cellular processes such as the interaction of the nuclear matrix with DNA
metabolism. Because DPCs are induced by some bifunctional chemotherapy
drugs [167,168], the role of DPCs in the cytotoxicity of these agents may be
relevant to further understanding of clinical responses and drug-resistance
mechanisms, which in turn may lead to novel anti-tumour drug development. For
example, a new analog of transplatin (frans-EE) has been shown to be more
cytotoxic than cisplatin and to demonstrate significant anti-tumour activity in both
cisplatin-sensitive and -resistant cells [169-171]. Compared to cisplatin and cis-
EE, the trans-EE analog readily crosslinks proteins to DNA, leading to more
efficient inhibition of DNA polymerases and resistance to processing by the NER
pathway [161]. Determining the proteins involved in DPCs will also allow us to
gain further insight into the consequences of these lesions and their repair. The
involvement of particular proteins in DPCs induced by various environmental and
occupational agents may prove useful in  biomonitoring  for
mutagenesis/carcinogenesis. This chapter highlights the advances in DPC
analysis and at the same time underscores the need for the identification of the

proteins involved in these lesions and for clarification of the mechanisms of their

repair.
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1.11. Research Objectives

DPCs have not received as much attention as other types of radiation-
induced DNA damage. This is partly due to the known inverse relationship
between DPC induction and cytotoxicity (see Figure 1-4). However, this
supposition was based entirely on studies of gross overall protein binding; the
situation for individual proteins is unknown, and addressing this deficiency is a
major objective of the studies described in this thesis. Previous studies suggest
that DPCs are induced to a greater degree than either DSBs or ICLs [33] and
that these lesions persist longer than other forms of DNA damage. Also,
previous studies have shown that DPCs are induced to a greater extent under
hypoxic conditions [37,41] and that hypoxia is a commonly encountered condition
in human tumours. Hypoxic cells are radioresistant, which limits the
effectiveness of radiotherapy in cancer treatment. An interesting observation is
the fact that hypoxic NER/HRR-deficient cells, but not NER-deficient/HRR
competent cells, are more radiosensitive than their parental strains. The
relevance of NER/HRR in this increased sensitivity to radiation is confirmed by
the fact that these cells become more radioresistant when repair activity is
restored by tranfection with a wild-type gene [102]. However, there is
considerable variation in the literature as to the extent of the influence of oxyaenr
on DPC induction. Thé involvement of NER per se in DPC repair is also unclear.
Many other questions remain to be answered before the role of DPCs in the

effects of radiation and other DNA-damaging agents will be understood.
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To fully understand the induction and repair of these lesions, it will be
important to identify the individual DNA-crosslinked proteins involved therein. In
order to take advantage of dramatic improvements in instrument sensitivity that
have facilitated the identification of proteins by proteomic approaches, improved
methods are required for the isolation of proteins involved in DPCs. As a first
step, we therefore developed and compared several novel methods for the
isolation of DPCs from mammalian cells that use chaotropic agents to isolate
genomic DNA and stringently remove non-crosslinked proteins, followed by
nuclease digestion to release covalently crosslinked proteins. As will be
discussed in Chapter 2, these methods do in fact generate protein samples of
sufficient quality and quantity for analysis by mass spectrometry.

These methods represent a significant improvement in resolution and
specificity, enabling more accurate analyses of DPCs. The high quality protein
samples isolated by these methods can then be analyzed by a variety of
methods. We applied these protein isolation protocols to re-evaluate some
important questions regarding DPCs induced by low LET radiation, specifically y-
radiation, including i) the influence of oxygen on the induction of DPCs by y-
radiation, ii) the extent of DPC induction in mammalian cells, and iii) the trends of
induction and removal of DPCs by y-radiation in both parental and DNA repair
deficient cell lines. The interpretation of these data with regard to the

understanding of the role of DPCs in y-radiation-induced cell death is discussed.

w
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2.1. Introduction

A DPC is created when a protein becomes covalently bound to DNA.
These lesions are induced by UV and IR, by metals and metalloids such as
chromium, nickel and arsenic, and by various aldehydes and anticancer drugs
[1]. It has been suggested that, in mammalian cells, cellular stresses (illness,
exposure to drugs, radiation, pollutants, etc.) result in the accumulation of
different types of DNA-damage, including DPCs, due to oxidative mechanisms
[2-4]. There are numerous chemically distinct types of DPCs; indeed, proteins
can become crosslinked to DNA directly through oxidative free radical
mechanisms, or indirectly through aldehydes generated by oxidative stress, or
they can be crosslinked through a chemical or drug linker or through coordination
with a metal atom [5]. These chemically-distinct DPCs may also differ in their
biological consequences depending on their structure and persistence in the
genome. Gross DPC half-lives have been measured in vitro and in vivo in
mammalian cells and range from hours to days depending on the system and
agent being studied [6-10].

Determining the biological relevance of DPCs is a complicated task. The
covalent crosslinking of proteins to DNA is expected to physically block the
access/assembly or progression of replication, repair, recombination, or
transcription complexes. The induction of DPCs has been shown to correlate with
the incidence of genetic damage such as SCEs, transformation, and cytotoxicity
[11-15], although the contribution of specific DPCs to these events remains to be

determined. Efforts to elucidate the biological consequences of DPCs are
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confounded by several factors, including the simultaneous induction of other
classes of lesions by DPC-inducing agents. DPCs are therefore inevitably
induced in a background of multiple types of damage, and ascribing particular
consequences to one type of damage is not yet possible. A second complication
is the background of tightly, but non-covalently, bound proteins. Methods that
would permit the separation and study of genuinely covalently bound proteins
would greatly facilitate this effort.

Early studies of DPCs tended to focus on whether cellular proteins
became associated with DNA following exposure of a test system to a given
genotoxic agent and, if so, to what extent. With the advent of high-throughput
proteomics methodologies, the emphasis has shifted to the possibility of
recovering and identifying the proteins that become covalently linked to DNA.
The latter studies will, however, require methodologies that recover the DNA
component and those (rare) covalently bound proteins that are extracted along
with the DNA. The more commonly used DPC investigation methods, such as
nitrocellulose filter binding [16-18] and SDS/K™ precipitation [19,20], quantitate
DPCs as the amount of DNA isolated when proteins are trapped, and will
therefore not be informative for the isolation and study of specific crosslinked
proteins without extensive modification. A DPC isolation method that isolates
proteins by virtue of their association with DNA should provide much cleaner
DPC samples with respect to non-covalently associated proteins.

The stringency of isolating covalently-bound proteins has been part of the

problem in assessing the biological relevance of DPCs to date. For example, it is
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known that nuclear matrix proteins are tightly associated with the DNA [21]; their
complete dissociation is therefore crucial for the identification of those less
abundant proteins that are covalently crosslinked to DNA by a given agent.
Previous studies [22-24] have isolated cisplatin-crosslinked proteins and nuclear
matrix fractions from mammalian cells and shown by 2-D SDS-PAGE that the
majority of the crosslinked proteins are present in the nuclear matrix fraction.
However, this method involves binding of DNA/DPCs to hydroxylapatite, which is
also capable of binding non-crosslinked proteins.

Applying proteomic approaches to the study of DPCs requires the
development of novel methods that allow the isolation of the proteins covalently
crosslinked to DNA as a pure sample and in sufficient quantities for further
analysis and detection. To this end, we have developed two protocols to recover
proteins covalently bound to DNA. Both protocols involve isolation of total
genomic DNA using a commercial chaotrope/detergent mix (DNAzol) that lyses
cells, hydrolyzes RNA, and dissociates non-covalent protein-DNA complexes. In
the DNAzol-Strip method (Figure 2-1B), DNAzol treatment is followed by salt
washes to strip non-covalently-bound proteins from the DNA. In the DNAzol-
Silica method (Figure 2-1C), the genomic DNA is adsorbed onto silica in the
presence of a chaotrope (DNAzol, urea, sodium chloride) under alkaline
conditions to remove non-covalently associated proteins from the DNA. These
DNA isolation methods were followed by additional steps to allow the recovery of

truly covalently crosslinked proteins.
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Figure 2-1: DNAzol-based DPC isolation methods

A schematic representation of the steps involved in the isolation and analysis of
DPCs using the DNAzol method (A), the DNAzol-Strip method (B), and the
DNAZzol-Silica method (C). Proteins are represented by shaded circles/ovals.
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2.2. Materials and Methods

2.2.a. Cell Culture
The CHO cell line, AA8, was maintained as a monolayer culture in
aDMEM-F12 medium (Invitrogen) with 10% fetal bovine serum (Invitrogen) and

5% penicillin/streptomycin in a humidified 5% C02/95% air atmosphere at 37°C.

2.2.b. Radiation and chemical treatments

For all experiments, low LET radiation, specifically y-radiation, was used
because all of the previous data on radiation-sensitive mutants and DPC
induction and repair used these types of beams (e.g. [25-28]). As noted in
Chapter 1, high LET radiations potentially result in a very different damage profile
that is not well characterized. For y-radiation treatments, cells (~85%
confluency) were irradiated in a ®°Co irradiator (Gammacell 220; Atomic Energy
of Canada Limited, Ottawa, ON) with doses of 0-4 Gy.

For formaldehyde treatment, 37% formaldehyde (Sigma) was added to the
medium to a final concentration of 1% and the sample was incubated at 37°C for
1 h.

For topoisomerase | inhibitor treatment, cells were washed with phosphate
buffered saline (PBS) and transferred to serum-free medium (10 mL). The
cultures received either 10 pL of DMSO or 10 pug/mL camptothecin (Sigma) in 10
ML of DMSO and were incubated for 1.5 h at 37°C.

For proteasome inhibitor treatment, AA8 cells were treated with 10 uM

MG132 (Cedarlane) in 10 mL. medium for 3 h at 37°C. After 3 h, the medium was
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replaced with serum-free medium and both proteasome inhibitor (to a final
concentration of 10 uM) and camptothecin (to a final concentration of 10 pg/mL)

were added as above and the cells were incubated at 37°C for 1.5 h.

2.2.c. DNAzol DPC isolation method (Figure 2-1A)

After treatment, the culture medium was removed and the cells were
washed on the tissue culture dish with ice-cold PBS. Cells (or in later
experiments, nuclei) were lysed by the addition of 500 uL DNAzol (Invitrogen) per
7 x 107 cells. DNA was precipitated from each sample using ¥ volume of ice-cold
99% ethanol. The pellets were resuspended in 8 mM NaOH (3 mL per 9 x 10°
cells) overnight at 37°C with a protease inhibitor mixture (Sigma). For DNA
digestion, digestion buffer (5X) (1 mL of 50 mM MgCl,, 50 mM ZnCl,, 0.5 M
sodium acetate, pH 5.0) was added to each sample and the samples were
digested for 1 h at 37°C with 5 units of DNase | (Sigma) and 5 units of S1
nuclease (Invitrogen). After digestion, the DNA concentration was determined by
UV absorbance and the samples were concentrated to 1 mL using Centricon
concentrators with a molecular weight cut off (MWCO) of § kDa (Millipore).

Samples were then reduced to dryness by lyophilization.

2.2.d. DNAzol-Strip DPC isolation method (Figure 2-1B)
Nuclei were isolated as described in section 2.2-g. Isolated nuclei were
lysed by the addition of 500 uL DNAzol per 7 x 107 nuclei. DNA was precipitated

from each sample using 2 volume of ice-cold 99% ethanol. The pellets were air-
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dried briefly and resuspended in 8 mM NaOH (3 mL per 9 x 108 cells) at 37°C.
An equal volume of 5 M urea was added and the samples were incubated at
37°C for 30 min on a rotating shaker. 10% SDS was added to a final
concentration of 2% and the samples were incubated as above. The solute level
was reduced using Centricon concentrators with an MWCO of 3 kDa. When the
volume had been reduced to ~5 mL, an equal volume of 5 M NaCl was added.
Samples were mixed at 37°C for 30 min on a rotating shaker and then filtered
and washed with distilled deionized water three times, using Centricon
concentrators with an MWCO of 3 kDa to reduce the volume and the salt
concentration. The DNA from each sample was then re-precipitated by the
addition of 1/10 volume of 3 M sodium acetate and 3 volumes of ice-cold 99%
ethanol. Precipitated DNA was collected by centrifugation at 200xg at 4°C for 30
min and dried. The DNA was dissolved in 8 mM NaOH (3 mL per 9 x 10° cells).
For DNA digestion, digestion buffer (5X) (1 mL of 50 mM MgClz, 50 mM ZnCl,,
0.5 M sodium acetate, pH 5.0) was added to each sample and the samples were
digested for 1 h at 37°C with 5 units of DNase | and 5 units of S1 nuclease. After
digestion, the DNA concentration was determined by UV absorbance and the
samples were washed with distilled deionized water (3 x 10 mL) and
concentrated to 1 mL using Centricon concentrators with an MWCO of 5 kDa.

Samples were then reduced to dryness by lyophilization.
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2.2.e. DNAzol-Silica DPC isolation method (Figure 2-1C)

Silica fines were activated as detailed elsewhere [29]. Briefly, silica fines
(EM Science, New Jersey) were heated to near boiling in 5 M nitric acid, washed
three times in distilled deionized water and resuspended in an equal volume of
distilled deionized water. The pH of the solution was adjusted to 7.0 using 1 M
Tris-HCI, pH 8.0, and the silica fines were sedimented, resuspended in an equal
volume of distilled deionized water and autoclaved. After lysing the nuclei with
DNAzol as described above, 2 mL of pre-warmed (65°C) 10 mM Tris-HCI, pH
7.0, was added and each sample was drawn through a 21-gauge needle three
times then through a 25-gauge needle three times to shear the DNA. NaCl (5 M)
was added to a final concentration of 4 M, and this mixture was incubated at
37°C with shaking for 20 min. Urea (8 M) was added to a final concentration of 4
M and the samples were incubated as above. An equal volume of 99% ethanol
was added to each sample. The activated silica slurry was then added (1 mL per
7 x 107 cells) and the samples were gently rocked for 20 min at room
temperature to allow for binding. The silica was collected by centrifugation for 4
min at 35xg and the supernatant discarded. The silica was washed three times in
50% ethanol and collected by gentle centrifugation each time. The DNA was
eluted two times using 2 mL of 8 mM NaOH at 65°C for 5 min and eluates were
combined. For DNA digestion, 1 mL of 5X digestion buffer (50 mM MgCl,, 50 mM
ZnCl;, 0.5 M sodium acetate, pH 5.0) was added to each sample and the
samples were digested for 1 h at 37°C with 5 units of DNase | and 5 units S1

nuclease. After digestion, the DNA concentration was determined by UV
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absorbance and the samples were washed with distilled deionized water (3 x 10
mL) and concentrated to 1 mL using Centricon concentrators with an MWCO of 5

kDa. Samples were then reduced to dryness by lyophilization.

2.2.f. SDS/K* DPC isolation method
We also employed the method of Zhitkovitch and Costa [19] to isolate

DPCs. Nuclei were lysed by addition of ¥ volume of 4% SDS in 20 mM Tris-HClI,
pH 7.4, followed by heating at 65°C for 10 min to allow complete binding of SDS
to proteins. The SDS and protein-bound SDS was then precipitated by the
addition of an equal volume of 200 mM KCi in 20 mM Tris-HCI, pH 7.4, and
incubation on ice for 20 min. Precipitated proteins and protein-DNA complexes
were collected by centrifugation at 12,000xg at 4°C for 10 min. The supernatant
was discarded and the pellet was resuspended in 8 mM NaOH (3 mL per 9 x 10°

cells) overnight at 37°C.

2.2.g. Nuclei isolation

Cultures were trypsinized at room temperature for 3 min and collected by
centrifugation at 200xg at 4°C for 5 min. Cells were washed in ice-cold PBS and
collected as before. The cell pellet was gently resuspended in Buffer 1 (400 uL
per 107 cells) using a wide-bore pipette tip (Buffer 1: 10 mM Hepes pH 7.9, 10
mM KCIl, 100 mM EDTA, 100 mM EGTA, 1 mM DTT, 05 mM
phenylmethylsulfonyl fluoride (PMSF), 1% (v/v) aprotinin). Cells were chilled on

ice for 15 min and then lysed by the addition of 0.6% (v/v) Nonidet P-40 and
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mixing by inversion. Nuclei were pelleted at 200xg for 5 min at 4°C and the

supernatant was removed.

2.2.h. Nuclear extract preparation

Nuclear extracts of CHO AA8 cells were prepared for control purposes.
After nuclei isolation (above), the pellet was resuspended gently in ice-cold
Buffer 2 (100 puL per 107 cells) using a wide-bore pipette tip (Buffer 2: 20 mM
Hepes pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM
PMSF, 1% (v/v) aprotinin, 10% (v/v) glycerol) and incubated, with shaking, at 4°C
for 30 min. The lysate was centrifuged at 12,000xg for 10 min at 4°C. The
supernatant was aliquoted into ice-cold 1.5 mL microcentrifuge tubes
supplemented with 0.025 mg/mL leupeptin and aliquots were flash frozen in

liquid nitrogen and stored at -80°C.

2.2.i. Quantitation of DNA

The UV absorbance at 260 nm was measured for each sample to
determine the DNA concentration. A value of 32 pg (oligonucleotide) per 1 OD
unit was used to calculate the amount of DNA in each sample. The relative
amounts of DNA were determined within each experiment and used to determine
sample loads for SDS-PAGE analysis. The 260/280 nm absorbance ratios were
also determined. Ratios of 1.5-1.7 were invariably obtained, indicating that the

contribution of protein to the 260 nm reading was not significant. For

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



optimization experiments, the amount of DNA was also assessed by 1% agarose

gel electrophoresis and ethidium bromide staining.

2.2.j. Quantitation of protein
Protein content of DPC isolates was determined using the Bradford
reagent (BioRad) and standard Bradford assay procedure with BSA as a

standard.

2.2.k. SDS-PAGE analysis

Laemmli buffer (BioRad) was added to each sample in amounts
determined to equalize the DNA concentration of each sample. In later
experiments, dried protein samples were dissolved in 20 pL of Laemmli buffer
(BioRad) and sample loads were determined to equalize the DNA concentration
of each sample. Samples were analyzed by 1-D SDS-PAGE using 12%
separating gels (180 x 160 x 0.75 mm for MS analysis or 80 x 60 x 0.75 mm for
standard protein analysis), or 10-20% gradient gels (80 x 60 x 0.75 mm, BioRad)
in later experiments. In separate experiments, gels were silver stained using the
ammoniacal-silver nitrate staining procedure or by standard Coomassie blue
staining and destaining procedures, or by SYPRO Tangerine (Invitrogen) staining

according to the manufacturer’s protocol.

~1
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2.2.1. Mass Spectrometry

MS analysis was performed at the Alberta Cancer Board Proteomics
Facility (Department of Chemistry, University of Alberta). Samples were
subjected to digestion with trypsin. Peptide extracts were analyzed on a Bruker
REFLEX lll (Bremen/Leipzig, Germany, Serial # FM 2413) time of flight mass
spectrometer using MALD! in positive ion mode. The peptide maps obtained
were used for database searching to identify proteins. Furthermore, selected
peptides were fragmented using MALDI MS/MS analysis using a PE Sciex API-
QSTAR Pulsar instrument (MDS-Sciex, Toronto, ON, Serial # K0940105). The
obtained partial sequence information for each peptide was used to confirm the

previously-obtained results from the peptide map search.

2.3. Results

2.3.a. DPC isolation by DNAzol

DPCs can be detected using the alkaline elution assay [30,31]. In the first
steps of this method, cells are lysed on a polyvinylchloride or polycarbonate filter
which traps DNA based on its high molecular weight (MW) [32]. Repeated
washing causes smaller fragments of DNA to be lost along with free proteins.
Large fragments of DNA and any covalently bound proteins are trapped on the
filter. We initially evaluated the utility of the polycarbonate filter trapping method
for protein recovery because these filters do not strongly bind DNA or protein and

therefore might provide the stringency necessary for the isolation of pure DPCs.
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However, we found that this method resulted in poor protein recovery and poor
reproducibility (data not shown), and we therefore sought to develop an
alternative procedure.

Genomic DNA isolation kits currently available are not useful for DPC
isolation because most of them include a Proteinase K digestion step (which will
destroy the crosslinked proteins) and because they are not amenable to scaling
up to the level necessary to isolate sufficient quantities of DPCs for protein
identification purposes. One currently available genomic DNA isolation reagent is
DNAzol, a proprietary reagent (US patent no. 5,945,515), which contains a
guanidine salt and detergent in alkali conditions. This reagent lyses cells,
dissociates proteins, and hydrolyzes RNA. The DNA is precipitated by the
addition of ethanol (DNAzol method; Figure 2-1A). The DNAzol reagent does not
contain proteinases and is not overtly damaging to proteins (Figure 2-2). No
obvious degradation of proteins was seen after incubation of AA8 nuclear extract
with DNAzol (5 min at room temperature) and analysis of the proteins by SDS-
PAGE and Coomassie Blue staining (Figure 2-2, lane 2). In contrast, the
complete degradation of proteins was apparent following incubation of AA8
nuclear extract with Proteinase K (Figure 2-2, lane 3), as expected.

