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ATM Activation by Oxidative Stress

Zhi Guo, Ph.D.
The University of Texas at Austin, 2009

Supervisor: TanyaT. Paull

The Ataxia-telangiectasia mutaed (ATM) protein is regarded as the major regulator
of the cellular response to DNA double Strand Breaks (DSBS). In response to DSBS,
ATM dimers dissociates into active monomersin a process promoted by Mrell-Rad50-
Nbsl (MRN) complex. ATM-deficient cells exhibit signs of chronic oxidative stress,
suggesting that ATM plays an important role in the regulation of reactive oxygen species
(ROS). | show for thefirst timethat ATM can be activated by oxidative stress directly in
the form of exposure to H,O,. In vitro kinase assays with purified ATM suggest that the
activation by H,O; is independent of DSBs and the MRN complex. In 293T cells, H,O,
induces ATM autophosphorylation on serine 1981. p53 and Chk2 are also phosphorylated
by ATM after H,O, treatment but not histone H2AX and heterochromatin protein Kapl,
indicating that ATM activation by H,O, in human cells is independent of DNA damage. |

also show that the cysteine residue 2991 is critical for ATM activation by H,O; in vitro.
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CHAPTER 1: INTRODUCTION

ATAXIA-TELANGIECTASIA AND ATM

Ataxia-telangiectasia (A-T) isarare autosomal recessive disorder (1 in 40,000 to
100,000 people worldwide). The most striking clinical signsin A-T are progressive
neurodegeneration, which is characterized by progressive difficulty with coordinating
movements beginning in early childhood (progressive cerebellar ataxia), small clusters of
enlarged blood vessels occuring in the eyes (ocul ocutaneous telangiectasia), a weakened
immune system and increased risk of developing cancer, especially lymphoid tumors.
Various other abnormalities are also associated with this disorder, including the absence
or the rudimentary appearance of athymus, insulin-resistant diabetes, clinical and cellular

radiosensitivity [1-3].

The ATM (A-T Mutated) protein was identified as the product of the genethat is
mutated in A-T [4]. Several hundred mutations have been found in the ATM genein A-T
patients. Most of these are nonsense mutations which generate truncated, nonfunctional
versions of the ATM protein. Cellsfrom A-T patients are hypersensitive to radiation and
deficient in checkpoint activation at the G4/S, intra-S, and G,/M phases of the cell cycle
[5, 6]. Dysfunctional ATM alows mutations to accumulate in genome which may lead to

oncogenic transformation.

ATM isamember of the phospho-inositide 3-kinase (PI3K)-related protein kinase

(PIKK) family (Figure 1.1A), which aso includes ATM and Rad3-related protein kinase
1



(ATR), the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) and SMG1
[7]. ATM regulates the DNA damage response by phosphorylating its downstream targets
at specific S/'T(Q) sitesin response to DNA double strand breaks (DSBs) (Figure 1.1B).
ATM also responds to physiological breaksin DNA during the devel opment and
differentiation of B and T cells[8]. Increased accumulation of unrepaired ends during
antigen receptor-gene assembly was reported in ATM-deficient lymphocytes[9]. ATM
deficiency also impairs class-switch recombination of immunoglobulin genes[10]. An
increased number of chromosomal abnormalities were observed in lymphocytes from A-
T patients, which may explain why up to 30% of A-T patients develop lymphoid tumors.
Most of known functions of ATM can be attributed to its primary response to DNA

double strand breaks [11].

However, there is also evidence for an extranuclear role for ATM. ATM-deficient
cells have reduced internalization of phytohaemagglutinin (PHA), defective cellular
responses to metal ion treatment, greater growth factor demand, and defective signalling
through the epidermal growth factor (EGF) receptor [1]. In addition, insulin was also
shown to activate ATM and some A-T patients develop insulin-resistant diabetes [12].
Chloroquine, known to enhance ATM activity without DNA damage, can protect against
metabolic syndrome and glucose resistance [13]. It has also been suggested that ATM is
predominantly cytoplasmic in neuronal cells[14], although thisfinding is controversia
[15]. In contrast to cultured proliferating cells, organtypic slices of cerebellafrom mice

confirmed the existence of cytoplasmic ATM. ATM also interacts with a protein involved
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Figure 1.1 ATM structure and function. (A) ATM isamember of PI3K-like (PIKK)
protein kinase family. ATM, ATR, DNA-PKcs and mTOR share similar C-termina
domains. (B) ATM activation by DSBs and regulation of cellular response. Inactive ATM
dimer senses DSB events through the MRN complex, autophosphorylates and dissociates
into active monomers. ATM can regulate cellular responses to DNA damage, including
DNA repair, apoptosis, checkpoint arrest, and gene regulation.



in the import of proteinsinto the peroxisome matrix and regul ates peroxisome function
[16]. More and more evidence for the existence of extranuclear ATM suggests that ATM

may respond to stimuli other than DSBs.