Although the DNAZzol reagent contains detergent and the chaotropic agent
guanidine hydrochloride, the isolation of DNA from untreated AA8 cells using the
standard DNAzol method does not fully dissociate proteins from the DNA as

detected by both SDS-PAGE and Bradford analyses (Figure 2-3, lane 1). We
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Figure 2-2: Effect of DNAzol on protein integrity

AA8 nuclear extract was incubated with DNAzol for 5 min at room temperature
and analyzed by SDS-PAGE. For comparison, an equal amount of AA8 nuclear
extract was incubated with Proteinase K for 5 min at room temperature to fully
digest the proteins. For reference, the Proteinase K reagent and AA8 nuclear
extract were also each run on their own. Protein MWs are indicated in kDa.
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Figure 2-3: Modification of the DNAzol protocol to reduce the level of
background protein

To minimize the isolation of non-covalently bound protein, several modifications
to the standard DNAzol method were tested. DNA and bound protein was
isolated from untreated AAS8 cells using different volumes of DNAzol or different
volumes of ethanol to precipitate the DNA and associated protein. We also
tested the DNAzol protocol using isolated nuclei. Sample loads were normalized
based on the amount of digested DNA present in the sample (approximately 35
pg of DNA loaded for each sample) and proteins were analyzed by 12% SDS-
PAGE and silver staining (A) and Bradford protein quantitation (B) to assess the
level of recovered protein. Protein MWs are indicated in kDa.
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attempted to optimize the stripping of proteins from the DNA by varying both the
amounts of the detergent/chaotrope (i.e., genomic DNA isolation using twice or
four times the volume of DNAzol used in the standard DNAzol method) and
ethanol (i.e., DNA precipitation using twice or four times the volume of ethanol
used in the standard DNAzol isolation method) (Figure 2-3, lanes 2-5). Although
these modifications did reduce the background level of associated proteins, the
purity of the samples was not adequate because there was still a significant level
of protein isolated from the untreated sample. To further modify this method to
obtain the level of stringency that would be necessary for DPC isolation, we first

carried the AA8 cells through a nuclei isolation procedure and then isolated DNA
using the DNAzol method (Figure 2-3, lane 6), which greatly reduced the
background level of protein isolated. However, these modifications were not
sufficient to remove all non-covalently associated proteins from the DNA as there
was still some staining observed on the SDS-PAGE gel as well as protein
detected in these samples by Bradford analysis (Figure 2-3, lane 6).
Nonetheless, these experiments demonstrated that the isolation of nuclei and the
use of an increased volume of ethanol or chaotropic agent did reduce the level of

background proteins isolated, and these modifications formed the basis for

further method development.

2.3.b. DPC isolation by DNAzol-Strip method
We developed a method from this point (DNAZzol-Strip method; Figure 2-

1B) exclusively using isolated nuclei. We combined the DNAzol reagent to lyse
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nuclei, hydrolyse RNA and dissociate bulk proteins from DNA with additional
chaotropic agents to strip non-covalently bound proteins from the DNA. Isolated
nuclei were lysed by the addition of DNAzol and the DNA (with attached proteins)
was precipitated with ethanol. The DNA was then resuspended and washed in an
SDS/urea/sodium chloride mixture to optimize removal of non-covalently bound
proteins. The samples were subjected to extensive desalting and volume
reduction. The DNA was then isolated by ethanol precipitation and resuspended.
The DNA was digested with DNase | and S1 nucleases, and the proteins were
collected and reduced to dryness. Because this DPC isolation method isolates
crosslinked proteins as a function of their attachment to DNA, sample loads were
always normalized for DNA content within each experiment as determined after
DNA digestion. Proteins were separated by 1-D SDS-PAGE and the gels were
stained for visualization.

Using nuclei from untreated AA8 cells, various forms of the DNAzol
isolation method were compared with the SDS/K* precipitation method to assess
the background level of proteins isolated (Figure 2-4). (It should be noted that
others have combined additional isolation and wash steps with the SDS/K*
protocol [5,33] to reduce the background level of non-covalently bound proteins).
Protein sample loads were normalized based on the cell number determined at
plating (24 million cells plated per sample) (Figure 2-4A) or DNA content
determined after DNA digestion (Figure 2-4B). As expected, the unmodified
SDS/K™ method resulted in the recovery of a high level of non-covalently

associated protein. In contrast, the DNAzol-Strip method (Figure 2-4A, lane 4
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Figure 2-4: Comparison of background protein levels using different DPC
isolation methods

Untreated AA8-cell nuclei were subjected to DPC isolation by the SDS/K*
method, the DNAzol method, or the DNAzol-Strip method. Sample volumes were
adjusted for (A) cell number (equal number of cells determined at plating; 24
million cells per plate) or (B) DNA content (determined after DNA digestion; ~70
ug of DNA loaded for each sample) and were analyzed by 12% SDS-PAGE and
silver staining. (C) Using untreated AA8-cell nuclei, the DNAzol (Figure 2-1A),
DNAzol-Strip (Figure 2-1B) and DNAzol-Silica (Figure 2-1C) methods were
directly compared. Sample volumes were adjusted for DNA content (measured
after DNA digestion) and proteins were analyzed by 10-20% SDS-PAGE gradient
gel and SYPRO-Tangerine staining. The Silica-based isolation method (Figure
2-1C) was also performed using a non-commercial genomic DNA isolation
reagent (G-HCI solution) instead of DNAzol. The "M” lanes are the MW markers
with the MWs shown in kDa. Lanes within each panel are from the same gel with

intervening lanes removed.
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and Figure 2-4B, lane 4) isolated relatively little non-covalently associated
protein. Thus, combining the use of DNAzol with additional wash steps reduces
the background level of proteins to almost zero and represents an improvement
over the SDS/K" and standard DNAZzol (Figure 2-4A, lanes 2 & 3 and Figure 2-

4B, lanes 2 & 3) isolation methods.

2.3.c. DPC isolation by DNAzol-Silica method

We have modified the DNAzol-based DPC isolation procedure to make it
considerably faster and more economical (Figure 2-1C). The modification relies
on the ability of DNA (but not proteins) to bind to silica in the presence of
chaotropic/dissociative agents such as guanidinium hydrochloride, sodium
chloride, and urea, which strip the DNA of associated proteins [29]. This protocol
substitutes an adsorption step for the desalting/concentration step, resulting in
the DNA (and covalently-attached proteins) being bound to the silica and the
non-covalently associated proteins being removed in the supernatant and
subsequent wash steps. The DNA (with DPCs) is then eluted from the silica and
digested, releasing the proteins, which are collected and analyzed by 1-D SDS-
PAGE.

Using nuclei from untreated AA8 cells, the DNAZzol-Silica method (Figure
2-4C, lane 4) was compared with the DNAzol (Figure 2-4C, lane 2) and the
DNAzol-Strip (Figure 2-4C, lane 3) methods to assess the background leve! of
proteins isolated by each protocol. Protein sample loads were normalized based

on DNA content determined after DNA digestion. As demonstrated in Figure 2-4,
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the DNAZzol-Strip and DNAzol-Silica methods both isolated relatively little non-
covalently associated protein.

We also examined the impact of substitution of DNAzol by a non-
commercial DNA extraction solution (Figure 2-4C, lane 5; “G-HCI solution”)
composed of 6 M guanidinium hydrochloride, 0.5% SDS and 8 mM sodium
hydroxide in this silica-based isolation method. As seen in Figure 2-4C, this
solution proved less effective than DNAzol in reducing background protein

recovery.

2.3.d. Isolation of y-radiation-induced DPCs by DNAzol-Strip and DNAzol-
Silica methods

Both the DNAzol-Strip and DNAzol-Silica methods successfully
dissociated non-covalently bound proteins from genomic DNA. The utility of
each of these methods for the isolation of covalently crosslinked proteins from
biological samples was investigated. The DNAzol-Strip method was used in
preliminary experiments to isolate and analyze DPCs induced in AA8 cells
exposed to formaldehyde or y-radiation (Figure 2-5). AA8 cells were exposed to
0 or 1 Gy of y-radiation, or to 1% formaldehyde at 37°C for 1 h, and nuclei were
isolated. DPCs were isolated using the DNAzol-Strip method as outlined above.
Dried protein samples were resuspended in Laemmli loading buffer and volumes
were adjusted based on DNA content. Proteins were analyzed by 12% SDS-
PAGE and silver staining. Only a few faint distinct protein bands were visible in

the unirradiated sample (Figure 2-5, lane 2), while a greater number and intensity
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Figure 2-5: Isolation of formaldehyde- and y-ray-induced DPCs from CHO
cells using the DNAzol-Strip method

AA8 cells received 0 or 1 Gy of y-radiation, or were treated with 1%
formaldehyde (HCHO) at 37°C for 1h. DPCs were isolated using the DNAzol-
Strip method. Sample volumes were adjusted for DNA content (determined after
DNA digestion) and proteins were analyzed by 12% SDS-PAGE and silver
staining. The “M” lane is the MW markers with the MWs shown in kDa. Lanes in
the figure are from the same gel with intervening lanes removed.
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of distinct protein bands were routinely observed in both irradiated and
formaldehyde-treated samples (Figure 2-5, lanes 3 and 4), demonstrating that
the DNAzol-Strip method isolated reasonably pure, presumably covalently-
crosslinked proteins and little background protein. The protein concentration
measurements routinely demonstrated that the level of protein in the irradiated
sample (1Gy) was ~3-fold higher than that in the unirradiated sample. The
suitability of the SDS-PAGE bands for further analysis by MS was then
addressed (see section 2.3.¢e.).

We also assessed the potential utility of the more convenient DNAzol-
Silica method in isolating DPCs from biological samples. Additional modifications
in the analysis involved the use of a quantitative, reversible protein stain, SYPRO
Tangerine. AA8 cells were exposed to 0 or 1 Gy of y-radiation, or to 1%
formaldehyde at 37°C for 1 h. DPCs were isolated using the DNAzol-Silica
method as outlined above. Dried protein samples were resuspended in Laemmli
loading buffer and volumes were adjusted based on DNA content. Proteins were
analyzed by 10-20% gradient SDS-PAGE and SYPRO-Tangerine staining
(Figure 2-6). This method generated similar results to the DNAzol-Strip method.
There was a low level of background protein isolated as evidenced by the few
distinct protein bands observed in the untreated sample (Figure 2-6, lane 2). The
DNAZzol-Silica method allowed the isolation of relatively pure, presumably
covalently-crosslinked, proteins from both the 1 Gy-irradiated and formaldehyde-
treated samples (Figure 2-6, lanes 3 and 4) as evidenced by the appearance of

distinct protein bands. Some smearing of the protein bands is expected on 1-D
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Figure 2-6: Isolation of formaldehyde- and y-ray-induced DPCs from CHO
cells using the DNAzol-Silica method

AA8 cells received 0 or 1 Gy of y-radiation, or were treated with 1%
formaldehyde (HCHO) at 37°C for 1 h. DPCs were isolated using the DNAzol-
Silica method. Sample volumes in the “0 Gy”, “1 Gy”, and “HCHO" lanes were
adjusted to equalize the DNA concentrations determined by UV absorbance after
DNA digestion. Proteins were analyzed by 10-20% gradient SDS-PAGE and
SYPRO-Tangerine staining. “M” represents MW markers with the MWs shown in
kDa and “NE” represents AA8 nuclear extract from untreated cells. Lanes in the
figure are from the same gel with intervening lanes removed.
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SDS-PAGE as there may be multiple protein species of similar size. This
behaviour was more marked in the case of formaldehyde crosslinking, probably
because of the potency of this crosslinking agent and the extended treatment
interval used (1 h) compared to irradiation (10 sec) as well as the different
lifetimes of the various intermediates involved in these two chemically distinct

crosslinking mechanisms. Nonetheless, individual bands were readily visible.

2.3.e. Preliminary identification of a crosslinked protein by mass
spectrometry
The DNAZzol-Strip method yielded excellent quality protein samples of

sufficient quantity to allow identification of a number of y-radiation-crosslinked
proteins by MS. Figure 2-7 shows an example of a mass spectrum (Figure 2-7B)
of peptides isolated from pooled SDS-PAGE gel bands excised from identical
samples of irradiated CHO cells (Figure 2-7A). Several of the peptides isolated
from the excised bands (Table 2-1) led to the identification of the hamster heat
shock protein, glucose regulated protein 78 (GRP78), which has previously been
shown to be crosslinked to DNA by the antitumour antibiotic gilvocarcin [33]. A
more extensive analysis of y-radiation-induced DPCs is the subject of the studies

described in Chapter 3.
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Figure 2-7: Mass-spectrometric identification of GRP78 as an ionizing-
radiation crosslinked protein in CHO AAS8 cells

(A) Peptides were obtained from the 12% SDS-PAGE silver-stained gel band
indicated by the arrow in the y-irradiated “IR” lane and pooled with the same
band from multiple y-irradiated samples. The “C” lane is the un-irradiated
control. (B) The mass/charge (m/z) ratios for peptides isolated from the indicated
protein band. Database searching identified several of these peptides as part of
the amino acid sequence of the hamster 78-kDa glucose regulated protein
(GRP78) (see Table 2-1). The intensely stained band at ~35 kDa is due to
DNase I.
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Table 2-1: Peptides used for mass-spectral identification of proteins

Mass
Protein Peptide observed
GRP78 SDIDEIVLVGGSTR 1460.10
ITPSYVAFTPEGER 1566.10
KSDIDEIVLVGGSTR 1588.20
Topoisomerase | EMTNDEK * 882.15
Sample A ITVAWCKK 1004.69
QRAVALYFIDK 1323.16
YIMLNPSSRIK * 1338.04
AVQRLEEQLMK * 1360.14
CDFTQMSQYFKDQSEAR 2139.48
MSGDHLHNDSQIEADFRLNDSHK * 2680.77
Topoisomerase | IEPPGLFR 927.27
Sample B DQLADARR 943.93
ILSYNRANR 1105.34
TYNASITLQQQLK 1507.71
IMPEDIIINCSKDAK * 1761.16
Topoisomerase | EENKQIALGTSK 1316.53
Sample C RIMPEDIIINCSK * 1602.52
QIALGTSKLNYLDPR 1687.44
LNYLDPRITVAWCK 1747.47
LLKEYGFCVMDNHR 1782.03
Topoisomerase | EDIKPLK 841.67
Sample E GNHPKMGMLK * 1128.21
QRAVALYFIDK 1322.48
WGVPIEKIYNK 1345.41
SMMNLQSKIDAK * 1380.74
TFEKSMMNLQSK ** 1473.44
IMPEDIINCSKDAK 1745.77
CDFTQMSQYFKDQSEAR 2140.21

A listing of the peptides and peptide masses that were used to identify GRP78
from the samples in Figure 2-7A and to confirm the presence of DNA
topoisomerase | in the samples indicated in Figure 2-8. The asterisk(s) indicate
the presence of oxidized methionines in the peptide.
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2.3.f. Isolation of camptothecin-induced DPCs by the DNAzol-Strip and

DNAzol-Silica methods

The utility of each of these methods for the isolation of genuinely
covalently crosslinked proteins from biological samples was also investigated
using a known target DPC. Mammalian DNA topoisomerase | (91 kDa) becomes
transiently covalently crosslinked to DNA during DNA processing [34], and these
DPCs can be trapped using inhibitors such as camptothecin. AA8 cells were
treated with 10 pg/mL camptothecin for 1.5 h at 37°C and nuclei were isolated.
DPCs were isolated using the DNAzol-Strip method (Figure 2-8, lanes 1-3) or the
DNAzol-Silica method (Figure 2-8, lanes 5-7). Dried protein samples were
resuspended in Laemmli loading buffer and volumes were adjusted based on
DNA content previously determined after DNA digestion. Proteins were analyzed
by 10-20% gradient SDS-PAGE and SYPRO-Tangerine staining. As shown in
Figure 2-8, lane 3, the DNAzol-Strip method primarily isolated smaller bands
from the camptothecin-treated cells, many of which were probably degradation
products. The DNAzol-Silica method (Figure 2-8, lane 6), on the other hand,
isolated a band of ~100 kDa as well as several smaller and larger sized protein
bands. The higher MW species probably represent ubiquitinated topoisomerase
| {35], which are seen to an even greater extent in cells treated simultaneously
with camptothecin and a proteasome inhibitor, MG132 ([35] and Figure 2-8, lane

7). The presence of DNA topoisomerase | in DPCs isolated from these
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Figure 2-8: Isolation of camptothecin-induced DPCs from CHO cells

AA8 cells received no treatment “NT”, 1 ulL/mL DMSO (DM), or 10 pg/mL
camptothecin for 1.5 h at 37°C “CP”, or 10 yM MG132 for 3 h at 37°C followed by
10 pg/mL camptothecin and 10 pM MG132 for 1.5 h at 37°C “CP-MG”. DPCs
were isolated using the DNAzol-Strip method (lanes 1-3) or the DNAzol-Silica
method (lanes 5-7). Dried protein samplies were resuspended in Laemmli
loading buffer and sample volumes were adjusted for DNA content (measured
after DNA digestion). Proteins were analyzed by 10-20% gradient SDS-PAGE
and SYPRO-Tangerine staining. Bands from within the indicated regions (A-E)
were excised and bands within regions A, B, and E were pooled separately. The
“M” lane is the MW markers with MWs shown in kDa.
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experiments (Figure 2-8: lane 3 Sample A, lane 6 Sample E, l[ane 7 Samples B
and C) was confirmed by MS (Table 2-1). Sample D (Figure 2-8, lane 7) was not
found to contain topoisomerase I. (Pooling of excised bands within sample areas
A, B, and E was performed to ensure sufficient material for MS identification
because we were concerned that the recovery of topoisomerase | may be limited
by its rapid degradation. Furthermore, the detection limit of SYPRO Tangerine is

lower than the detection limit of the MS technology.)

2.4. Discussion

The study of covalent protein-DNA complexes has been limited by the lack
of availability of techniques that overcome a number of challenges [1]. DPCs will
involve a small fraction of the proteome, and may involve low-abundance
proteins and proteins of differing solubilities and stability. DPC isolation must be
rigorous because DPCs must be distinguished from various DNA-protein
associations that are non-covalent but may nonetheless be relatively abundant
and strong enough to resist dissociation by commonly-used isolation methods.
Detection and chemical analysis of DPCs will require sufficiently large, pure
samples and sensitive protein analytical techniques. Current methods used for
the isolation of DPCs from cells fail to provide adequate stringency, specificity
and scalability of isolation [1]. We have described here the development of novel
methods for the isolation of pure, enriched and intact DPCs that is applicable to
large numbers of cells and is economical, rapid, and amenable to high-

throughput. The methods are based on the use of the DNAzol reagent and high
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concentrations of additional chaotropes to dissociate non-covalent DNA-protein
associations. The two variations of the DNAzol-based DPC isolation procedure
allow the isolation of highly pure, covalently crosslinked, proteins from cells.

The SDS-PAGE analyses (Figures 2-5 and 2-6) indicate that the
background level of protein isolated from untreated AA8 cells, while extremely
low, is not zero. However, it should be noted that endogenous DPC-inducing
agents (e.g., free radicals, aldehydes, and lipid peroxidation products) will be
present in a cell at any given time. Indeed, it has been proposed that DNA
crosslink repair mechanisms actually evolved in response to the damage induced
by such intracellular crosslinking agents [36]. We have now used both the
DNAzol-Strip and DNAzol-Silica methods extensively for DPC isolations and
have routinely observed very little signal in the unirradiated samples on SDS-
PAGE analysis in a larger study of y-radiation-crosslinked proteins (see Chapter
3). Considering the evidence from the present study showing that measured
background DPC levels are very sensitive to small methodological alterations, it
is not surprising that the level of background endogenously-induced DPCs
reported in different studies varies greatly with the method used for DPC
detection [2,4,37].

The two method variations presented here involve relatively mild
conditions for the elution and resuspension of DNA and DPCs and release the
crosslinked proteins by nuclease digestion, making these methods suitable for
analysis of DPCs induced by various agents. As well, the crosslinked proteins

isolated in the present study are in a sufficiently pure and enriched form to be
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useful for proteomics analysis as we were able to use MALDI-TOF MS and
MS/MS to identify GRP78 as a protein crosslinked to DNA by y-radiation in two
independent experiments. GRP78 was described here only to illustrate the
usefulness of this protein isolation method for interfacing with high-throughput
proteomics technologies, and in fact we have to date isolated and identified 29
cellular proteins that appear to participate in such lesions (see Chapter 3).

The comparison of the DNAzol-Strip and DNAZzol-Silica methods for
isolation of the DNA-toposimerase | complex revealed that the DNAzol-Strip
method probably isolated degraded complex (Figure 2-8 and Table 2-1, Sample
A). This was most likely due to the lengthy processing time in high salt
conditions involved in the DNAzol-Strip method. Previous studies have shown
that a) camptothecin treatment induces a time- and dose-dependent degradation
of topoisomerase | [38], and b) camptothecin-induced topoisomerase [-DNA
complexes are rapidly lost once the drug is removed in vivo [38] and are
reversed in vitro with the addition of 0.5 M sodium chloride [34]. The DNAzol-
Silica method isolated these degradation products as well as larger products
which may represent ubiquitinated forms of topoisomerase | (Figure 2-8 and
Table 2-1, Samples B and C), which are seen as higher MW bands on SDS-
PAGE analysis [35]. The comparison of the DNAzol-Strip and DNAzol-Silica
method indicates that the latter is faster, thereby permitting the isolation of the
shorter-lived population of DPCs.

With respect to the resolution of exogenously-induced DPCs, the DNAzol-

Strip and DNAZzol-Silica methods can detect DPCs at y-ray doses as low as 1 Gy
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(Figures 2-5 and 2-6). Bradford analyses performed on DNAzol-Strip
experiments demonstrated an average of 3-fold more protein isolated from 1 Gy-
irradiated samples over the unirradiated samples. This detection level can be
compared with the alkaline elution/polycarbonate filter method in which DPC
detection was only possible at much higher doses of IR (50 Gy) [39], and with the
nitrocellulose filter binding technique, which can detect DPCs in irradiated cells at
doses as low as 30 Gy but which does not allow specific protein recovery [39].

During preparation of this manuscript we became aware of a method
devised for the isolation of cisplatin-induced crosslinks [22-24]. The method used
was developed for analyzing a specific type of DPC rather than for the isolation
of any/all crosslinked proteins, but it underscores the utility of chaotropic agents
for dissociating non-covalently crosslinked proteins. However, the background
level of proteins isolated from untreated cells was not reported in those studies
[22-24]; therefore, the contribution of non-covalently bound but tightly associated
nuclear matrix proteins cannot be evaluated. That method involved binding DNA
with attached proteins to a hydroxylapatite matrix, which can also bind proteins.
The DNAzol-Strip method described here does not involve adsorption to a solid
phase, and the DNAzol-Silica method utilizes a solid phase that does not bind
protein significantly.

In summary, we have developed DPC isolation methods that optimize the
isolation of proteins covalently crosslinked to DNA in a pure and concentrated
sample. The isolation procedures are readily scaleable and economical. DPCs

were isolated in sufficient quantities for use with proteomics technology for
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protein separation and identification. The next objective was to utilize this
technology to identify a larger number of proteins that become covalently
crosslinked to DNA following exposure of mammalian cells to y-radiation. The

results of such studies are described in Chapter 3.
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Chapter 3: The identification of mammalian proteins crosslinked
to DNA by y-radiation
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3.1. Introduction

DPCs can be induced by a variety of agents, including UV light and IR,
metals and semimetals such as chromium, nickel, and arsenic, various
aldehydes including metabolic  by-products, and some important
chemotherapeutic drugs such as cisplatin, melphalan, and mitomycin C [1].
Measurements of the amount of DNA damage induced by IR indicate that, in a
mammalian cell, a 1-Gy exposure induces 1,000-2,000 damaged bases, 800-
1,600 damaged sugars, 500-1,000 SSBs, 200-300 alkali-labile sites, 20-40
DSBs, ~30 ICLs, and ~150 DPCs [2-4]. Studies of DPCs induced by various
agents have shown half lives of hours to days [5,6]. This removal is a reflection
of both chemical instability and enzymatic repair processes.

Early studies of the DNA-damaging effects of high/supralethal doses of IR
[7-10] demonstrated the induction of DPCs by this agent in aerated mammalian
cells. IR has also been shown to induce DPCs in hypoxic mammalian cells and
to do so more efficiently (1.5-5.5 fold) than in aerated cells [8,10-13]. [n addition,
celis that are deficient in some DNA repair factors related to crosslink removal
show an increased sensitivity to the cytotoxic effects of IR under hypoxic, but not
aerated, conditions [14]. An interesting implication of these observations is that
abrogating the repair of DPCs might be clinically advantageous in radiation
therapy because this could render hypoxic tumor cells more radiosensitive
[15,16]. However, there are many questions to answer before such a therapeutic
strategy might be realized. For example, how are DPCs repaired? How does
the presence of a DPC activate a particular repair pathway; is there a specific

damage-recognition event, and is it protein specific, or is it a general mechanism,
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such as blockage of the progression of protein complexes that mediate various
DNA transactions? What are the biological consequences of unrepaired DPCs?
Identifying the actual proteins involved in these DPCs may help to answer these
questions. As well, high doses (typically >30 Gy) have been used in previous
studies to measure DPCs. The effect of oxygen on DPC induction at low,
clinically relevant, doses has not yet been examined.

To date, various methods (nitrocellulose filter binding, polycarbonate filter
trapping, SDS/K" precipitation, and others (reviewed in [1]) have been used to
quantitate and/or isolate IR-induced DPCs with varying levels of success. Trying
to purify DPCs by any method that isolates all cellular proteins is clearly going to
be non-informative for protein identification, whereas an approach that isolates
DPCs by first isolating the DNA should be useful in combination with protein-
identification methods such as MS. Although MS is a sensitive technique, it is
possible that only a small percentage of the ~30,000 proteins in the cell can be
significantly crosslinked to DNA, so it is essential to obtain a high yield of these
proteins with very little contamination in order to identify them. Accordingly, we
developed a novel method for the isolation of proteins covalently crosslinked to
DNA that yields a sufficient quantity of protein for MS analysis [17] (see Chapter
2 of this thesis). In this study, we have employed this method to purify y-
radiation-induced DPCs from mammalian cells and have combined this method
with MS identification of the isolated proteins. We have also examined the dose
dependence of y-radiation-induced DPCs and confirmed the involvement of
some of these proteins in y-radiation-induced DPCs using immunological

techniques.
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3.2. Materials and Methods
3.2.a. Cell culture

The parental CHO cell line, AA8, was obtained from Dr. Keith Caldecott
(University of Sussex, UK) and maintained as a monolayer culture in aDMEM-
F12 medium with 10% fetal bovine serum and 5% penicillin/streptomycin in a
humidified 5% CO, and 95% air atmosphere at 37°C. The human fibroblast cell
line, GM00637, was obtained from American Type Culture Collection (Manassas,
VA) and maintained as a monolayer culture in aDMEM-F12 medium with 10%

serum and 5% penicillin/streptomycin as above.

3.2.b. Radiation and chemical treatments of cells

Cells were grown as monolayer cultures to ~85% confluency. Aerated
cells were irradiated in 150-mm plastic dishes. To render cells hypoxic [18], the
cultures were washed with PBS and trypsinized. Fresh medium was added to a
final volume of 5 ml per 2.4 x10 cells and the cells were transferred to 60-mm
glass Petri dishes. The dishes were placed in air-tight aluminium chambers and
the chambers were evacuated using a vacuum manifold. The chambers were
then filled with pure nitrogen gas and the cells were incubated at room
temperature in nitrogen for 8 sec, with the process being repeated four times.
This process was repeated another four times using 8-min incubations, and the
cells were then incubated at 37°C for 20 min to allow them to metabolize residual

oxygen (adapted from [18]).
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For y-radiation treatments, cells were irradiated in a %°Co irradiator
(Gammacell) at a dose rate of 0.1 Gy/sec. For formaldehyde treatment, 37%
formaldehyde was added to the growth medium to a final concentration of 1%

and the sample was incubated at 37°C for 1 h.

3.2.c. Quantitation of DNA

The UV absorbance at 260 nm was measured for each sample to
determine the DNA concentration after DNA digestion, as described in Chapter 2,
section 2.2.i. The relative amounts of DNA were determined within each

experiment and were used to determine sample loads for SDS-PAGE analysis.

3.2.d. Nuclei isolation

Nuclei isolation was performed as described in Chapter 2, section 2.2.g.

3.2.e. Nuclear extract preparation

Nuclear extracts were prepared as described in Chapter 2, section 2.2.h.

3.2.f. DNAzol-Strip DPC isolation method

We followed the protocol of Barker et al. [17] as described in Chapter 2,

section 2.2.d.
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3.2.g. DNAzol-Silica DPC isolation method

Again, we followed the method of Barker et al. [17] as described in
Chapter 2, section 2.2.e. The method of Elphinstone et al. [19] was used to

prepare the silica fines (VWR, Mississauga, Ontario).

3.2.h. SDS-PAGE analysis

Laemmli buffer (BioRad) was added to each sample in amounts
determined to equalize the DNA concentration of each sample. Samples were
analyzed by 1-D SDS-PAGE using 15% separating gels (for MS analysis) or pre-
cast 10-20% gradient gels (BioRad) in later experiments. In separate

experiments, gels were stained using either ammoniacal-silver nitrate or SYPRO

Tangerine (Invitrogen).

3.2.i. Quantitation of protein on SDS-PAGE gels

SYPRO Tangerine-stained 1-D SDS-PAGE gels were scanned using a
Typhoon 7400 imager (GE Healthcare). These images were analyzed using the
ImageQuant 5.2 software (GE Healthcare) by measuring fluorescence signal.
Known quantities of broad-range marker proteins (Biorad) were run on each gel
and stained with SYPRO-Tangerine. Representative background regions were
subtracted for each band and marker bands were quantified. Quantitation was
based on comparison to the fluorescence signal in the marker protein bands after

subtraction of representative background regions. Linear regression analysis
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was performed using the Prism software and ANOVA single factor analyses were

performed using Microsoft Excel.

3.2.j. Protein identification by Mass Spectrometry

Protein bands excised from silver-stained SDS-PAGE gels were reduced
with DTT, carbamidomethylated using iodoacetamide, and digested in-gel with
trypsin. The resulting peptides were analyzed on a Bruker REFLEX Il time of
flight mass spectrometer (Bremen/Leipzig, Germany, Serial #FM 2413) and the
obtained peptide mass maps were searched against databases to identify
proteins (peptide mass mapping). Furthermore, selected peptides were
fragmented on a PE Sciex API-QSTAR Pulsar mass spectrometer (MDS-Sciex,
Toronto, Ontario, Canada, Serial #K0940105) to acquire MS/MS spectra, which
contain sequence-specific information, and were then subjected to database
searching (MS/MS ion search) to either confirm the previously-acquired results
from the peptide mass mapping or to identify proteins if no positive results were
obtained by peptide mapping.

The MASCOT search engine

(htip://www.matrixscience.com/search _form select.html) was used for both

peptide mass mapping and MS/MS ion searching. Database search criteria are
listed below. Two of the most up-to-date and complete proteome databases,
SwissProt and NCBInr, were selected in our database search. Mass tolerance
was set according to instrument mass accuracy. For peptide mass mapping, the
peptide mass tolerance was set at 100 ppm. For MS/MS ion searching, the

mass tolerance was set at 0.3 Da for both the parent ion and fragment ions.
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Carbamidomethylation of cysteine was set as a fixed modification while

methionine oxidation was set as a variable modification.

3.2.k. Western blots

Crosslinked proteins isolated by the DNAzol-Silica method were
resuspended in Laemmli Buffer, equalized for total amounts of DNA, separated
on 10-20% gradient gels and stained with SYPRO Tangerine protein stain. Gels
were visualized by scanning with the Typhoon 7400 instrument. Gels were then
de-stained briefly in 10% methanol and transferred to nitrocellulose membranes
(Biorad) for 1.5 h at 4°C and 80 V. Blots were blocked in 5% milk-Tris buffered
saline with 0.5% Tween (TBST) for 1 h at room temperature with gentle agitation.
After overnight incubation (4°C) with primary antibody, the blots were washed 4
times (15 min per wash) in 10 mL of 5% milk-TBST at room temperature.
Secondary antibodies were incubated with the blots for 1 h at room temperature
with gentle agitation. After the secondary antibody incubation, the blots were
washed again as above, with a final wash in PBS. Blots were developed using
chemiluminescent reagents by mixing equal portions of the two reagents and
incubating each blot with 1 mL of prepared reagent for 5 min at room
temperature. Signals were captured using X-OMAT K film (Kodak). The films
were scanned as image files and the optical densities (ODs) of the bands in
these image files were quantified using the ImageJ software/shareware available

from the NIH (www.ncbi.nim.nih.gov). Alternatively, fluorescent secondary

antibodies were used and the blots were analyzed using a LI-COR Odyssey

infra-red imager and the ImageJ software to quantitate the band ODs. The
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average relative band intensities were plotted after normalizing the most intense

signal of the irradiated samples within each determination as 100%.

3.2.1. Antibodies

Primary polyclonal antibodies to mammalian vimentin, histone H2B,
histone H4, actin, cofilin, hnRNP, poly-ADP ribose polymerase (PARP), and
HSP10 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Primary monoclonal antibody to tubulin was also obtained from Santa Cruz.
Primary monoclonal antibody to mammalian (mouse) ninein was generously
provided by Dr. Gordon Chan, (Department of Oncology, University of Alberta).
Polyclonal anti-polynucleotide kinase (PNK) antibody has been previously
described [20]. Primary antibodies to hnRNP A3 and C1/C2 were generously
provided by Dr. Gideon Dreyfuss, (University of Pennsylvania School of
Medicine). Secondary antibodies, peroxidase conjugated rabbit anti-goat and
goat anti-rabbit, were also obtained from Santa Cruz. Primary antibodies were
used at dilutions of 1:1,000 in 5% milk-TBST in a total volume of 3 mL.
Fluorescently-tagged secondary antibodies, goat anti-rabbit 1R800, rabbit anti-
goat 700, were obtained from Rockland Immunologicals (Gilbertsville, PA) and

used at a dilution of 1:5,000 in 5% milk-TBST in a total volume of 5 mL.
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3.3. Results

3.3.a. isolation and PAGE analysis of y-radiation-induced DPCs in hamster

and human cells

CHO AA8 cells were exposed to 0 or 1 Gy of y-radiation under either
aerated or hypoxic conditions, and DPCs were isolated using the DNAzol-Strip
method. Sample volumes were normalized for the amount of DNA isolated, and
crosslinked proteins were analyzed by SDS-PAGE and silver staining. Figure 3-
1 shows a representative composite gel from these analyses. In the unirradiated
sample (Figure 3-1; aerated 0 Gy) very little protein was detected, confirming that
this method successfully strips the DNA of associated proteins and that we are in
fact isolating predominantly covalently-crosslinked proteins following y-radiation
exposure. This level of isolated protein can be compared with that isolated from
irradiated cells (Figure 3-1; aerated 1 Gy) or from formaldehyde-treated cells
(Figure 3-1; F) where each lane contains a greater number and intensity of bands
than the control.

Figure 3-1 shows similar data for hypoxic cells. Compared with aerated
cells, more protein was isolated from the hypoxic untreated sample (Figure 3-1;
hypoxic 0 Gy), indicating that removal of oxygen leads to modestly increased
background DPC induction, although the level of protein was still quite low.
Several protein bands observed in the hypoxic-irradiated samples were not
detected or were less intense in the aerated-irradiated samples (Figure 3-1;

hypoxic 1 Gy).
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Figure 3-1: Analysis of DPCs from hamster cells

DPCs were isolated from CHO AA8 cells using the DNAzol-Strip method (see
Chapter 2, section 2.2.d) and analyzed by SDS-PAGE and silver staining. The
cells received 0 or 1 Gy of y-radiation, or 1% formaldehyde “F” for 1 h at 37°C,
under either aerated or hypoxic conditions. The “NE” lane is a total AA8 nuclear
extract and lane “E” shows the nucleases used for digestion. The black arrows
with sample numbers (A1-3 and H1-11) indicate some of the bands from which
proteins were extracted and identified by MS (Table 3-1). The “M” lane is MW
markers with the MW indicated in kDa.
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The y-radiation-induced crosslinking of proteins to DNA was also
examined in human GMO00637 fibroblasts (Figure 3-2). Cells received 0 or 4 Gy
of y-radiation under either aerated or hypoxic conditions and DPCs were isolated
using the DNAzol-Strip method. Again, analysis of isolated proteins by SDS-
PAGE and silver staining (a representative composite gel is shown in Figure 3-2)
revealed that little protein was isolated from the unirradiated control samples and
that a greater number and intensity of bands were observed in the irradiated

samples.

3.3.b. Identification of proteins involved in y-radiation-induced DPCs in

hamster cells

To identify crosslinked proteins, protein bands were excised from several
gels. Some of the sample bands that were excised for MS analysis are indicated
in Figure 3-1 (A1-3 and H1-11). Although similar patterns of bands were seen in
each experiment, band selection for MS analysis was based on the intensity and
sharpness of band staining in an individual gel. The more intensely and sharply
stained bands were chosen as they were more likely to yield a positive
identification in MS analysis.

As described in Materials and Methods (section 3.2.j), the search engine,
Mascot, was used for protein identification by searching MS data against primary
sequence databases. Mascot uses a statistical scoring algorithm, mowse score,
to calculate the matching scores that represent the identification significance.

According to its calculation, significance thresholds vary between peptides in the
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Figure 3-2: Analysis of DPCs from human cells

DPCs were isolated from GMQ0637 cells using the DNAzol-Strip method and
analyzed by SDS-PAGE and silver staining. The cells received 0 or 4 Gy of y-
radiation under either aerated or hypoxic conditions. The “NE” lane is a total
nuclear extract. The “M” lane is MW markers with the MW indicated in kDa.
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search. Therefore, in our results both mowse scores and significance thresholds
are considered. MS/MS spectra were also manually inspected to ensure that the
identifications were reasonable and confident. In some cases, a single peptide’s

score may be low (lower than the threshold), but correlation with other identified
peptides from the same protein and peptide mass mapping results increased the
confidence of the protein identification. If the Mascot MS/MS ion search did not
yield positive results (due to internal or side chain fragmentation that Mascot
does not account for), a potential peptide match was submitted to the MS-

product (http://prospector.ucsf.edu/) program and the theoretical fragments of the

peptide were compared with those shown in the MS/MS spectrum.

To date, we have identified 29 proteins involved in y-radiation-induced
DPCs (Table 3-1). Table 3-1 shows the protein identification results: identified
proteins, sequences of peptides selected for MS/MS experiments, peptide
masses, Mascot scores for MS/MS ion searches, and the corresponding
significance thresholds. Some of the identified proteins were from bands excised
from the gel shown in Figure 3-1. Tubulin a-6 chain was identified by peptide
mass mapping and confirmed by manually matching the MS/MS spectrum with
the theoretical fragments. Ninein was identified by peptide mass mapping only
because of the unavailability of MS/MS instrumentation at that time.