ATM AND THE DNA DAMAGE RESPONSE

DSBs are highly cytotoxic DNA lesions, which can be induced by exposure to
ionizing radiation or radiomimetic drugs. DSBs also occur during processes such as
meiotic recombination and the assembly of the T-cell receptor and immunoglobulin
genesviaV(D)J recombination. If not repaired, DSBs can lead to chromosomal
fragmentation and genomic rearrangements. To avoid these outcomes, cells mount a
complex DNA-damage response (DDR). In eukaryotic cells, DSBs are recognized
through the recruitment of repair and signaling proteinsto DSB sitesto form ionizing
radiation-induced foci (IRIF) [17]. IRIF formation depends on phosphorylation of the
histone variant H2AX (y-H2AX) by ATM or DNA-PK [18-20]. y-H2AX is then bound
by MDC1 mediator of DNA damage checkpoint 1), which promotes IRIF formation by
helping to recruit other proteins. MDC1 is also a substrate of ATM and its
phosphorylation by ATM isimportant for its interaction with the FHA domains of RING-
finger ubiquitin ligase RNF8, which aso assembles at the DSB sites. The ubiquitylation
of H2AX by RNF8 facilitates the accumulation p53-binding protein-1 (53BP1) and breast
cancer 1 (BRCAL) at the DSB sites, both of which are also substratesfor ATM [21].
ATM has acritica role in phosphorylating various proteins that constitute the core

components of the DSBs recognition machinery, among which is Nijmegen-breakage-
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syndrome protein (NBS1), part of the multifunctional complex Mrell-Rad50-Nbsl

(MRN) [22, 23].

The MRN complex stably bindsto the DSB sites independent of ATM and
functions as a sensor of DNA DSBs[24]. ATM activation isinhibited in cells deficient in
NBSL1 or Mrell in response to DNA DSBs[25]. MRN was also shown to facilitate
phosphorylation of downstream substrates by ATM [26]. In NBS1-deficient cells,
activated ATM does not appear in DNA-damaged-induced foci but is present in adiffuse
form throughout the nucleus, and phosphorylation of downstream substrates is defective
in response to radiation doses less than 1 Gy [27]. But when the IR doseis over 1 Gy,
ATM appears to be activated normally in NBS1-deficient cells but the phosphorylation of
some downstream targets, like structure maintenance of chromosome 1 protein (SMC1),
isstill defective. This supports an adaptor role for the MRN complex in facilitating
phosphorylation of ATM substrates. Some of the ATM substrates depend on the presence

of MRN more than others.

Activation of cell cycle checkpointsis another hallmark of DDR [28, 29]. In
mammalian cells these swift responses are a so regulated through the ATM signaling
pathway. Recent proteomic analysis of protein phosphorylation induced by DSBs shows
that many checkpoint-regulation proteins are ATM substrates [30]. Among them, p53
was the first substrate of ATM to be identified because the stabilization and activation of
p53 isdefectivein A-T cells[5]. ATM phosphorylation of p53 on Serl5 enhances the

activity of p53 as atranscription factor, which mediates the G1/S cell cycle checkpoint
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[11, 31]. ATM also phosphorylates and activates checkpoint kinase 2 (Chk2), which in
turn phosphorylates p53, BRCA1, CDC25A and CDC25C [32]. ATM can regulate intra-
S checkpoint pathway by phosphorylating SMC1, and inhibition of this phosphorylation
abrogates the S-phase checkpoint [33, 34]. Interestingly, arecent combined proteomic
and functional checkpoint screen showed that 9 proteins of the ubiquitin-proteasome
system (UPS) were aso phosphorylated by ATM and that they are also required for
mammalian DNA damage checkpoint control, particularly the G1/S cell cycle checkpoint
[35]. In addition, many DNA repair and signaling factors are regulated by ATM
phosphorylation, including Mrell, Nbsl, LKB1, Ctip, FANCD2, RPA32, Chk1 and

BLM.

ATM also directly contributesto DSBsrepair. Loss of ATM resultsin afraction
of unrepaired DNA DSBsin A-T cells after ionizing irradiation [36]. In mamalian cells,
DSBs are predominately repaired through the non-homol ogous end-joining (NHEJ)
pathway in which the break ends are directly ligated without the need for a homologous
template. In comparison to homol ogous recombination (HR), which requires a
homol ogous sequence to guide repair, NHEJ isimprecise and often leads to | oss of
nucleotides at the break sites. HR islimited to S and G, phases of the cell cycle because it
can only occur when a homologous chromosome, usually a sister chromatid, is available.
In contrast, the NHEJ pathway can repair DSBs in virtually any stage of cell cycle. In
higher organisms most DSBs are repaired through the NHEJ pathway. In human cells up

to 90% of DSBs arerepaired in an ATM-independent way while a subset of DSBs
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localized to heterochromatin need ATM to facilitate entry of the DNA-repair machinery
into heterochromatin by phosphorylating the transcriptional corepressor Kruppel -
associated box (KRAB)-associated protein-1 (KAPL) [36]. ATM was aso shown to
stabilize DNA double-strand-break complexes during V(D)J recombination [8]. A recent
study in yeast showed that interchromosomal end joining is efficiently suppressed by
Tell, an ATM orthologue [37]. This suggests that ATM serves as akey regulator for

chromosome integrity that reduces the risk for DSB-induced chromosome translocations.