The proteins identified include: structural nuclear-matrix proteins, such as
actin and vimentin; spliceosome components, such as heterogeneous nuclear
ribonuclear proteins (hnRNPs) and the polypyrimidine tract binding protein
associated splicing factor (PSF); stress-response proteins, such as heat-shock

proteins HSP10 and the 78 kDa glucose-regulated protein (GRP78); and
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Table 3-1: Proteins identified in y-radiation-induced DNA-protein crosslinks

Peptides
Protein subjected to
MS/MS

Architectural/
Structural and
associated
proteins

YActin, beta IIAPPERK

AGFAGDDAPR

VAPEEHPVLLTEA
PLNPK

GYSFTTTAER

QEYDESGPSIVHR

DSYVGDEAQSKR

SYELPDGQVITIG
NER

IWHHTFYNELR

AVFPSIVGR

QEYDESGPSIVHR
+Pyro-glu (N-term
Q)

EDLVFIFWAPESA

Cofilin PLK

KEDLVFIFWAPES
APLK

Vimentin VELQELNDR

MALDIEIATYR

Peptide
mass

923.50

876.45

1954.07

1132.53

1516.71

1354.63

1790.89

1515.75

945.50

1499.68

1861.98

1890.00

1115.57

1295.67

Mascot
score

25

50

47

62

26

24

16

35

53

28

20

17

39

Significance
threshold

27

24

12

15

21

15

12

10

27

15

55

14

24

15

Aerated*

Hypoxic*

3

3

Fig.1

H7, H8

A1.H5
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Protein

Tropomyosin,
alpha 3 chain
and alpha 4
chain

Tubulin, alpha-6
chain

Radixin

Ninein

Cell cycle
proteins/

Chromatin
regulators

Histone H1

Peptides
subjected to
MS/MS

EEAESTLQSFR

SLYSSSPGGAYVT
R

LGDLYEEEMR

QVQSLTCEVDALK
GTNESLER

ISLPLPNFSSLNLR

KYEEVAR

KIQVLQQQADDAE
ER

IQVLQQQADDAEE
R

IQLVEEELDR

AGLNSLEAVKR

EDAANNYARGHY
TIGK

IQNWHEEHR

EIHKPGYLANDR

ldentified by
peptide mass
mapping only

KASGPPVSELITK

Peptide
mass

1296.61

1444.71

1254.57

237717

1570.90

894 .46

1770.90

1642.81

1243.66

1199.68

1780.01

1248.59

1412.73

1326.77

Mascot
score

26

47

12

23

42

37

50

17

37

28

manually
matched

15

Significance
threshold

19

20

18

14

24

30

22

15

25

21

13

17

15

Aerated* Hypoxic*® Fig.1

2 1 A3, H11
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Protein

MHistone H2A

"Histone H2B

MHistone H3

MHistone H4

CGI-55 protein

Peptides
subjected to
MS/MS

ALAAAGYDVEKN
NSR

VTIAQGGVLPNIQ
AVLLPK

AMGIMNSFVNDIF
ER

AMGIMNSFVNDIF
ER 20xidation(M)

STITSREIQTAVR

KLPFQR

STELLIR

YQKSTELLIR

EIAQDFKTDLR

YRPGTVALR

KPHRYRPGTVAL
R

VFLENVIR

ISGLIYEETR

DNIQGITKPAIR

AKVEFNIR

RFEKPLEEK

Peptide
mass

1578.79

1931.17

1743.82

1775.81

1461.80

788.48

831.50

1250.71

1335.69

1032.60

1550.91

989.58

1180.62

1325.76

976.56

1175.64

Mascot
score

19

18

38

23

34

22

46

43

159

188

39

33

30

23

26

Significance
threshold

28

14

16

16

61

31

31

21

55

16

55

30

28

22

28

25

Aerated* Hypoxic* Fig.1
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Peptides
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. . Peptide Mascot Significance . - .
Protein :ﬂust;ﬁgted to mass score threshold Aerated* Hypoxic Fig.1
RPDQQLQGEGK 1255.64 40 23
Nuclease
sensitive
element binding RPENPKPQDGK 1265.66 62 29 1 H6
protein 1
RRPENPKPQDGK 1421.76 10 13
NEGSESAPEGQA
QAR 1587.70 46 29
PTBP-
associated FGQGGAGPVGG
splicing factor QGPR 1341.67 33 31 1 H1
(PSF)
FAQHGTFEYEYS 1762.78 20 16
QR
GIVEFASKPAAR 1245.70 18 22
Cellular
homeostasis
Calumenin
(Crocalbin) EQFVEFR 954.47 49 38 1 H6
TFDQLTPEESKER 1579.76 36 18
Serotransferrin
precursor TYDSYLGDDYVR 1466.65 6 13 1
thioredoxin
peroxidase Il ATAVMPDGQFR 1192.58 27 14 1 A5
Alpha-2-
macroglobulin
receptor- LAELHSDLK 1025.57 21 25 1 H8
associated
protein
LVHNLNVILAR 1261.78 20 16
Glyceraldehyde-
3-phosphate GALQNIIPASTGAA
dehydrogenase K 1411.78 15 27 2 H10
(GAPDH)
\FQPTANVSVVDLTC 1530.80 17 20
120




Protein

GDP/GTP
binding
proteins
Rho GDP-
dissociation
inhibitor 1

Stress
Response

78 kDa
glucose-
regulated
protein

(GRP78)

10 kDa heat
shock protein

Transcription
regulators/
RNA splicing
components
Heterogeneous
nuclear
ribonucleo-
rotein A1

Peptides
subjected to
MS/MS

AITIFQER

VPTPNVSVVDLTC
R

LISWYDNEFGYSN
R

IDKTDYMVGSYGP
R

AEEYEFLTPMEEA
PK

IEIESFFEGEDFSE
TLTR

KSDIDEIVLVGGST
R

DNHLLGTFDLTGI
PPAPR

SDIDEIVLVGGSTR

ITPSYVAFTPEGE
R

FLPLFDR

VVLDDKDYFLFR

SSGPYGGGGQYF
AKPR

Peptide
mass

977.54

1556.81

1763.81

1601.77

1783.81

2149.00

1588.86

1933.02

1460.76

1566.78

807.51

1529.80

1628.78

Mascot
score

18

63

1

10

31

78

19

39

19

37

33

25

Significance
threshold

24

15

14

15

10

14

24

14

21

17

25

21

17

Aerated”

Hypoxic*

Fig.1

H3
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Peptides . -
Protein subjected to Peptide Mascot Significance Aerated* Hypoxic* Fig.1
mass score threshold
MS/MS
KLFIGGLSFETTDE
SLR 1913.00 10 13
Heterogeneous
nuclear
ribonucleo- £/YQAQQQAYESCE 14009 17 15 2 Ho
protein (hnRNP)
A2/B1
KLFIGGLTFETTDE
SLR 1927.02 5 14
similar to
Heterogeneous
nuclear IFVGGIKEDTEEYN
fibonucleo- LR 1882.96 32 24 1 1
protein (hnRNP)
A3
40S ribosomal
protein S24/SA TTPDVIFVFGFR 1398.74 25 14 2 H9
FAAATGATPIAGR 1203.65 29 19
Elongation
factor 1-alpha 1 IGGIGTVPVGR 1025.61 48 28 1 1 H6
YYVTIIDAPGHR 1404.73 25 16
TLS-associated
protein TASR-2 GFAYVQFEDVR 1330.65 13 26 1 1
YGPIVDVYVPLDF
YTR 1916.98 25 27
™These proteins have been found to be crosslinked to DNA by other agents (Tby IR) [21-26].
*The DPC isolation and protein identification experiments were carried out seven times. The same set of bands was NOT
excised in each experiment. This number represents the number of times that this protein was identified in the seven sets of
intensely stained bands that were selected for MS analysis.
Note: most peptides were detected in multiple experiments and modified peptides were also detected (oxidized, acetylated,
etc). The mascot score indicates how likely it is that the observed masses were generated from the suggested sequences in
the database search. Generally, higher the score, the better the match. The significance threshold is an indication of the
identification confidence level; it depends on the database, species, mass tolerance and other parameters used for the
database search. In our research, protein identifications with mascot scores greater than the significance threshold are
considered a confident match (see section 3.3.b.).
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chromatin-regulatory proteins, such as histones. Some of the proteins identified
may be crosslinked to DNA specifically under hypoxic conditions, for example,

hnRNP A2/B1, histones H3 and H4, and GRP78.

3.3.c. Confirmation of individual proteins involved in DPCs by Western blot

analysis

Confirmation and relative quantitation of selected individual proteins
identified by the MS analyses was performed by Western blotting of DPC
samples from both hamster AA8 and human GMO00637 cells. DPC samples,
prepared as above, were transferred to nitrocellulose membranes. Samples from
hamster cells were probed with antibodies to histone H2B (Figure 3-3A) or
vimentin (data not shown), and human samples were probed with antibodies to
actin (Figure 3-3B), or tubulin (Figure 3-3C), or ninein (data not shown). The
Western blotting results confirmed the involvement of each of these proteins in y-
radiation-induced crosslinks. Based on the relative quantitation from data pooled
from multiple independent experiments, the crosslinking of actin and histone H2B
increased following y-irradiation under hypoxic conditions but was not ignificantly
increased over background levels under aerated conditions. The opposite was
true for the crosslinking of tubulin, which showed an increase in crosslinking
following y-irradiation under aerated conditions, but no significant increase over
background after y-irradiation under hypoxic conditions. As well, actin, histone

H2B, and tubulin were each shown to crosslink to DNA when cells were
treated with formaldehyde, which is a well-known DPC inducer. Proteins

identified to be involved in y-radiation-induced crosslinks by MS but that were
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negative on all Western blots attempted (n = 9) were the hnRNP A/B proteins;
this may be due to antibody quality or masked/destroyed epitopes, although most
of the proteins examined in our analyses showed no size reductions/proteolysis

(i.e., they migrated at the expected sizes).

3.3.d. ldentification of additional novel proteins involved in DPCs by

Western blot analysis

Our list of proteins involved in y-radiation-induced DPCs is not exhaustive,
and no doubt further MS analyses would lead to the identification of additional
proteins. Because our MS data indicated the involvement of hnRNP A2/B1 and
A3 in y-radiation-induced DPCs, we probed for the related proteins hnRNP
C1/C2 (Figure 3-4A). Western blotting demonstrated the involvement of these
splicing components in y-radiation-induced DPCs as the level of protein
crosslinked to DNA increased after y-irradiation under both aerated and hypoxic
conditions.

Given that any proteins that are frequently in contact with the DNA, such
as DNA repair proteins, are potential targets for crosslinkage by IR, we
investigated the involvement of several additional proteins in y-radiation-induced
DPCs by Western blotting. Both PARP (Figure 3-4B) and PNK (Figure 3-4C)
were found to be involved in y-radiation-induced DPCs in human cells. Based on
relative quantitation from data from multiple independent analyses, PARP and
PNK each demonstrated an increased crosslinking to DNA after y-irradiation
under hypoxic conditions. PARP demonstrated a more marked increase in

crosslinking after y-irradiation under aerated conditions, while PNK showed a

1235
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Figure 3-4: Identification and
quantitation of additional proteins
in y-radiation-induced DPCs

Western blot analysis and
quantitation of A) hnRNP C1/C2, B)
PARP, and C) PNK in y-irradiation-
induced DPCs in hamster (A-B) and
human cells (C). Samples are
labeled to indicate 0 Gy or 1 Gy y-
radiation under aerated “A0 and A1"
or hypoxic “HO or H1" or
g | formaldedhyde “F” treatment.
‘ Quantitations were performed on
pooled data from independent
experiments as  described in
Materials and Methods (section
3.2.k).
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background level of DPC induction under aerated conditions.
The PNK and hnRNP C1/C2 proteins also showed increased crosslinking
after treatment of cells with formaldehyde, but PARP showed only a slight

increase above background.

3.2.e. Quantitation of y-radiation-induced DPCs in mammalian cells

As shown above, Western blotting allowed for the relative quantitation of
crosslinking of individual proteins to DNA. The next step was to examine the
dose dependence of total DPC induction by y-radiation. The DNAzol-Strip
method is useful for isolating high yields of crosslinked proteins (which is
important for MS), but previous work with topoisomerase poison-induced DPCs
[17] (see Chapter 2, section 2.3-f of this thesis) indicated that the lengthy
processing time and conditions may result in the loss of some DPCs. For
quantitation work, we switched to the DNAzol-Silica method as it is more rapid,
thus reducing the opportunity for DPC reversal or degradation. We also switched
from silver staining (Figures 3-1 and 3-2) to SYPRO Tangerine staining (Figures
3-5 to 3-8) because the latter method has a lower detection limit, low protein-to-
protein staining variability and is quantitative, whereas silver staining is not.
Figures 3-5A and B show typical SYPRO Tangerine-stained SDS-PAGE
analyses of crosslinked proteins from aerated (3-5A) and hypoxic (3-5B) CHO
AA8 cells exposed to increasing doses (0-4 Gy) of y-radiation. Again, the
stringency of the removal of non-crosslinked proteins was confirmed by

examining the lane for the unirradiated aerated cell sample, which contained little
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Figure 3-5: Quantitation of DPCs from hamster cells, 0-4 Gy

CHO AA8 cells received 0, 1, 2, or 4 Gy of y-radiation under either aerated
(panel A) or hypoxic (panel B) conditions. DPCs were isolated using the DNAzol-
Silica method and analyzed by SDS-PAGE and SYPRO Tangerine staining. The
dose in Gy is indicated above each lane. C) Plot of total protein isolated per pg
of DNA for each sample. Means, standard error and linear regression analysis
were performed on data accumulated from 7 independent experiments.
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protein. The extent of crosslinking was quantified for the total protein for each
sample (Figure 3-5C) using known quantities of the size-marker proteins for
calibration and the ImageQuant 5.2 software on the Typhoon 7400 imager and
subtracting a representative background region for each sample. This was
performed on 7 independent experiments. Under aerated conditions, there
appeared to be a dose-responsive crosslink induction that plateaued at 2 Gy.
The dose-response was not the same under hypoxic conditions where the
induction of DPCs with increasing doses of y-radiation approached linearity (p =
0.077), but possibly reaching a plateau by the higher doses.

We then analyzed the dose-dependence of y-radiation-induced
crosslinking in these cells in a lower dose range; 0-1.5 Gy (Figure 3-6).
Representative gels of isolated DPCs from aerated and hypoxic cells are shown
in Figure 3-6A and B, respectively. The statistical analyses were carried out on
pooled data (n = 10) and demonstrated that there is a linear dose-responsive
relationship for DPC-induction in aerated and hypoxic cells below 2 Gy (p =0.035
and 0.048, respectively).

Similar analyses were performed for vy-radiation-induced protein
crosslinking to DNA in human cells. Figure 3-7 shows a typical analysis of
crosslinked proteins isolated from GM00637 normal human fibroblasts exposed
to 0-4 Gy of y-radiation under aerated (Figure 3-7A) or hypoxic (Figure 3-7B)
conditions. Under aerated conditions, the y-radiation-induced crosslinking of
protein to DNA did increase linearly over the 0-4 Gy dose range (p = 0.042, n =
6), but this linearity was not observed under hypoxic conditions (p = 0.1, n = 6).

Additional analyses were also performed in human cells using a lower
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Figure 3-6: Quantitation of DPCs from hamster celis, 0-1.5 Gy

CHO AAB8 cells received 0, 0.5, 1.0, or 1.5 Gy of y-radiation under either aerated
(panel A) or hypoxic (panel B) conditions. DPCs were isolated using the DNAzol-
Silica method and analyzed by SDS-PAGE and SYPRO Tangerine staining. The
dose in Gy is indicated above each lane. (C) Plot of total protein isolated per ug
of DNA for each sample. Means, standard error and linear regression analysis
were performed on data accumulated from 10 independent experiments. (%)
indicates that the data point is significantly different from the 0 Gy sample.
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Figure 3-7: Quantitation of DPCs from human cells, 0-4 Gy

GMO00637 cells received 0, 1, 2, or 4 Gy of y-radiation under either aerated
(panel A) or hypoxic (panel B) conditions. DPCs were isolated using the DNAzol-
Silica method and analyzed by SDS-PAGE and SYPRO Tangerine staining. The
dose in Gy is indicated above each lane. (C) Plot of total protein isolated per g
of DNA for each sample. Means, standard error and linear regression analysis
were performed on data accumulated from 6 independent experiments.
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dose range (Figure 3-8). Representative gels for DPCs isolated from aerated
(Figure 3-8A) and hypoxic (Figure 3-8B) cells exposed to 0-1.5 Gy of y-radiation
are shown. The results were similar (Figure 3-8C) for both aerated and hypoxic
conditions, with neither condition revealing a linear dose-dependent induction of
DPCs by y-radiation (p = 0.082 and 0.089 (n = 12) for aerated and hypoxic cells,
respectively).

An advantage of this approach is that SYPRO Tangerine staining and
ImageQuant software enable analysis of the crosslinking response of individual
protein bands, as shown in Figure 3-8D, where we have analyzed the protein
content of two sample bands (H1 and H2 in Figure 3-8B). We further compared
the quantitation of a specific band with the Western blot for a specific protein
constituent of that band (PARP) in an individual experiment (Figure 3-9). DPCs
isolated from hypoxic CHO AAS8 cells exposed to 0-1.5 Gy of y-radiation were
separated on SDS-PAGE and stained with SYPRO Tangerine. The total protein
in the band migrating with an approximate MW of 116 kDa (Figure 3-9A) was
quantified (Figure 3-9B). After protein transfer to nitrocellulose, the blot was
probed with antibodies to PARP and the signal intensities determined (Figure 3-
9C and 3-9D). These data highlight the applicability of this DPC analysis
approach to the eventual dissection of the biological relevance of the crosslinking

of individual proteins.

3.4. Discussion

Several proteins involved in DPCs induced by various agents have been
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Figure 3-8: Quantitation of DPCs from human cells, 0-1.5 Gy

GMO0637 cells received 0, 0.5, 1.0, or 1.5 Gy of y-radiation under either aerated
(panel A) or hypoxic (panel B) conditions. DPCs were isolated using the DNAzol-
Silica method and analyzed by SDS-PAGE and SYPRO Tangerine staining. The
dose in Gy is indicated above each lane. (C) Plot of total protein isolated per pg
of DNA for each sample. Means, standard error and linear regression analysis
were performed on data accumulated from 12 independent experiments. (D)
Quantitation of individual protein bands H1 and H2 from the gel shown in B.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A)
B)

ng proteinfug DNA
(8)]

0.5
0 —
HO HO.5
0 0.5
C) l |
i o g
D) 30
25
o
O
=
c
3

HO HO.5

Figure 3-9: Quantitation of an individual DPC from human cells, 0-1.5 Gy

CHO AAS8 cells received 0, 0.5, 1.0, or 1.5 Gy of y-radiation under hypoxic
conditions. (A) DPCs were isolated using the DNAzol-Silica method and
analyzed by SDS-PAGE and SYPRO Tangerine staining. (B) Total protein
isolated per ug of DNA for each band was quantified. (C) Western blot analysis
with anti-PARP antibody was performed and quantitation of optical density was
performed for each band (D). The dose in Gy is indicated above each lane.
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identified previously using immunological methods [1,21-28). Early studies of
formaldehyde- and IR-induced crosslinking logically focused on histones
because of their known close association with DNA, and these proteins were
indeed shown to be crosslinkable by both of these agents, although the studies
with IR were periormed in vitro using cell-free systems. One study [22] did
examine the crosslinking of proteins to DNA by IR in vivo and identified three
such proteins: actin, lectin, and aminoglycoside nucleotidyl transferase; there is
information about a role for actin in the nucleus [29], but the biological relevance
of these other crosslinked proteins within the nucleus is unknown.

In this study, we have successfully combined stringent protein removal
with SDS-PAGE separation and sensitive MS analysis to identify a set of proteins
crosslinked to DNA in mammalian cells following exposure to y-radiation. We
have presented here the identification of 29 proteins that appear to be involved in
y-radiation-induced DPCs. These proteins fall into several categories according
to their nuclear functions. Among these are structural/nuclear-matrix proteins
such as actin and vimentin, spliceosome components such as hnRNPs and PSF,
stress-response proteins such as HSP10 and GRP78, chromatin-regulatory and
structural proteins such as histones, as well as proteins involved in other DNA
transactions such as the chromatin remodeling protein CGI-55, and proteins
whose nuclear functions are not vyet fully known. These proteins must be located
within several nanometers of the DNA to become crosslinked. Therefore, such
proteins are in direct association with the DNA or in very close proximity at the
time of irradiation or shortly thereafter. Some of the proteins identified here have

already been shown to be involved in DNA metabolic processes and in
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association with DNA, for example the histones, while others have not. Another
factor affecting the likelihood that a protein will be identified as being involved in
DPCs is whether it is sufficiently abundant that it can be visualized as a distinct
band on SDS-PAGE and in sufficient yield to be identifiable by MS.
The nuclear localization of some of these proteins, for example glyceraldehyde-
3-phosphate dehydrogenase and vimentin, was originally discounted as
artifactual, and yet further work on such proteins has led to the proposal of new
and additional roles in DNA repair and recombination processes [30,31]. Other
proteins on our list also have roles in these processes, which may explain their
association with DNA (Table 3-2). A number of mRNA-processing components
were identified in this study, and their presence was probably not a result of their
crosslinking to ribonucleic acid because DNAzol effectively hydrolyzes RNA. We
must therefore consider the possible association of these proteins with DNA
directly, and thus what roles they might be performing in this regard. For
example, a recent study has shown the involvement of hnRNPA1 in
Okazaki fragment maturation during DNA replication as a stimulator of the FEN-1
nuclease [55]. A novel role of another ribonucleoprotein, this time in genome
maintenance, has also been demonstrated; the TLS/FUS protein has been
shown to mediate homologous pairing and to be involved in the DNA damage
response [62]. The TASR (TLS-associated SR) proteins, identified as being
involved in DPCs in our study, may also be involved in these processes due to
their association with TLS.

We were not able to find evidence of nuclear localization or a nuclear

function for every protein that we identified. It may be that the fingerprint
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Table 3-2: Relevant roles and/or nuclear localization for identified proteins.

Protein

Histone H2A, H4

Histone H2B
Histone H3

CGI-55 Protein

Ninein

Tubulin

Vimentin

Actin

Cofilin

Elongation Factor 1 alpha 1

Tropomyosin

Radixin

78kDa Glucose Regulated Protein (GRP78)

Calumenin/Crocalbin

Alpha-2-Macroglobulin Receptor-Associated
Protein

Roles

DNA organization, modified forms
involved in DNA repair [32]

DNA organization

DNA organization, telomere binding
(33]

potential chromatin remodeling factor
[34]

microtubule anchoring; localizes to
nuclei in interphase [35]

component of microtubule organizing
centre in nucleus [36]

chromatin remodeling, recombination
[31]

nuclear scaffold, chromatin remodeling
[37], regulation of DNA replication
and/or transcription [38,39],
senescence marker [40]

actin-regulatory protein; nuclear
accumulation in senescence [40]

actin organization, transcription;
nuclear localization in apoptotic cells
[41]

actin-regulatory protein

actin organizing protein, localizes to
nucleus [42]

stress response, protein folding;
localizes to ER [43]

Ca++ regulatory protein, localizes to
the endoplasmic reticulum (ER) and
Golgi [44]

protein folding, localizes to ER [45]
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10kDa Heat Shock Protein, mitochondrial
(chaperonin10)

Thioredoxin Peroxidase |l

Serotransferrin Precursor
TLS-Associated SR Protein, TASR-2
Heterogeneous Nuclear Ribonuclear

Protein A3

Heterogeneous Nuclear Ribonuclear
Protein A1

Heterogeneous Nuclear Ribonuclear
Protein A2/B1

40S Ribosomal Protein S24

Rho GDP-Dissociation Inhibitor 1 (GDI 1)

Splicing Factor - PTB Protein Associated

Nuclease Sensitive Element Binding Protein 1

Glyceraldehyde 3-Phosphate
Dehydrogenase

stress response, protein folding,
localizes to mitochondria and
secretory compartments [46]

oxidative stress response [47,48],
apoptosis inhibitor [49], maintenance
of genome stability [50]

iron transport, transferrin localizes to
endosomes [51]

mRNA splicing factor; TLS is nuclear
[62,53]

mRNA splicing factor, nuclear
localization [54]

mRNA splicing factor, FEN-1
stimulator [55], telomere formation
and/or stabilization [56], control of
apoptosis [57]

mRNA splicing factor, telomere
formation and/or stabilization [56],
control of apoptosis [57]

part of hnRNP complex involved in
mRNA processing

modulator of Rho GTPases; nuclear
localization? [58,59]

homologous pairing promoter [60]

recognizes unusual DNA structures
[61]

repair of thioguanylated DNA [30],
transcription [39]
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peptides used for identification will also be found in novel nuclear proteins. More
likely, there may be yet unknown nuclear functions for some of the proteins we
have identified. Indeed, new nuclear functions have been found for other
proteins. For example, recent studies have shown that the centriole protein,
Centrin 2, localizes to the nucleus and binds the NER protein, XPC, suggesting a
link between cell division and DNA repair [63]. Similarly, the DNA ligase IV
protein has recently been shown to interact with a subunit of the human
condensin complex, defining a new link between chromatin structure and DNA
repair [64]. Identification of proteins as being in close proximity to the DNA may
also provide insight into the content and organization of the protein complexes
involved in various processes in the nucleus.

Any protein involved in DNA-metabolic processes (repair, replication,
recombination, etc.) is a potential candidate for involvement in this form of IR-
induced lesion. Based on their known association with DNA, we investigated the
involvement of two additional DNA-repair proteins, PARP and PNK, in y-
radiation-induced DPCs through immunoblotting experiments. The PARP
proteins are involved in DNA damage signalling [65,66] and PNK is involved in
strand break repair. Both of these proteins were indeed shown to be crosslinked
to DNA in response to y-radiation.

Other important aspects of the y-radiation-induced crosslinking of proteins
to DNA are the background level of crosslinks and the dose- and oxygen-
dependence of these events. The SDS-PAGE analysis of DPC isolates
demonstrated that the DPC isolation method was sufficiently stringent to strip

non-covalent DNA-protein complexes from the DNA based on the low level of

139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



protein observed in the unirradiated-aerated sample (Figure 3-1, 0 Gy sample).
As with other forms of DNA damage, DPCs can be induced by endogenous
agents (e.g., free radicals generated during normal cellular metabolism). Human
cells have been reported to have a baseline level of DPC induction of 0.5-4.5 per
10’ bases [67] and a baseline level of thymine-tyrosine DPCs of ~7
molecules/10° bases [68]. However, the detection limit of the DPC isolation and
measurement methods will have a major impact on this parameter. For example,
the alkaline elution/polycarbonate filter method failed to detect DPCs in
unirradiated cells, and only detected DPCs in irradiated celis at doses of 50 Gy
[69]. The nitrocellulose filter binding technique is more sensitive and can detect
DPCs in irradiated cells at doses of ~30 Gy [69]. The method presented here
has allowed, for the first time, the detection of DPCs in irradiated cells at
biologically relevant doses as low as 0.5 Gy.

Based on previous observations, it has been suggested that molecular
oxygen favours DNA fragmentation reactions at the expense of DNA-protein
radical reactions following exposure to IR [70]. Consistent with this suggestion,
several previous studies [10,11,13,71] have reported an increased induction of
DPCs under hypoxic conditions; however, these studies typically used much
higher doses of IR and used the alkaline elution assay for DPC measurements,
which are indirect and influenced by other forms of DNA damage and is not very
sensitive. In many studies, the alkaline elution method cannot detect background
DPCs because X-rays were used to fragment the DNA in order to allow it to flow
through the filter. As well, DPCs in hypoxic cells were not detected by this

method at doses below 5 Gy [11]. Using our new, sensitive method for DPC
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detection and low doses of y-radiation (0-4 Gy) we did not observe a dramatic
effect of hypoxia on gross DPC induction. Quantitation of the crosslinking of
individual proteins; however, revealed an oxygen dependence of crosslinking for
some proteins (e.g., H2B, actin, hnRNPC1/C2, PNK) but not others (e.g., PARP,
tubulin). These results suggest that proteins become crosslinked to DNA by
different mechanisms. Indeed, it has been shown that there are chemically
different forms of crosslinks and that the induction of some crosslinks is not
influenced by the presence of oxygen in vitro [72-75]. Proteins can become
crosslinked to DNA directly through the intermediacy of IR-induced radicals.
Because the lifetime of these radicals is very short, only those proteins that are
located within several nanometers of the DNA at the time of irradiation can
become crosslinked.  Alternatively, IR exposure can potentially produce
crosslinks on a delayed time scale as a result of the generation of reactive
aldehydes or possibly other longer-lived species [75,76].

The dose dependence of DPC induction revealed a linear relationship in
hamster cells under aerated and hypoxic conditions in the low-dose range (0-1.5
Gy). In human cells, DPC induction under aerated and hypoxic conditions
approached linearity in the same low-dose range (0-1.5 Gy). At a higher dose
range (0-4 Gy), DPC induction in hamster cells appeared to plateau or decline
under aerated conditions, but approached linearity under hypoxic conditions.
The opposite effect was seen in human cells; DPC induction in the 0-4 Gy dose
range was linear under aerated conditions but appeared to plateau or decline
under hypoxic conditions. A non-linear dose response for crosslink induction has

previously been reported for other genotoxic agents. A decline in damage
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frequency with dose was reported for the crosslinking of nuciear matrix proteins
to DNA by the antitumor agent, cisplatin [27]. In the cisplatin study, SDS-PAGE
indicated that there was little change in the extent of crosslinking of abundant
proteins to DNA with cisplatin concentrations between 35 and 1,000 uM. Drug
concentration-responsiveness of DPC induction was demonstrated for individual
proteins in that study [27] using immunoblot analysis. A similar phenomenon has
also been reported for laser-induced DNA-protein crosslinking [77] and for UV-
induced recombination [78], although the cause of this effect is not yet known. It
is inevitable that cellular DPC induction will be a saturable process given that
there are a finite number of proteins per cell in contact with the DNA and
available for crosslinking reactions. Also, because of the differing protein
abundances, this plateau will occur at different doses and with differing
amplitudes for individual proteins. The existence of different dose-responses
was demonstrated by the quantitation of individual proteins. It may also be that
at higher doses of IR there are other types of damage that are occurring which
may affect either DPC induction or the efficiency of DPC detection.

It should be noted that other studies demonstrating the dose-dependence
of IR-induced DPCs used higher doses (and therefore, longer irradiation times)
than the present study. It is known that exposing cells to IR rapidly induces
changes in chromatin structure [79]. It may also be the case that the stress
induced by hypoxia also alters chromatin structure. Also, in the present study we
have used unsynchronized cell populations, and there may be variations in the
efficiency of chromatin stripping depending on the cell type and growth phase

[80,81]. Work from the Oleinick group [82-85] has shown that actively-
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transcribing DNA regions are more susceptible to DPC induction and that cells in
metaphase not only display a higher background level of DPCs but also show a
more gradual dose response for IR-induced DPCs compared to asynchronous
cell populations.

The crosslinking of nuclear proteins to DNA would be expected to have
serious consequences for DNA-metabolic processes such as the progression of
replication, transcription, and repair complexes. Determining which proteins
become covalently crosslinked to DNA may help to unravel the consequences of
DPCs for these DNA transactions and enable a better understanding of the
contribution of different types of DPCs to IR-induced responses such as
mutagenicity, transformation and cytotoxicity. It is not unreasonable to imagine
that there may be as yet undiscovered cooperative interactions between the
machinery that controls various aspects of the cell cycle and organization of
DNA/chromatin and members of the protein complexes that perform replication,
recombination, transcription, etc., and/or multiple roles for some of these proteins
in different nuclear metabolic processes. The identification of the proteins
involved in DPCs should therefore provide useful information towards
determining the consequences and repair of these DNA lesions and may also
provide some insight into the structural and temporal arrangements of protein

complexes in cellular chromatin.
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Chapter 4: Analysis of the timecourse of y-radiation-induced DNA-protein
crosslinks in mammalian cells.
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4.1. Introduction

DPCs are induced by a number of agents including UV, IR, metals,
aldehydes and some chemotherapeutic agents [1]. The crosslinks created by
these various agents are likely to be chemically distinct from each other as
evidenced by the fact that the crosslinked proteins can be released from the DNA
by different methods. The study of any DPC-inducing agent is further
complicated by the existence of additional DPC-induction pathways. Cells are
regularly exposed to DPC-inducing agents both exogenously and endogenously
through normal metabolic processes that generate aldehydes or free radicals.
Background DPC levels were measured in human peripheral lymphocytes and
found to have a frequency of between 0.5 and 4.5 adducts per 10’ bases [2].
Although some linkages have been conclusively shown to be covalent [3-6],
many studies have assumed that DPCs are covalent because of their
persistence despite the use of stringent dissociating conditions such as urea,
guanidine hydrochloride, boiling, detergent, etc. [7-9].

Reports on the cellular lifetime of DPCs indicate that they are longer lived
than many other forms of damage and that persistence varies depending on the
agent used, the dose used, and the cell type studied. Using CHO cells, it was
shown that ~50% of the DPCs induced by 50 Gy of X-rays were removed within
45 min at 37°C and ~90% were removed within 2 h [8,10]. Chiu et al. [11]
measured DPC levels in Chinese hamster V79 cells exposed to 60 Gy of y-rays
and demonstrated that ~50% of DPCs were removed within 1 h of exposure at

37°C, ~80% were removed within 5 h after exposure, and ~90% were removed
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by 24 h. Chromium-induced DPCs in CHO cells produced by a 6-h incubation
with 10 uM CaCrO;4 were repaired within 24 h, but there was no removal of DPCs
after treatment with 25 uM CaCrO4 despite little cytotoxicity [12]. Chromium-
induced DPCs persisted after 36 h in rat kidney and lung cells, but not in liver
cells [13]. Malondialdehyde is a DPC-inducing agent that is generated
endogenously through lipid peroxidation. The half-life of malondialdehyde-
induced DPCs in vitro was found to be 13.4 days [2]. Ferric nitriloacetate is a
known renal carcinogen associated with lipid peroxidation processes and
oxidative damage; DPC levels in rats treated with this agent peaked at 24 h,
were still significantly above background by 48 h, and returned to control levels
by day 19 [14]. Acetaldehyde-induced DPCs have been shown to be
hydrolytically unstable, with up to 75% of the lesions being lost after an 8-h
incubation at 37°C [15,16], while formaldehyde-induced DPCs have been shown
to have a half-life of ~12.5 h in human cells [17]. DPCs induced by formaldehyde
in vitro exhibited a half-life of ~26 h at 37°C; however, if agents that prevent
DNA-protein re-association (i.e., salt and/or detergent) were present, the half-life
of these DPCs was decreased to ~18 h. This observation suggests that
crosslinks can reform if the DNA and proteins remain in contact. The fact that the
in vivo removal rate is shorter than that predicted by hydrolytic instability and
from that seen in vitro suggests that there are additional, active repair processes
that contribute to the removal of DPCs in vivo.

Because of the induction of many forms of damage by endogenous

agents, specialized DNA repair systems have evolved for removing various types
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of damage (strand breaks, base damage, etc.) from the genome. This may also
be the case for DPCs, although these lesions may also be substrates for known
repair pathways. DPCs are expected to be bulky and potentially helix-distorting
and may therefore be substrates for NER [18]. Evidence for the involvement of
the NER pathway in DPC repair is contradictory. The removal of formaldehyde-
induced DPCs was examined in NER deficient cells (XPA and XPF) and was
found to be similar to that of normal cells, suggesting that NER is not involved in
DPC removal [17,19,20]. In contrast, Meyn et al. [21] reported that the UV41
(XPF deficient) CHO cell line removed only ~20% of the DPCs induced by 50 Gy
of X-rays under hypoxic conditions, while the parental AA8 cells removed ~80%
of these DPCs in the same 24 h period. The mutagenicity and toxicity of a
cysteine-Cr-DNA adduct in a shuttle plasmid was significantly greater towards
XPA cells than their corrected counterpart (XPA" cells) [22]. Gantt [23] found that
transplatin-induced DPCs were removed from normal human cells within 24 h,
but XPA cells required 4-6 days to remove them. Further support for the
possibility of DPC repair or partial repair by NER comes from Lloyd and
coworkers [24,25]. These investigators constructed a synthetic protein-DNA
substrate and synthetic peptide-DNA substrates of different sizes and different
crosslinking chemistries and showed that the £. Cofli UwrABC complex could
incise each of these substrates in vitro in a manner identical to the bacterial NER
reaction. The efficiency of incising activity on the DPC substrates was

comparable to, or greater than, that seen for standard NER substrates even in
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the presence of one of these competing adducts, implicating NER as a potential
contributing pathway to DPC repair [24,25].

As is apparent from the above discussion, the existing data on DPC
lifetimes and repair is extremely variable and limited. This variability may be due
in part to the use of different DPC-inducing agents and different DPC-detection
methods. There is an urgent need for clarification of the biological relevance of
these lesions, and such clarification will require a detailed dissection of the
stability, persistence, and possible repair routes of the various types of DPCs.
The present study examines the lifetime of -induced DPCs in repair-proficient
and NER/HRR and HRR —deficient mammalian cells due to the potential

involvement of these pathways in DPC repair.

4.2. Materials and Methods

4.2.a. Cell culture

The parental CHO cell line, AA8, was obtained from Dr. Keith Caldecott
(University of Sussex, UK). The mutant cell lines irs1SF, UV20, and UV41 were
obtained from the American Type Culture Collection (ATCC) (Manassas, VA).
Each cell line was maintained as a monolayer culture in aDMEM-F12 medium
supplemented with 10% fetal bovine serum and 5% penicillin/streptomycin in a

humidified 5% CO, and 95% air atmosphere at 37°C.
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4.2.b. Radiation and chemicai treatments of cells

Cells were grown as monolayer cultures to ~85% confluency. Aerated
cells were irradiated in 150-mm plastic dishes. To render cells hypoxic, the cells
were washed with PBS and trypsinized. Fresh medium was added to a final
volume of 5 ml per 2.4 x107 cells and the cells were transferred to 60-mm glass
Petri dishes. The dishes were placed in air-tight aluminium chambers and the
chambers were evacuated using a vacuum manifold. The chambers were then
filled with pure nitrogen gas and the cells were incubated at room temperature in
nitrogen for 8 sec, with the process being repeated four times. This process was
repeated another four times using 8-min incubations, and the cells were then
incubated at 37°C for 20 min to allow them to metabolize residual oxygen [26].
After irradiation, the cells were released from hypoxia and returned to 150-mm
plates. Fresh medium was then added, and the cultures were returned to the
37°C incubator.

For y-radiation exposures, cells were irradiated in a ®°Co irradiator
(Gammacell; Atomic Energy of Canada Limited, Ottawa) at a dose rate of 0.1
Gy/sec. For formaldehyde treatment, 37% formaldehyde was added to the
growth medium to a final concentration of 1% and the sample was incubated at
37°C for 1 h. Cells were either processed immediately (0 h time point) or were
washed twice with warm PBS and incubated for between 5 and 30 h at 37°C in

fresh growth medium.
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4.2.c. Quantitation of DNA

For each sample, the DNA concentration was determined after nuclease
digestion by measuring the UV absorbance at 260 nm, as described in Chapter
2, section 2.2.i. The relative amounts of DNA were determined within each

experiment and were used to determine sample loads for SDS-PAGE analysis.

4.2.d. Nuclei isolation

Nuclei isolation was performed as described in Chapter 2, section 2.2.g.

4.2.e. Nuclear extract preparation

Nuclear extracts were prepared as described in Chapter 2, section 2.2.h.

4.2.f. DNAzol-Silica DPC isolation method
We followed the method of Barker et al. [27] as described in Chapter 2,
section 2.2.e. The method of Elphinstone et al. [28] was used to prepare the

silica fines (VWR, Mississauga, Ontario).

4.2.g. SDS-PAGE analysis

Laemmii buffer (BioRad) was added to each sample to normalize the DNA
content among the samples within each individual experiment. Samples were
analyzed by 1-D SDS-PAGE using pre-cast 10-20% gradient gels (BioRad). Gels

were stained using SYPRO Tangerine (Invitrogen).
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4.2.h. Quantitation of protein on SDS-PAGE gels

SYPRO Tangerine-stained 1-D SDS-PAGE gels were scanned using an
Amersham Typhoon 7400 imager. The resulting fluorescence images were
analyzed using the ImageQuant 5.2 software. Known amounts of broad-range
protein markers (Biorad) were run on each gel and stained with SYPRO-
Tangerine. Representative background regions were subtracted for each band
and marker bands were quantitated. Marker bands were also quantitated and
used to determine protein levels in each sample after subtraction of

representative background regions.

4.2.i. Western blots

After analysis of SYPRO Tangerine staining with the Typhoon imager, the
gels were de-stained in 10% methanol and protein was transferred to
nitrocellulose membranes (Bio-Rad) for 1.5 h at 80 V. Blots were blocked in 5%
milk-TBST for 1 h, at room temperature, with gentle agitation. Primary antibody
incubations were overnight at 4°C with gentle agitation. After incubation with
primary antibody, the blots were washed 4 times (15 min per wash) in 10 mL of
5% milk-TBST at room temperature. Fluorescent secondary antibodies were
incubated with the blots for 1 h at room temperature, in the dark, with gentle
agitation. After the secondary antibody incubation, the blots were kept in the dark
while being washed again as above, with a final wash in PBS. Images of the

blots were obtained using a LI-COR Odyssey infra-red imager.
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4.2.j. Antibodies

Primary polyclonal antibodies to mammalian vimentin, histone H2B, actin,
and PARP were obtained from Santa Cruz Biotechnology. Primary antibodies
were used at dilutions of 1:1,000 in 5% milk-TBST in a total volume of 3 mL.
Fluorescence-tagged secondary antibodies (goat anti-rabbit IR800 and rabbit
anti-goat 700) were obtained from Rockland Immunologicals (Gilbertsville, PA)

and used at a dilution of 1:5,000 in 5% milk-TBST in a total volume of 5 mL.

4.3. Results

4.3.a. Time course of formaldehyde-induced DPCs in mammalian cells

To validate the method of analysis, the induction and loss/removal of
formaldehyde-induced DPCs in mammalian cells was examined. CHO AAS8 cells
received either no treatment or were treated with 1% formaldehyde for 1 h at
37°C; the formaldehyde was then removed and the cells were further incubated
at 37°C for 0, 5, 15 or 30 h. DPCs were isolated using the DNAzol-Silica method.
Sample volumes were normalized based on the amount of DNA isolated, and the
recovered DPCs were analyzed by SDS-PAGE. A representative SYPRO
Tangerine-stained gel from 6 independent experiments is shown in Figure 4-1A.
The fluorescent markers were used to quantitate the level of protein in each
sample lane. The amount of crosslinked protein isolated at each time point is
shown in Figure 4-1B. Similar to the earlier published lifetime of ~12.5 h for
formaldehyde-induced DPCs in human cells [17] the level of crosslinked proteins

decreased rapidly and returned to background level within ~15 h.
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Figure 4-1: Time course of formaldehyde-induced DPCs in AA8 hamster
cells

AA8 CHO cells received no ftreatment “NT” or were ftreated with 1%
formaldehyde for 1 h at 37°C. Cells were either processed immediately or were
further incubated for 5-30 h. DPCs were isolated using the DNAzol-Silica
method, analyzed, and quantitated as described in sections 4.2.f-h. Gel images
(A) were obtained using the Typhoon 7400 instrument and quantitations (B) were
performed using the ImageQuant 5.2 software. The “M” lane represents the MW
markers, indicated in kDa. The time (h) after treatment is indicated above each
lane. The “NE” lane is a total AA8 nuclear extract. The data in panel B represent
the means and standard errors of 6 independent experiments. * indicates that
the peak value is significantly different from the “NT” sample and ** indicates that
the final value is significantly different from the peak value.
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4.3.b. Time course of y-radiation-induced DPCs in mammalian cells

CHO AAS8 cells received either no treatment or were exposed to 1.5 Gy of
y-rays under either aerated or hypoxic conditions, then were incubated at 37°C
for 0, 5, 15, 30 or 50 h. DPCs were isolated using the DNAzol-Silica method and
analyzed by SDS-PAGE. Representative gels for the two conditions (aerated and
hypoxic) are shown in Figures 4-2A and B, respectively. DPCs were quantitated
using SYPRO Tangerine staining and fluorescence quantitation was performed
for 7 independent experiments (Figure 4-2C). There was a similar time
dependency for the induction and loss curves in both aerated and hypoxic cells.
(Note that the hypoxic cells were re-aerated immediately after irradiation, such
that the actual repair phase occurs under aerated conditions). For both sets of
cells, DPC levels increased in the first 15 h and decreased after 15 h, but had not
returned to background level by 50 h.
43.c. Time course of y-radiation-induced DPCs in repair-deficient
mammalian cells

The time course analysis was extended to y-radiation-induced DPCs in
repair-deficient CHO cells to assess the potential involvement of different repair
pathways in DPC removal. The NER pathway has been suggested to be
involved in DPC removal (see section 4.1 and Figure 1-5) and the HRR pathway
has been suggested to be involved in the removal of crosslinks (see section 1.9
and Figure 1-5). The UV20 cell line is deficient in the ERCC1 protein, which is
involved in NER and possibly in HRR [29]; the UV41 cell line is deficient in the

XPF NER protein, which, like ERCC1, may also be involved in HRR [29]. The
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Figure 4-2: Time course of y-radiation-induced DPCs in AA8 hamster cells,
0-50 h after 1.5 Gy

AA8 CHO cells received no treatment “NT” or were exposed to 1.5 Gy of y-
radiation under either aerated (A) or hypoxic (B) conditions. Cells were either
processed immediately or were further incubated for 5-50 h. DPCs were isolated,
analyzed, and quantitated (C) as detailed in Figure 4-1. The data in panel C
represent the means and standard errors of 7 independent experiments. The
MW markers are indicated in kDa. The time (h) after treatment is indicated above
each lane. The “NE” lane is a total nuclear extract.

161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



irs1SF cell line is deficient in the XRCC3 protein, which is a homolog of the HRR
protein RADS1, and is also involved in HRR, but not in NER [30]. Cells received
either no treatment or were exposed to 1.5 Gy of y-rays under either aerated or
hypoxic conditions and were further incubated at 37°C for 0, 5, 15, 30 or 50 h.
DPCs were isolated, analyzed, and quantitated as above. Representative gels
are shown for UV41 cells in Figures 4-3A and B, for UV20 cells in Figures 4-4A
and B, and for irs1SF cells in Figures 4-5A and B. Quantitations of 4 (UV41,
irs1SF) or 3 (UV20) separate experiments were performed and the averaged
data are shown in the third panel of each figure (4-3C, 4-4C, and 4-5C). For
each of the three mutant cell lines a greater level of DPC induction was apparent
in the cells irradiated under hypoxic conditions. Furthermore, ail three mutant
cell lines demonstrated a slower removal of DPCs than that seen in the parental
AA8 cell line. Indeed, by 50 h after irradiation, none of the mutant cell lines
demonstrated a significant decrease in DPC levels compared with their peak
values. Interestingly, the mutant cell lines differed with respect to the total level
of DPCs induced, and the DPC levels in the mutants were invariably lower than

those seen in the parental cell line.

4.3.d. Time course of individual DPCs in normal mammalian cells

The time course of crosslinking of individual proteins to DNA was also
examined by Western blotting. The SDS-PAGE gels from the quantitation
analyses were de-stained and the proteins were transferred to a nitrocellulose
membrane. The blots were probed with antibodies to three proteins that we had
previously shown (see Chapter 3) to be crosslinked to DNA following y-radiation

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A) Aerated M_NT 0Oh 5h 15h 30h 50h NE
200 ::? et e i

B) Hypoxic

C) 70

60 [
50

40

ng protein/ microgram DNA

ANT AOh ASh A15h A30h ASOh HNT HOh HSh H15h H30h HS0R

Figure 4-3: Time course of y-radiation-induced DPCs in UV41 hamster cells,
0-50 h after 1.5 Gy

UV41 CHO cells either received no treatment “NT” or were exposed to 1.5 Gy of
y-rays under either aerated (A) or hypoxic (B) conditions. Cells were either
processed immediately (no treatment and O h time point) or were further
incubated for 5-50 h. DPCs were isolated, analyzed, and quantitated (C) as
detailed in Figure 4-1. The data in panel C represent the means and standard
errors of 4 independent experiments. The “M” lane represents the MW markers,
indicated in kDa. The time (h) after treatment is indicated above each lane. The
“‘NE” lane is a total nuclear extract. * indicates that the peak DPC vyield is
significantly different from the “NT" sample.
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Figure 4-4: Time course of y-radiation-induced DPCs in UV20 hamster cells,
0-50 h after 1.5 Gy

UV20 CHO cells either received no treatment “NT” or were exposed to 1.5 Gy of
y-rays under either aerated (A) or hypoxic (B) conditions. Cells were either
processed immediately or were further incubated for 5-50 h. DPCs were isolated,
analyzed, and quantitated (C) as detailed in Figure 4-1. The data in panel C
represent the means and standard errors of 3 independent experiments. The “M”
lane represents the MW markers, indicated in kDa. The time (h) after treatment is
indicated above each lane. The “NE” lane is a total nuclear extract.
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Figure 4-5: Time course of y-radiation-induced DPCs in irs1SF hamster
cells, 0-50 h after 1.5 Gy

Irs1SF CHO cells either received no treatment “NT” or were exposed to 1.5 Gy of
y-rays under either aerated (A) or hypoxic (B) conditions. Cells were either
processed immediately or were further incubated for 5-50 h. DPCs were isolated,
analyzed, and quantitated (C) as detailed in Figure 4-1. The data in panel C
represent the means and standard errors of 4 independent experiments. The “M”
lane represents the MW markers, indicated in kDa. The time (h) after treatment is
indicated above each lane. The “NE” lane is a total nuclear extract. * indicates
that the peak DPC yield is significantly different from the “NT” sample.
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exposure, namely vimentin (Figure 4-6A), PARP (Figure 4-6B), and histone H2B
(Figure 4-6C). These blots demonstrate that individual proteins are crosslinked
to DNA and that this crosslinking exhibits a very different oxygen dependence for
the different proteins. Thus, vimentin and PARP both appeared to be crosslinked
to DNA to a greater degree under aerated conditions, while the opposite was true
for histone H2B. The crosslinks were also removed with different kinetics; for
example, vimentin and PARP crosslinks appeared to persist for up to 50 h, while
the crosslinking of histone H2B peaked by 5 h post-y-radiation and was almost

resolved by 50 h.

4.3.e. Time course of low-dose y-radiation-induced DPCs in mammalian
cells

We modified the DPC time course analysis to examine an extended time
period and a lower dose of y-radiation. CHO AAS8 cells received no treatment or
were exposed to 0.5 Gy of y-rays under either aerated or hypoxic conditions, and
the cells were further incubated at 37°C for 0, 5, 15, 30, 50, 72 or 96 h. DPCs
were isolated using the DNAzol-Silica method and analyzed by SDS-PAGE. DPC
quantitation using SYPRO Tangerine fluorescence was performed for 7
independent experiments for both aerated (Figure 4-7A) and hypoxic (Figure 4-
7B) conditions. An interesting trend in DPC induction was observed at this low
dose (0.5 Gy). DPC induction under both aerated and hypoxic conditions peaked
immediately after irradiation and then declined for 15 h, but then increased again

at 24 h after irradiation before decreasing again by 96 h.
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Figure 4-6: Time course of individual y-radiation-induced DPCs in AAS8
hamster cells, 0-50 h after 1.5 Gy

After Typhoon analysis of 1-D SDS-PAGE gels of DPC samples from Figure 4-2,
the gels (A-aerated and H-hypoxic) were transferred to nitrocellulose and probed
with antibodies to vimentin (A), PARP (B), or histone H2B (C). Fluorescent-
secondary antibodies were used and blots were analyzed using a LI-COR
odyssey infra-red imager. The time after treatment (h) is indicated above each
sample. The no treatment “NT” sample and the total nuclear extract “NE” are also
shown.
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Figure 4-7:Time course of y-radiation-induced DPCs in AA8 hamster cells,
0-96 h after 0.5 Gy

AA8 CHO cells either received no treatment “NT” or were exposed to 0.5 Gy of y-
rays under either aerated or hypoxic conditions. Cells were either processed
immediately or were further incubated for 5-86 h. DPCs were isolated, analyzed,
and quantitated (A-aerated, B-hypoxic) as detailed in Figure 4-1. The data
represent the means and standard errors of 7 independent experiments. *
indicates that the 0 h value is significantly different from the “NT” sample and **
indicates that the 15 h value is significantly different from the 0 h value.
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4.4. Discussion

As noted in the Introduction, it is very difficult, based on the existing
literature, to develop any real consensus as to the stability and repairability of
DPCs induced by various genotoxic agents in mammalian cells. This problem is
partly a result of differences in DPC chemistry, isolation methods, cell lines and
DPC-inducing agents. Many previous DPC studies used either the alkaline
elution or nitrocellulose filter binding assays. These methods and their various
modifications have quite different abilities to resolve [R-induced DPCs, and
almost invariably require high (supralethal) doses of IR. Indeed, two different
groups [21,31] have reported that doses of 50-60 Gy were required to be able to
follow the repair of crosslinked proteins using filter-binding techniques over a 24
h period.

The DNAzol-Silica method used in the present study can readily detect [R-
induced DPCs in both aerated and hypoxic cells after low doses (~1 Gy) [27] and
therefore enables, for the first time, the study of DPC induction and repair in
various cell lines following exposure to biologically-relevant doses of IR. |t
should also be noted that the confluency (85%) of the cells at the time of
irradiation would be sufficient to limit the contribution of cell doubling to the
dilution of DPCs. The DPC isolation method was first used to confirm the
reported short life-time of ~12.5 h for formaldehyde-induced DPCs that has
previously been observed in mammalian cells [17]. We observed that
formaldehyde-induced DPCs in parental CHO cells were maximal immediately

after a 1-h treatment and were removed almost completely within 15 h of
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treatment (Figure 4-1), whereas the formation of DPCs induced by 1.5 Gy of y-
radiation peaked by ~15 h and persisted at above background levels for up to 50
h after irradiation (Figure 4-2). At a dose of 0.5 Gy, DPCs were found to persist
in these parental cells up to 96 h after irradiation and surprisingly to exhibit two
peaks of induction (Figure 4-7). The prolonged presence and even an increase
in DPC induction over a period of hours to days post-treatment has been
reported previously for DPCs induced by chromium [32], ferric nitriloacetate [14],
and UV [11,33].

The early and extended y-radiation-induced DPC formation may be due to
immediate versus delayed/secondary effects of IR, respectively. Crosslinking
reactions can occur by a number of chemistries and therefore on a number of
timescales. The immediate DNA-damaging events associated with y-radiation
exposure presumably involve the rapid, local generation of many ROS and other
radicals, and especially of hydroxy! radicals, which can then react with DNA or
protein directly, potentially causing the crosslinking of these two biomolecules if
they are in close contact. Processes that occur on a longer time scale as a result
of exposure to IR include the post-irradiation generation of hydrogen peroxide,
which creates additional hydroxyl radicals, and the generation of reactive but
relatively stable molecules such as aldehydes through the activity of lipid
peroxidation processes. Protein hydroperoxides generated from protein attack by
IR-induced hydroxyl radicals have also been shown to have a lifetime of days

[34,35], and it is possible that these species are later converted back to

170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



reactive/crosslinkable species, e.g., through the intermediacy of redox-active
transition metal ions such as copper (l) and iron (lI).

Other studies have also detected an increased association of protein with
DNA over a period of hours following irradiation, but have suggested that this
increase is not due to the formation of covalent DPCs, but is instead due to the
reorganization of chromatin in response to damage [10]. Chiu et al. [36,37] also
proposed that a re-organization of chromatin occurs during DPC repair. They
suggested that changes in the interaction of DNA with the nuclear matrix occur
based on the observation that DPCs induced immediately after IR exposure are
enriched in actively transcribing sequences, but this enrichment falls off during
the post-IR incubation period [37]. They proposed that DNA loops are reeled into
the nuclear matrix scaffold for repair and that DPCs might contribute to cell killing
if their repair is inhibited [36]. These authors also speculated that DPCs may be
induced to a greater extent in open chromatin because there is more space for
proteins to access the DNA and because there is also greater water solvation of
these regions that would result in an increased local production of hydroxyl
radicals after irradiation. The re-organization of chromatin may in fact be in
response to damage or an attempt to repair damage, but it may lead to the
induction of additional DPCs if there are still reactive sites or species present.
Indeed, crosslinking of DNA repair proteins to repair intermediates, such as
abasic sites, has been previously reported [38,39].

The quantitation of DPC induction in HRR and NER/HRR -deficient cell

lines (Figures 4-3, 4-4, and 4-5) indicated that the total amount of protein
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crosslinked by y-radiation under either aerated or hypoxic conditions is lower
than that in parental cells (Figure 4-2). It is difficult to explain this unexpected
observation. One possibility is that this effect may be caused by a decreased
availability of proteins for crosslinking reactions in the mutant cells. Previous
studies have noted differences in chromatin structure and nuclear matrix protein
composition in radiosensitive cells. Maranon et al. [40] have shown that
radiosensitive IRS-20 cells have a more open chromatin conformation, as
demonstrated by the increased sensitivity to DNase | digestion, suggesting fewer
sites in association with proteins. Some radiosensitive mutants [41] have been
shown to be deficient in nuclear matrix proteins and to have an impaired ability to
rewind their DNA after irradiation. In fact, Malyapa et al. [41] proposed that the
stability of anchorage sites determines the radiosensitivity of cells. Alterations in
chromatin structure have also been suggested to underlie the radiosensitivity of
the xrs-5 mutant CHO cell line [42].

Alternatively, it may be that deficiency of a particular DNA repair protein
leads to increased sensitivity to DPC induction (or indeed lack of DPC removal)
not because that particular DNA repair pathway is involved in the removal of
these lesions, but because that repair protein is somehow involved in the
formation of nuclear matrix anchorage complexes or in the chromatin remodeling
steps required to access damage for repair. It has been suggested [43] that
modification of chromatin structure is an early response to DNA damage and
would be the starting point for mobilization of the downstream effectors of repair.

Absence of a protein involved in nuclear matrix anchoring or chromatin

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



modification might result in fewer opportunities for DPC induction because of a
reduction in DNA-bound protein complexes, but would also result in reduced
repair of DPCs because of the failure to move the DNA loops into position for
repair or in failure to modify the chromatin structure to allow access by repair
proteins. [t may be that crosslinking of specific proteins is detrimental to the cell
in that repair proteins may be sequestered and the contribution of DPCs to cell
killing is due to the sequestration of proteins required for the repair of other types
of damage. Certainly, several proteins in these functional categories have been
shown to be crosslinked to DNA by y-radiation [44] (see Chapter 3 of this thesis).

A limited removal of DPCs generated under aerated or hypoxic conditions
was observed in the HRR and NER/HRR -deficient cells (see Figure 4-8 for data
comparison). It may be that DPCs are in fact repaired predominantly by the HRR
pathway and this accounts for the lack of repair in both the NER/HRR-deficient
cells and the HRR-deficient cells. However, the repair of DPCs is likely to be
more complex; DPCs may be substrates for repair by HRR or NER. The XPF
and ERCC1 proteins, in addition to their role in HRR/crosslink repair, are also
components of the NER pathway; therefore, we evaluated NER/HRR mutants
and not strictly NER mutants. As well, other removal mechanisms (e.g.,
proteolysis; see section 1.9-d of Chapter 1 of this thesis) may alter the repair
path utilized. Indeed, loss of formaldehyde-induced DPCs in human cells was
seen to decrease in normal human or XPA cells treated with a proteasome

inhibitor [17], suggesting involvement of proteolysis in DPC removal. However,
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Figure 4-8: Time course comparisons of y-radiation-induced DPCs in AAS,
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The data from figures 4-2, 4-3, 4-4, and 4-5 have been piotted together for
comparison purposes.
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the inhibition of proteolysis can itself directly impact on DNA repair pathways
[45].

Further complicating matters is the fact that many DPC-inducing
agentscan induce more than one chemical type of DPC. The conflicting reports
on DPC repair may therefore reflect differential repair based on DPC chemistry.
The NER pathway does exhibit a preference for particular types of DPCs; for
example, a DPC generated from an apurinic/apyrimidinic site was incised more
effectively than were DPCs generated from a y-hydroxypropanodeoxyguanosine
adduct [24]. The size of the adducted protein/peptide also influenced the
effectiveness of E. coli UvrABC incision as an intermediate sized adduct (12
amino acids) was incised more effectively than a small (4 amino acid) or a large
(16 kDa T4 pyrimidine dimer glycosylase-apurinic/apyrimidinic site lyase protein)
adduct [24]. These results allow for the possibility that a DPC might first be acted
upon by a proteolytic pathway to reduce the size of the protein moiety to a more
manageable peptide that can be processed by the NER complex. Other factors
may affect DPC repair pathway choice; for example, the HRR pathway requires
the availability of homologous sequence. As will be discussed in section 6.6 of
Chapter 6, the role of another pathway that is important for the repair of IR-
induced DNA damage, i.e., non-homologous end-joining, in DPC repair is
unknown but should be elucidated as it may be possible that DPCs are converted
to DSBs as has been proposed for ICLs. It is also possible that the first step

toward DPC generation involves base damage, which can be acted upon by the
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BER pathway, thus preventing DPC induction; therefore, the involvement of this
pathway in DPC repair should also be determined.

In summary, it is clear that y-radiation-induced cellular DPCs are not as
rapidly repaired as other forms of DNA damage. These lesions appear to be
relatively long lived and can remain in the genome for days after treatment.
NER/HRR-deficient cells demonstrate a limited removal of DPCs induced under
either aerated or hypoxic conditions; thus, the involvement of these repair
pathways warrants further investigation. At this point we could speculate that it is
not the gross initial or residual DPC levels that determine the consequences of
DPC induction as the total yields are higher in the parental cells, but that it is the
extent of and/or persistence of the crosslinking of particular proteins that is
detrimental. It may be that crosslinking of particular proteins prevents these or
other lesions from being repaired or in some way activates or inhibits an
important cellular event (e.g., signaling or chromatin anchoring/remodeling).
Determining the biological relevance of the crosslinking of proteins to DNA will
require further detailed study of the crosslinking of individual proteins involved in

DPCs.
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Chapter 5: Conclusions
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IR is an important environmental risk factor for various cancers and
paradoxically is also a major therapeutic agent for cancer treatment. However,
the exact mechanisms by which exposure to this agent lead to its various harmful
and useful effects on biological systems is less clear. Exposure of mammalian
cells to IR induces several types of damage to DNA, including DSBs, SSBs, base
and sugar damage, as well as DNA interstrand crosslinks and DPCs. As outlined
in Chapter 1, not much is known regarding the contribution of DPCs to the
biological consequences of exposure to IR, in part because these lesions are not
yet well characterized. What has been reported about IR-induced crosslinks is
that more than one form of this lesion is induced [1-10], these lesions are
induced preferentially when oxygen levels are very low [11-13], and that while the
induction of DPCs inversely correlates with cell killing [14] it may be a useful
target for modulating the effectiveness of radiotherapy [11]. There is great
variability in the literature as to the consequences, half-lives, and proposed repair
pathways for DPCs induced by various agents. The different crosslink
chemistries are likely to affect the stability and repair of these lesions as well as
their biological impact. Furthermore, a number of different methods have been
used for analysis of these lesions. To exploit these types of lesion for therapeutic
advantage it will be necessary to further characterize their properties in much
greater detail.

The existing methods for DPC isolation were not stringent enough for
identification of truly crosslinked proteins due to high levels of contamination with

non-crosslinked proteins [15]. Thus, the first challenge in our work was the
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development of a novel method for the isolation of covalent DPCs from
mammalian cells. The method that we developed, and which is described in
Chapter 2, uses chaotropic agents to isolate genomic DNA and stringently
remove non-crosslinked proteins, followed by nuclease digestion to release the
covalently crosslinked proteins for further analysis. The technique generated
high quality protein samples in sufficient quantities for analysis by MS. We also
developed a modified form of this method, which additionally makes use of
chaotropic agents for promoting the adsorption of DNA (with crosslinked
proteins) to silica fines, which markedly reduced the DPC isolation time and cost.
The SDS-PAGE analysis of DPC isolates demonstrated that the DPC isolation
method was sufficiently stringent to strip non-covalent DNA-protein complexes
from the DNA based on the consistently low level of protein observed in
unirradiated samples. Perhaps for this reason, these methods can readily detect
DPCs after y-ray doses as low as 0.5 Gy. This can be compared with the
alkaline elution/polycarbonate filter method or the nitrocellulose filter binding
method that can reproducibly detect DPCs only at much higher radiation doses of
~50 Gy and ~30 Gy, respectively [16].

Next, as outlined in Chapter 3, we used this stringent DPC isolation
procedure in combination with SDS-PAGE and MS, and identified 29 proteins
that can be covalently crosslinked to DNA by IR in mammalian cells under
aerated and/or hypoxic conditions [17]. The identified proteins include structural
proteins, actin-associated proteins, transcription regulators, RNA splicing

components, stress response proteins, cell cycle proteins, GDP/GTP binding
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proteins, and proteins whose nuclear functions are not yet known. The
involvement of severa! of these proteins (e.g., actin, histone H2B) in DPCs was
confirmed using Western blot analysis. The demonstration of the crosslinking of
these proteins to DNA indicates that they are in close contact with the DNA at the
time of, or shortly after, irradiation. These findings may suggest new roles for
some of these proteins in DNA metabolism, such as in DNA replication or repair,
or in chromatin anchoring or remodelling processes.

Quantitation of DPCs was performed by staining 1-D SDS-PAGE gels with
SYPRO Tangerine followed by analysis using fluorescence imaging. The dose-
dependence of DPC induction revealed a linear relationship in mammalian cells
under aerated and hypoxic conditions in the low-dose range (0-1.5 Gy), but
appeared to plateau or even decrease at higher doses (2-4 Gy) (Figures 3-5
through 3-8). Previous studies have demonstrated a linear dose-dependence of
IR-induced DPCs, but these studies used much higher doses, longer irradiation
times, and greater dose increments than the present study and have employed
very different DPC isolation methods. It is not unexpected that crosslinking of
proteins to DNA might reach a saturation point as there are a finite number of
proteins in the nucleus in contact with DNA. Individual proteins will be present at
different levels and therefore their crosslinking would be anticipated to plateau at
different doses and with differing amplitudes.

While previous studies [11-13] have demonstrated an increased level (1.5-
5.5 fold [18]) of DPCs induced by IR under hypoxic conditions, there have also

been reports that some IR-induced DPCs are induced independently of oxygen
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status [2,10,19]. Perhaps this is not surprising considering that there are several
chemically distinct types of DPCs formed by IR and that the formation of these
various DPCs may be differentially influenced by the presence of oxygen.
Proteins can in fact become crosslinked to DNA by several mechanisms. The
immediate effects of IR (either through direct or indirect action) involve radical
formation on either the protein or the DNA (or possibly both) and the subsequent
reaction of these radicals with another macromolecule (protein or DNA). These
types of reactions might be inhibited in the presence of oxygen because the DNA
or protein radical could react with oxygen rather than a neighbouring protein or
DNA atom. They might also be potentiated for some types of radicals. The
delayed effects of IR include the generation of longer-lived species such as the
products of the peroxidation of lipids, e.g., leading to the generation of DNA-
reactive electrophilic aldehydes, which are potent DPC-inducers, as well as the
generation of protein hydroperoxides [20-22] which, as discussed in Chapter 4,
section 4.4, may later be converted to reactive species when they encounter
redox-active transition metal ions. The generation of these various reactive
intermediates differs in the reliance on oxygen. Some reactive intermediates
(e.g., products of peroxidation) absolutely require molecular oxygen for their
generation and therefore more of these potential crosslinking intermediates will
be generated when oxygen is present, leading to an increase in these types of
DPCs. In contrast, the generation of other radiochemical products (e.g., 8,5'-
cycloadenosine) is independent of oxygen [23], whereas yet other species can

be rapidly quenched by reaction with oxygen (e.g., to form a strand break) and
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thus prevented from further reaction to form a DPC. These reactions will be
occurring on different time scales as some of these reactions are diffusion
dependent and the various reactive intermediates differ in their stabilities.

A major finding in this work was that, after low doses of IR (0.5-4 Gy),
lesions involving some proteins were favoured by the presence of oxygen, some
were suppressed, and some were not affected (see Chapter 3). This is very
different from the general picture that has emerged from previous studies, which
had two major problems: (1) use of high/supralethal doses (typically >10 Gy); and
(2) an inability to look at individual proteins, thus imposing a misleading focus on
gross lesions that we now know are extremely heterogeneous and have differing
oxygen dependencies. The sensitive DPC isolation method developed here can
now be combined with numerous other approaches (MS, protein separation and
visualization, protein quantitations, Western blotting) for the re-evaluation of
many aspects of DPC induction by low-dose IR (or other agents).

We also extended our analyses of DPC induction to examine the rate of
DPC loss/removal from mammalian cells [24]. We confirmed that formaldehyde-
induced DPCs were lost within 15 h of treatment (Figure 4-1). We also found
that the level of [R-induced DPCs after 1.5 Gy of y-radiation first increased and
later decreased with time, but these lesions were much more persistent,
remaining significantly above background levels as late as 50 h after irradiation
(Figure 4-2). A longer time period was studied using a lower dose (0.5 Gy), and
these data indicated that there may be a biphasic nature to the induction of

DPCs, with a second peak of DPC induction occurring after ~24 h (Figure 4-7).
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The mechanism of this second reaction phase possibly involves the production of
protein hydroperoxides or other longer-lived reactive species. [21,22]. This may
be the case for some aldehyde reactions as these reactive moieties can react
with protein [25] generating a longer-lived protein-aldehyde intermediate which is
still reactive and might subsequently react with DNA to result in a DPC.

The removal of IR-induced DPCs was also examined in repair-deficient
mammalian cells to assess the involvement of NER/HRR in this process. Little
decrease in DPC levels was seen in NER/HRR- or HRR-deficient cells under
either aerated or hypoxic conditions (Figures 4-3 through 4-5); DPC levels
remained fairly constant over the time period (up to 50 h) examined, while the
DPC levels in the parental cells appeared to decrease over this same time period
(Figure 4-2). The lifetime analyses suggest that DPCs are relatively long-lived
lesions and that the HRR and NER pathways may be involved in their repair.
However, improving the statistical validity of these conclusions will require
additional experimentation.

Because of the collateral induction of other forms of damage, our
understanding of the contribution of DPCs to the cytotoxic, mutagenic and
carcinogenic effects of DPC-inducing agents has been elusive. It would be fair to
say that IR-induced DPCs are poorly-characterized lesions and, as such, their
biological consequences are not yet fully appreciated. DPCs may potentially
block the progression of translocating replication, transcription and recombination
complexes and may also prevent necessary manipulations of chromatin

structure. The study of DPCs has been complicated by the variety of DPC
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chemistries that are possible and by various limitations in DPC isolation and
quantitation methods. Identification of proteins involved in [R-induced DPCs
using the methodology developed in this thesis may thus be helpful in
determining the consequences and repair of these lesions. The crosslinking of
individual proteins needs to be further examined to determine which DPCs are of
the greatest biological relevance. What is clear is the fact that IR-induced DPCs
are not as rapidly repaired as other forms of damage. These lesions appear to
be relatively long lived and persist for days after irradiation. NER/HRR- and
HRR-deficient cells do demonstrate a trend towards showing impaired DPC
removal. Further information regarding the mechanisms of the formation and
removal of DPCs would help to delineate the biological relevance of this type of
lesion, and may provide insights into cellular processes such as the interaction of
the nuclear matrix with DNA metabolism. Determining the mechanisms by which
DPCs are repaired may also provide information for developing successful

cancer treatment strategies that overcome radioresistance in hypoxic tumours.
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Chapter 6: Future Directions
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6.1. Introduction

The data presented in this work have provided useful additional insights
into the nature of IR-induced DPCs and have started to open up the possibility of
understanding the biological impact of tﬁese lesions. There are, of course, many

further questions to be answered before the full relevance of DPCs is clear.

6.2. Improved control over the study cell population

Several reports suggest that DPC induction, removal, or isolation may be

affected by several factors:

6.2.a. Cell cycle

Metaphase cells do not form or repair DPCs at the same rate as
asynchronous cells [1], and non-crosslinked proteins require less stringent
methods for stripping from stationary cells than from proliferating cells [2,3]. In
the present work, we used asynchronous cell populations. In the future,
techniques such as centrifugal elutriation that separate cells into the different
phases of the cell cycle should be interfaced with such studies. This will be

particularly important for studies of DNA repair, as outlined in section 6.5.

6.2.b. Attachment
No repair of DPCs was observed in cells that were normally grown as a
monolayer, but that were instead detached and grown in suspension [4]. In the

present study, cells under hypoxic conditions were detached from the cell culture
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plate and transferred to glass plates for the induction of hypoxia and subsequent
irradiation. This was necessary in order to accommodate the large number of
cells needed and the small size of the aluminium chambers. It would be of use to

determine if this is in fact an issue and did affect the results obtained.

6.2.c. SV40 transformation

A difference in the rate of DPC repair was observed in non-transformed
XPA cells versus SV40-transformed XPA cells [5]. This effect may be due to
increased proliferation caused by virus transformation or it may be due to
activation of some other cellular function (e.g., DNA damage responses) by the
virus [5,6]. In the present study, we used a human SV40-transformed fibroblast
line. It would be of interest to examine the influence of SV40 transformation on
DPC induction and removal, and to extend this line of questioning to examine the
influence of proliferation rate on DPC removal. As cells replicate, it is possible
that translocating replication complexes trigger the recognition and repair of
DPCs. It may also be the case that replication is arrested before the DPC can be
reached because of steric constraints in the helix, creating a strand break
upstream of the DPC, leading to recombinational repair of both the break and the
DPC? It is known that another type of DPC, those induced by topoisomerase
poisons, is more toxic in S-phase because it blocks progression of replication
[7,8). This type of DPC is also toxic when it blocks transcription [9]; therefore, it
would be of interest to measure both the extent of replication and of transcription

and their correlation with DPC induction and removal.
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6.2.d. Apoptosis

Another parameter that has not been addressed in the present work is the
extent of apoptosis induced and its relationship to the DPC levels in these cells.
Because the hypoxic cells were not attached to the dish during treatment (see
above discussion on attachment), dead cells were not washed away before DPC
levels were quantitated. Hypoxic cells are known to be radioresistant and the IR
dose used was not high enough to induce a large degree of cell death, but it
might be informative to perform cell counts and Annexin V quantitations of
apoptotic cells on the cell populations used for DPC analyses.

Thus, further studies should be conducted on more controlled cell
populations. As well, a more complete picture of DPC induction and repair would
be obtained by extending the analyses we performed to a larger range of human

and hamster repair-proficient and -deficient cells.

6.3. DPC quantitation

The novel methods presented in this work offer a substantial improvement
over existing methods in detection limit and purity of the isolated DPCs. The use
of a quantitative fluorescent protein stain (SYPRO Tangerine) combined with the
Imagequant 5.2 software allowed the quantitation of isolated DPCs. It would be
of use to confirm the quantitation data by another method. The protein isolated
in the DPC samples could be quantitated using a newer fluorescent protein stain,
Deep Purple (GE Healthcare) (Figure 6-1, top panel), which is more sensitive

than the Bradford reagent. As with the SYPRO Tangerine staining, samples
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Figure 6-1: Quantitation of DPCs using Deep Purple

The upper panel shows a section of a multi-well plate of DPC samples isolated
from CHO cells exposed to 0 or 1.5 Gy of y-radiation, or treated with 1%
formaldehyde (HCHO) for 1 h at 37°C. DPCs were isolated using the DNAzol-
Silica method. One-third of the total isolated protein for each sample was
incubated with the Deep Purple Total Protein Stain (GE Healthcare) and the
fluorescence was analyzed and quantitated (bottom panel) using the Typhoon
7400 instrument.
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stained with this dye would be analysed on the Typhoon 7400 instrument and
quantitated using the ImageQuant 5.2 software (Figure 6-1, bottom panel). This
approach has the advantage of not requiring separation of proteins by gel
electrophoresis, which removes the potentially confounding factors of dealing
with background gel staining. The Deep Purple stain is only fluorescent upon
binding with protein and is not affected significantly by nucleic acids, detergents,
or other common biological contaminants and is reported not to cause the gel
“speckling” which often complicates quantitation efforts with other dyes. Because
the proteins are not separated and the Deep Purple stain is more sensitive (60
pg detection limit) than SYPRO Tangerine, this quantitation approach would
require less sample (see figure 6-1).

It is clear that there are different chemical types of DPCs and that these
DPCs are likely formed and lost at different rates. Therefore, individual DPCs
may contribute differently to the biological relevance of this class of lesions.
Individual DPCs can be isolated using a modified ChlP approach. The target
DPC protein would be immunoprecipitated from the DPC isolate using an
antibody. Immunoprecipitates are then separated by SDS-PAGE and probed
with antibody by Western blotting. It may also be possible to immunoprecipitate
with a fluorescently-labeled secondary antibody so that quantitation can be
performed using a fluorescence scanner rather than SDS-PAGE analysis. These
analyses could be done for proteins that we have currently identified and could

be extended to “fish” for additional DPCs.
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A second immunological approach that could be used for individual DPC
isolation is the powerful combination of immunological detection with capillary
electrophoresis and laser-induced fluorescence detection [10]. This technique is
significantly more sensitive than current techniques for the detection of base
damage to DNA. DNA with (covalently) attached protein would be incubated with
antibody to a target DPC, followed by incubation with a fluorescently-labeled
secondary antibody. This complex would be separated from free antibodies by
capillary electrophoresis and the peak corresponding to the complex of protein
with bound primary antibody and bound secondary antibody would be
quantitated. The use of this approach to quantitate individual DPCs is currently
being optimized in conjunction with Dr. Hailin Wang in the laboratory of Dr. Chris
Le (Department of Public Health Sciences, University of Alberta).

One final approach that could be used for the quantitation of individual
DPCs is MS. In recent years, the technology has improved greatly and the
laboratory of Dr. Liang Li (Department of Chemistry, University of Alberta) is

equipped with LC-MALDI MS to perform such detailed analyses [11].

6.4. Stability and chemical composition of IR-induced DPCs

Chemical studies have demonstrated that IR induces different chemical
forms of crosslinks [12-15] and that crosslinks induced by IR under hypoxic
conditions are different from those induced under aerated conditions based on
the observation that the formation of these crosslinks did not appear to be

influenced by the presence of oxygen [12,13,16]. Cress and Bowden [17]
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suggested that ~20% of the DPCs induced by 100 Gy of X-rays are phosphate to
nitrogen bonds which can be disrupted by hydroxylamine. However, these DPCs
do not appear to be due to phospho-serine or phospho-threonine bonds as they
were not affected by guanidine hydrochloride. A study analyzing chromate-
induced DPCs in mammalian cells [18] demonstrated that ~19% of these lesions
involve crosslinking through the metal atom based on their disruption by EDTA.
The remaining ~81% of chromate-induced crosslinks appear to be crosslinked
through oxidative mechanisms, and ~45% of these were probably crosslinked
through sulfur-containing amino acids because they were released by thiourea
treatment [18].

To estimate the reversal of IR-induced crosslinks of various chemistries,
the DNAzol-Silica DPC isolation method can be modified to test different DPC
reversal methods. The reversal methods to be tested include: i) incubation with
150 mM NacCl at 65°C for 4 h, which is used in ChIP protocols to reverse the
(hydrolytically unstable) formaldehyde crosslinks, ii) incubation in 100 mM
thiourea at 37°C for 2 h, which is used to release DPCs formed through
sulfhydryl linkages [19,20], iii) incubation in 50 mM EDTA, pH 8.0 at 37°C for 2 h,
which is used to release DPCs formed through coordination with a metal atom
[18]. As a control, the reversal of formaldehyde-induced DPCs (1%
formaldehyde treatment for 1 h at 37°C) by heating at 65°C for 4 h in 150 mM
NaCl will also be examined. For comparison, a set of samples will also be

carried through the standard DNAzol-Silica isolation method, which involves total
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DPC release by nuclease digestion. These experiments are currently being

optimized in our laboratory.

6.5. Effect of DPCs on chromatin structure

The use of MS for quantitation would be useful for examining the
relevance of individual proteins in DPCs. For example, the role of histones in
DPCs could be examined in more detail by MS as this technology is also capable
of detecting various post-translational modifications [21-23]. It is known that
histones exist in different isoforms and can undergo a number of different
modifications [24]. These modified histone isoforms are in intimate contact with
DNA at different locations, at different times during the cell cycle, and under
different cellular circumstances [25]; for example, histone H3 acetylation has
been suggested to be involved in the DNA damage response [26], and the
phosphorylation of histone H2AX has been shown to be important for DSB repair
[27,28]. We have already observed the IR-induced crosslinking of various
proteins in mammalian cells that correspond in size to a number of histones and
have confirmed the involvement of histones H1-H4 in IR-induced DPCs using MS
(see Table 3-1). Determining which histone variants become crosslinked may be
informative as to what regions of DNA or regions of activity are more frequent
targets for DPC induction.

Analyses of DPC induction could also be applied to other proteins that are
involved in chromatin structure. We have shown that a number of such proteins

can be crosslinked to DNA by IR. Other studies [29-31] have suggested a link
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between nuclear matrix anchoring/chromatin organization and radiosensitivity.
The effects of DPCs on chromatin modifications could be examined by the use of
an intercalating fluorescent dye such as propidium iodide, which has been used
in other studies of nuclear matrix anchoring [32,33]. These analyses could be
performed on repair-proficient and repair-deficient cells to analyze the differences
in the amount and stability of anchored DNA loops and would provide information
on the effect of various DNA repair proteins in forming these complexes. This
would also reveal the extent of DNA availability for DPC formation. After
irradiation, the extent of dye intercalation would again be analyzed to determine
the effect of IR-induced damage on DNA loop anchorage and/or unwinding. The
extent of DPC induction by IR in these cells could also be measured to examine
any correlation of DPC induction with effect on chromatin anchoring or
unwinding. The presence of DPCs might also be demonstrated by repeated high
stringency salt extractions prior to propidium iodide staining to confirm that these
new protein associations are not disrupted. These assays may provide
information on whether or not the induction of DPCs has the effect of disrupting

necessary chromatin remodeling or DNA loop unwinding or migrating activities.

6.6. Repair of DPCs

Regardless of the quantitation method(s) used, it would be useful if these
assays were applied to a number of different crosslinked proteins as well as total
proteins. Because of the lack of clarity on whether and how DPCs are actively

repaired, it would be important to quantitate DPCs in a greater number and
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variety of repair-proficient and -deficient hamster and human cell lines. The cell
lines used should include NER and HRR deficient lines due to the suggestion
[34] that these pathways may be involved in DPC repair; as well as the human
Scan-1 cell line, which is deficient in the tyrosyl-DNA phosphodiesterase |
protein, which is responsible for the reversal of topoisomerase I-induced DPCs
[35]). As well, it would be informative to use this sensitive methodology to
quantitate the loss/removal of DPCs from cells treated with proteasome inhibitor
to assess the contribution, if any, of proteolysis in DPC removal. It may also be
of interest to assay DPC removal in cell lines where more than one repair
pathway has been targeted for disruption; for example, inhibition of proteasome
activity in NER deficient cells [36]. Further information on DPC repair may be
provided by analyzing the removal of formaldehyde-induced DPCs in these
repair-deficient cell lines and comparing the time-courses for induction and
removal of DPCs induced by different agents.

Another experiment that could be done to assess the active repair of
DPCs would be to test whether or not there is an inducible repair response.
Compared to other studies, we have used low doses of IR: 0-1.5 Gy. Cells could
be treated with a low dose (e.g., 0.2 Gy), returned to the incubator for 4 h to allow
for activation of repair, and then treated with a higher dose (1.5 Gy). The level
and repair of DPCs isolated from these cells would then be compared with the
level of DPCs isolated from cells treated with 1.5 Gy alone to see if there is
greater removal after the “priming” dose, which would suggest the activation of a

repair pathway.
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The effect of crosslinking of individual proteins will also be informative as
to the involvement of these proteins in DNA metabolic processes. For example,
recent data suggest the involvement of various histones in DNA repair [37]. The
release of histone H1 from DNA is suggested to be an important step in the
repair of DSBs by non-homologous end-joining [38]. Additionally, the association
of the S.cerevisiae linker histone with DNA inhibits HRR [39]. Clearly, covalently
trapping of particular histones on the DNA would affect these repair processes. it
would be of interest to examine the correlation of increased crosslinking of a
given protein with the activity of other repair processes. The role of the non-
homologous end-joining pathway itself in DPC repair is unknown, and should be
studied using available mutant cell lines. As was noted in section 6.2-a, the
study of synchronized cell populations will be particularly important in this regard
because NER is believed to operate efficiently throughout the cell cycle; in
contrast, HRR operates much more efficiently in G2 phase where the newly-
replicated sister chromatids act as donors for homologous recombination; non-
homologous end-joining is believed to operate throughout the cell cycle but to be

a particularly important alternative to HRR in G1-phase cells.

6.7. DPCs induced by other agents

Many of the assays discussed here could also be used to examine the
DPCs induced by other agents. This may be informative as to the biological
consequences of DPCs, or of particular DPCs, if the same protein(s) are found to

be crosslinked to DNA by many (every?) DPC-inducing agent. An interesting
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Figure 6-2: DPCs induced by DMSO

The figure is a composite of gels examining background DPC isolation from CHO
cells that received no treatment “NT” or 10 pL of DMSO (1, 2, and 3; from 3
separate suppliers) and were incubated for 1 h at 37°C. DPCs were isolated
using the DNAZzol-Silica method and analyzed by SDS-PAGE and SYPRO-
Tangerine staining. The “NE” lane is a total CHO cell nuclear extract.
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finding that we came across in our work that warrants further investigation is the
induction of DPCs by the solvent, DMSO (Figure 6-2). DMSO is used to
administer many drugs and has even been used in the study of DPCs induced by
topoisomerase poisons. Crosslinking of proteins by DMSO may be due to the
production of aldehydes in vivo by this compound [40] although the dose we
used is quite low, or it may be due to the crosslinking activity of a break-down
product/contaminant of DMSO. The first step to validating this effect is to test a
sample of DMSO of greater purity.

It would be informative to measure the extent of DPC induction caused by
agents of interest in environmental pollution, such as arsenic, or due to their use
in chemotherapy, such as melphalan (LPAM). Preliminary work indicates that
LPAM induces DPCs (Figure 6-3), and these experiments should be repeated to

isolate and identify the crosslinked proteins.

6.8. Isolation of proteins potentially involved in recombinational repair of
DPCs and DNA interstrand crosslinks

Many bifunctional agents induce more than one type of damage and are
capable of inducing DPCs and DNA interstrand crosslinks (ICLs). Both ICLs and
DPCs may be repaired by recombinational repair pathways due to the size of
these lesions and/or the steric challenges potentially faced by the repair
machinery. Earlier work by the author was focused on determining the proteins

that bind to ICLs, although it should be apparent from the earlier chapters that
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Figure 6-3: LPAM-induced DPCs in CHO cells

CHO cells received no treatment “NT”, or 1 um or 6 um LPAM for 1 hour at 37°C.
DPCs' were isolated using the DNAzol-Strip method and analyzed by SDS-PAGE
and silver staining. The “M” lane is the MW markers with the sizes indicated in
kDa.
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this information may also be critical to understanding the cellular mechanisms of
DPC repair.

To identify proteins that recognize an ICL it was necessary to construct a
synthetic DNA substrate. We designed the substrate to be of sufficient length
toaccommodate binding of a repair complex and removal of a repair patch and to
contain only a single, site-specific LPAM-induced ICL (Figure 6-4). LPAM was
chosen as the crosslinking agent because it causes primarily ICLs as compared
to other crosslinking agents (such as cisplatin) which cause primarily intrastrand
crosslinks and/or monoadducts [41]. To limit the induction of damage, the
substrate was constructed in stages using 3 sets of 2 complementary
oligonucleotides. The central duplex contained an LPAM crosslinking site (5-
CNG-3') (Figure 6-5). Treating the substrate with drug while in duplex form
rather than first treating it while single stranded and then annealing to the
complement limits the induction of monoadducts [41]. The optimal LPAM
treatment protocol was determined to be a combination of methods employed by
Bauer and Povirk [41] and Osborne and Lawley [42]. The annealed duplex was
incubated with 20 mM LPAM for a brief period, after which the substrate DNA
was precipitated away from the drug and then incubated further to allow for
reaction of the second side of the crosslink. An undamaged control duplex was
also prepared. One strand of each duplex had been labeled prior to reaction.
The crosslinked substrate duplex was subjected to digestion by Haelll, because

adduct formation will block digestion, and then purified by PAGE. The control
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MWE45 (17-mer): 5'-CCCATTATGGCCTAACC-3’

MWE49 (31-mer): 5'-CATATGACGGTTAGGCCATAATGGGAATCTC-

‘CCTTAAGCTTCCTCAACCACTTACCATACTCGAGATTCCCATTATGggCTAACCGTCATATGCCGCCTC
C

GGAATTCGAAGGAGTTGGTGAATGGTATGAGCTCTAAGGGTAATACCGGATTGGCAGTATAC

TGACCTTCCTAGAATTCCATCC*




Figure 6-4: Design of the interstrand crosslinked substrate

We designed a 17-mer and 31-mer duplex to contain an LPAM crosslink site.
The full-length 91-bp oligonucleotide is composed of 6 shorter oligonculeotides
and was labeled on each &' terminus or was constructed using a 5’ biotinylated
(') oligonucleotide at one terminus.
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CCCATTATGGCCTA 17-mer/31-mer duplex

CTCTAAGGGTAATACCGGATTGGCA

!

ﬁcccmmwsiz::za Haelll digest
C

CTCTAAGGGTAATAC TTGGCA PAGE purify

!

Haelll digestion

YcccaTTaTaeceTa
WCCCATTATGG CTCTAAGGGTAATACCEGATTGGCA
CTCTAAGGGTAATACC ICL = No Cut
10-mers¢ l
PAGE analysis

Figure 6-5: Construction of the interstrand crosslinked duplex

The 17-mer containing the two 5-GNC sites was labeled with 2P and the two
central oligonucleotides were annealed and treated with LPAM for crosslink
formation. The crosslinked DNA was subjected to Haelll digestion and the un-
cut crosslinked duplex was purified by denaturing PAGE. The Haelll digestion
and PAGE analysis was performed again after purification to verify purity of the
crosslinked duplex.
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Figure 6-6: Restriction test of the interstrand crosslinked duplex

The undamaged and interstrand crosslinked duplex substrates were analyzed by
Haelll digestion and 20% denaturing PAGE. The first three lanes are various
oligonucleotides used for size markers; an unpurified 45-mer, the purified 17-
mer, and an 8-32-mer oligonucleotide ladder. Only the MWE45 (17-mer)
oligonucleotide is labeled in each duplex assembled. The control duplex was run
+/- Haelll digestion and the purified interstrand crosslinked duplex was run +/-
Haelll digestion. The resulting, labeled 10-mer fragment is seen in the digested
control sample. The crosslinked sample shows no digestion as there is no 10-
mer fragment visible, even on extended exposure.
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and purified ICL duplexes were each tested by Haelll digestion to confirm the
presence or absence of the adduct (Figure 6-6).

A portion of the crosslinked duplex was treated with alkali to yield the
more stable formamidopyrimidine (FAPY) derivative of the LPAM ICL and this
duplex was also purified, characterized, and made into full-length (91-
bp)substrate. Each central duplex was then combined with the 4 remaining
oligonucleotides (Figure 6-7), annealed and ligated. The full-length substrates
were purified on a 20% denaturing polyacrylamide gel. We prepared two sets of
controf, ICL-containing, and FAPY-ICL-containing substrates; one set of
substrates had one strand radio-labeled and one strand biotin-tagged and the
second set of substrates had 5’ radiolabels on both strands.

To verify that the substrates were either undamaged or interstrand
crosslinked, they were analyzed by restriction digestion and PAGE (Figures 6-7
and 6-8). The two labeled strands of the undamaged substrate were separable
on PAGE but the strands of the ICL-containing substrate were not (Figure 6-8,
lanes 3-5 and lanes 7, S-11). The substrates were designed to contain 3
different restriction sites (Figure 6-7); Xhol, Ndel, and Haelll. The Haelll
recognition site also contains the crosslink site. If a mono-adduct or crosslink is
present at this site, the restriction enzyme will not be able to make the cut. The
products of the digestion were of different sizes for the undamaged and ICL-
containing substrates (Figure 6-8, lanes 3 and 9) because the [CL-containing
substrate was not cut by Haelll. The Xhol and Ndel restriction sites are outside

of the crosslink site but the presence of the crosslink may prove distorting
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CTCTAAGGGTAATACCGGATTGGCAGTATAC

Xhol Haelll Ndel

GGAATTCGAAGGAGTIGGTGAATGGTATGAGCTCTAAGGGTAATACCGGATTGGCAGTATAC

ﬁbCTTAAGCTTCCTCAACCACTTACCATACTCGAGATTCCCATTAT CIAACCGTCATATGCCGCCTCTGACCTTCCTAGAAT

%

Substrate Xhol Haelll Ndel

Control 29-meryg 44-mer ¢ 31-mervyy
59-mervy 47-mer sy 58-mer y¢

ICL 29-mervy No cut 31-mersy

118-meny 118-mery

Figure 6-7: Restriction map of the interstrand crosslinked substrate

The full-length 91-bp oligonucleotide is composed of 6 shorter oligonucleotides
and was labeled on each 5’ terminus (%). The full-length substrate was designed
to contain 3 different restriction enzyme sites to be used to confirm the length,
duplex nature, and damaged site. The fragments produced by digestion of each
substrate are indicated in the bottom panel.
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Figure 6-8: Restriction digest of the full-length interstrand crosslinked
substrate

The undamaged and interstrand crosslinked full-length (91-mer) substrates were
labeled at both termini and analyzed by digestion with Haelll, Ndel, or Xho! and
20% denaturing PAGE. The first lane is oligonucleotides used for size markers;
including a 100-bp marker.
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enough to influence recognition, binding, and cutting by the enzyme. Digestion
of the undamaged DNA substrate by Xhol or Ndel (Figure 6-8 lanes 4 and 5)
yielded products of the expected sizes, whereas digestion of the crosslinked
DNA substrate proceeded to a limited extent (Figure 6-8 lanes 10 and 11).

It was critical that we ensured that both sets of our substrates were indeed
crosslinked. For the dual-Hlabeled substrates, the PAGE analysis confirmed the
size and the restriction digest results suggested that the crosslink was indeed
present. We used separate methods to confirm the composition of our biotin-
tagged substrates; we wanted to demonstrate the presence of both strands and
the presence of the LPAM adduct. The undamaged, ICL-containing and FAPY-
ICL-containing full-length substrates were bound to a positively charged nylon
membrane (Figure 6-9). Part of the membrane (Figure 6-9, left-side) was
autoradiographed to confirm the presence of the radiolabeled strand of each
substrate. Part of the membrane was probed with antibodies to LPAM-FAPY
adducts (Figure 6-9, centre, top panel) or LPAM adducts (Figure 6-9, centre,
bottom panel) to confirm the presence (or absence, in control) of the LPAM
adduct. Unfortunately there was no signal detected by the antibody to the
underivatized LPAM adducts. These antibodies were generously given to us by
Dr. Michael Tilby (University of Newcastle upon Tyne, UK). They are hybridoma
tissue culture supernatants and the titers are low. We have limited quantities and
therefore used only a very small volume per blot. The lack of signal is likely due
to the low titer and not due to absence of a LPAM adduct given that the FAPY

derivative antibody does recognize an adduct, and we have been able to detect a
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*CTTAAGCTTCCTCAACCACTTACCATACTCGAGATTCCCATTATGi:’IAACCGTCATATGCCGCCTCTGACCTTCCTAGAATTCCATCC

GGAATTCGAAGGAGTTIGGTGAATGGTATGAGCTCTAAGGGTAATACCGGATTGGCAGTATAC *

anti-Streptavidin

_autoradiograph anti-LPAM-FAPY  alk.phos.-conjugate

DNA Ladder sy |

e o PP

R

DNA Ladderemsp§

" anti-LPAM

Figure 6-9: Characterization of the full-length biotin-tagged interstrand
crosslinked substrate

The undamaged and interstrand crosslinked full-length (91-mer) substrates
(containing either the LPAM crosslink or the more stable LPAM-FAPY crosslink)
with a biotin tag (@) on one terminus and one terminus radio-labeled were
immobilized on a nylon membrane in replicates. The left-hand panel was
autoradiographed to demonstrate the presence of the radiolabeled strand of each
substrate (N.B. not all slots contain samples). The centre panels were probed
with antibodies to LPAM-FAPY adducts (centre, top panel) or LPAM adducts
(centre, bottom panel) to demonstrate the presence (or absence, in control) of
the adduct in each substrate. The right-hand panel was treated with streptavidin
and then probed with an enzyme-conjugated anti-streptavidin antibody to
demonstrate the presence of the biotin-labeled strand in each substrate.
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signal with both antibodies in ELISA assays (data not shown). Part of the
membrane (Figure 6-9, right-side) was treated with streptavidin and then probed
with an enzyme-conjugated anti-streptavidin antibody to confirm the presence of
the biotin labeled strand in each substrate. These results demonstrate the
presence of both strands and the presence of an LPAM adduct. The size of the
strands and the presence of the ICL were confirmed by restriction analysis (data
not shown for the biotin-tagged substrates).

After preparation, purification, and characterization of the substrates, we
proceeded to our second objective, which was to detect binding of proteins to the
crosslinked substrate using electrophoretic mobility shift assays (EMSAs). This
approach can identify proteins involved in binding, and therefore possibly
repairing 1CLs through comparison of shift patterns detected with various
mammalian cell extracts, purified proteins, or reconstituted complexes. Figure 6-
10 is a schematic view of how this technique works. The labeled damaged and
undamaged substrates are run to show the position of the DNA in the gel. In
separate reactions, the substrates are incubated with cell extract under
conditions chosen to optimize protein binding, and these samples are also run on
the native gel. The control substrate demonstrates shifts due to DNA-binding
activities that are not ICL specific, such as proteins that bind free DNA ends. The
crosslinked substrate will be shifted by these same non-ICL specific proteins as
well as by proteins binding to the [CL, and we expect that there will be more than

one such protein. Shifts seen with normal cell extracts will be compared to shifts
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Figure 6-10: Schematic of the Electrophoretic Mobility Shift Assay (EMSA)

This figure depicts how the EMSA assay will provide information on the proteins
that bind, and therefore potentially repair, ICLs. The binding of various proteins
to the ICL will cause different degrees of retardation of migration of the
substrates. The presence of the shifts seen with the undamaged substrate can
be compared to those seen with the ICL-containing substrate to determine which
shifts (and therefore proteins) are involved in recognizing ICLs.
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seen using extracts deficient in putative ICL repair proteins. The loss of a
particular shift in the mutant cell iine suggests that that protein is an ICL binding
activity. The true test of whether or not the shifts seen with the ICL substrate are
actually due to ICL-specific binding proteins is to attempt to compete them off of
the ICL substrate with cold, undamaged control. We have obtained some
preliminary EMSA data (Figure 6-11). The control and crosslinked substrates
were run alone (Figure 6-11, lanes 8 and 7, respectively) or were incubated with
extracts of AA8 CHO cells and then run on the gel (Figure 6-11, lanes 6 and 5,
respectively), or the ICL-containing substrate was incubated with AA8 extract and
with varying amounts of undamaged substrate (Figure 6-11, lanes 1-4). We
detected shifts due to non-ICL specific DNA binding activities present with both
the control and ICL substrates (Figure 6-11, lanes 1 thru 6, bands A-C and F).
We also detected an increased binding of particular proteins when the
crosslinked and undamaged substrates were co-incubated with AA8 extract
(Figure 6-11, lanes, 2-4, bands A-C). This increased binding in the presence of
undamaged substrate is unexpected because the undamaged control should
compete binding proteins off of the damaged substrate; however, we propose
that these additional shifts may represent the binding of proteins involved in HRR
as this repair pathway would be active when homologous sequence was
available. We detected shifts that were presumably due to ICL binding activities
because these shifts were not seen with the control sample (Figure 6-11, lanes
1-4, bands D and E) and persisted in the presence of competing undamaged

control substrate.
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Figure 6-11: Detection of formation of protein complexes by EMSA

AA8 cell extract was incubated with undamaged control substrate, with ICL-
containing substrate, or with ICL-containing substrate and varying amounts of
competing, undamaged substrate. Samples were analyzed by 4% non-
denaturing PAGE.
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The EMSA technique demonstrates proteins binding to the ICL substrate,
although our ultimate objective is to isolate and identify these proteins using a
protein capture technique (Figure 6-12). To capture the ICL binding proteins, the
biotinylated full-length control and crosslinked substrates will be incubated
separately with normal cell extracts and the substrates with proteins bound will
be isolated on streptavidin beads. Unbound proteins will be washed away and
the bound proteins will be eluted. The eluted proteins will be separated by PAGE
and further characterized by MS. In the time since this project was proposed,
MS technology has improved and it is possible that these proteins could by
analyzed and identified by LC-MS/MS without the need for electrophoretic
separation. As well, the identity of some proteins involved in ICL repair may be
determined using immunological methods for known proteins to which there are
antibodies available. The unbiotinylated homologous sequence can be co-
incubated with the damaged substrate to potentially examine recombinational
repair proteins that would bind only in the presence of undamaged homologous
sequence.

We have obtained preliminary data for this protein isolation work (Figure
6-13). The control and crosslinked biotinylated substrates were incubated with
nuclear extracts of AA8 CHO cells. Substrates with bound proteins were
captured on streptavidin beads. Proteins were eluted and analyzed using 1-D
SDS-PAGE. There are a few proteins that bind to the contro! substrate and, as
expected, these proteins were also bound by the crosslinked substrate.

Additional proteins were eluted from the ICL substrate that were not eluted from
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Figure 6-12: Schematic of the protein capture assay

The biotinylated control or ICL-containing substrate, or both, will be incubated
with AA8 nuclear extract. Substrates with bound proteins will be isolated using
streptavidin beads. Unbound proteins will be gently washed away and bound
proteins will be eluted and analyzed by SDS-PAGE. Proteins can be excised
and identified by MS or the gels can be used for transfer and protein
identification/confirmation by Western blotting.
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Figure 6-13: Proteins isolated by protein capture assay

The biotinylated control, ICL-containing substrate, ICL-FAPY-containing
substrate, or ICL-FAPY-containing + non-biotinylated control substrates were
incubated with AA8 nuclear extract. Substrates with bound proteins were
isolated using streptavidin beads. Unbound proteins were washed away and
bound proteins were eluted and analyzed by 1-D SDS-PAGE and silver staining.
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the control substrate (Figure 6-13, lane 2, bands A-E). Although these same
proteins were not eluted from the ICL-FAPY substrate alone (Figure 6-13, lane
3), they were eluted when the ICL-FAPY substrate was incubated with the cell
extract and with 25-fold molar excess of unbiotinylated, undamaged homologous
sequence (control substrate) (Figure 6-13, lane 4). Additional protein bands
were also isolated only from the co-incubation reaction (Figure 6-13, lane 4,
bands in region F). Before we can progress to 2D gel analysis we do have some
work to do to optimize both the protein-DNA binding conditions and the washing
steps.

To summarize, thus far we have constructed, purified, and confirmed our
91-bp crosslinked and control substrates. Preliminary EMSA experiments have
demonstrated ICL-specific binding activities present in normal CHO cell extracts.
These experiments should be repeated and expanded to include analysis of
EMSA shifts from various repair-deficient cell lines and to include human cell
extracts. Interestingly, there are shifts that start to appear only in the presence of
competitor (undamaged substrate); whether or not these shifts are due to
recombination related proteins could be determined by isolation of these
complexes from the non-denaturing gels and MS identification of the proteins.
The preliminary protein capture assays have resulted in the isolation of a few
ICL-specific binding proteins and this approach should be optimized so that MS
on these proteins can be done to identify proteins involved in ICL repair.

Our work on this project stalled when we could no longer obtain fresh

LPAM from the chemical supply company. Alternatives to this approach would
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be to use newer ICL synthesis methods being developed in the laboratory of Dr.
O. Scharer [43], or to obtain active LPAM directly from a drug manufacturer or to
use a different ICL-inducer such as the FR800482 class of antitumour drugs,
[44]. Additionally, the FRO00482 drugs are newer chemotherapy options and
they appear to induce a much greater percentage of crosslinks compared to
LPAM (where only 2-5% of total damage is ICLs)[43].

While the protein capture assay and analysis should identify proteins that
bind interstrand crosslinked DNA and should allow us to propose steps in ICL
repair, we appreciate that this is an in vitro assay and while the homologous
sequence can be provided, the results may still not truly represent what occurs in
vivo. A future phase of the project will be to perform in vivo assays using
transfections of a shuttle vector with a single site-specific LPAM induced ICL and
a reporter gene, similar to that done using a psoralen-induced ICL [45]. Plasmid
replication (and therefore reporter gene expression) will be completely blocked
until the ICL is repaired. The plasmid assay can also be modified to contain
partial undamaged homologous sequence to allow intra-or inter-molecular
recombinational repair.

Additionally, because of the potential involvement of HRR in DPC repair, a
similar substrate could be constructed to contain a single DPC. The analyses
described in section 6.8 could then be performed using the synthetic DPC

substrate to isolate proteins binding to this type of lesion.
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