ATM isaso important for telomere length maintainence. In Saccharomyces
cerevisiae, Tel1l mutants have shortened but stable telomeres [38]. Mutationsin the
Drosophila ATM homolog lead to telomere fusions and consequent genome instability
[39]. ATM protects chromatin architecture for loading of telomere-elongating, capping,
and silencing proteins. However, in mammalian cells TRF2, a component of telomere
shelterin complex, represses ATM-dependent nonhomol ogous end joining of
dysfunctional telomeres [40]. Because ATM isadominant DNA damage regulation
kinase in mammalian cells, telomeres need to avoid DNA damage surveillance and

shortened telomeres by repressing ATM.

ATM STRUCTURE AND ACTIVATION

ATM isa3056 amino acid protein that is primarily present in low abundance in
the nucleus of human cells [41]. Relatively little is known about structure of ATM. ATM

contains a c-termina domain with motifs that are typical of the lipid kinase



phosphatidylinositol 3 kinase (PI3K, Figure 1.1). The PI3K domain is the catalytic site of
ATM. On the N terminal side of the PI3K domain isthe FAT domain. The domain
contains approximately 500 amino acids and is relatively conserved across the PI3K
family of kinases. The ATM autophosphorylation site Ser1981, which isimportant for
ATM activation in human cells, was found in the N terminus of the FAT domain [42]. On
the C- terminal side of kinase domain isthe FATC (C-terminal FAT) domain. Recent
research identified an acetylation site at lysine 3016 located in the conserved FATC
domain and showed that the acetylation of this site is necessary for both ATM
autophosphorylation and activation in human cells [43]. Sequence analysis also revealed
a C-terminal peroxisome targeting signal in the FATC domain [16, 44]. Little is known
about the structure of the N-terminus of ATM but it was shown to contain a protein
interaction domain required for the association between ATM and its substrates,
including BRCA1, p53 and LKB1, induced by DNA damage [45]. The overall shape of
ATM was shown in athree-dimensional structure obtained with single-particle electron
microscopy, in which ATM is composed of a head and an arm domain. DNA binding to
ATM induces alarge conformational movement of the arm-like domain. It suggests that
ATM is capable of interacting with DNA, using its arm to clamp around the double helix
[46]. But the conformational change happens in the absence of other DNA damage
response proteins such as MRN complex, which binds both ATM and DNA, and is
required for ATM activation by DSB in cells. The presence of MRN and other proteins
might change the way that ATM interacts with DNA and conformational changesin the

ATM protein.



In the absence of DSBs, ATM molecules are inactive dimers [42]. Following
DNA damage, ATM arrives early at the DNA DSB sites, associating either with DNA
that flank the break, or with the MRN complex at the break site through the C terminus of
NBSL [47, 48]. ATM also associates with MDC1, which mediates the interaction
between ATM and gamma-H2AX [22, 23, 49]. Subunits within each ATM dimer
phosphorylate each other on serine 1981 within the N-terminus of the FAT domain,
dissociating the dimer into fully active monomers [42]. However, the precise mechanisms
that regulate ATM activation are not fully understood and there are still controversies
about whether autophosphorylation on serine 1981 is necessary. For example, in vitro
kinase assays with a S1981A mutant showed that autophosphorylation is not essential for
MRN-dependent stimulation of dimeric ATM by linear dSDNA [24]. Moreover, ATM-
dependent DNA damage responses are functional at the organismal and cellular level in
mice that only express the S1987A (Ser1981 in human) mutant form of ATM. In addition,
the S1981A mutant does not show dominant-negetive interference when expressed in
ATM heterozygous mice [50]. In contrast, two more functionally important radiation-
induced autophosphorylation events (Ser367 and Ser1893) have been identified during
ATM activation. The phosphorylation site mutants (S367A and S1893A), like
autophosphorylation site mutant S1981A, were both defective in ATM regulated DDR in
human cellsin tissure culture and both failed to correct radiosensitivity, genomic
instability, and cell cycle checkpoint defectsin Ataxia-Telangiectasia cells compared to

wt-ATM [51]. This suggests that more el ements need to be considered into the model,



like other ATM-interacting proteins and the local environment at DSB sites in human

cells.

Recent research showed that the involvement of protein phosphatases and
acetylases are also critical for ATM regulation. For example, in the absence of DNA
damage ATM interacts with protein phosphatase 2A (PP2A) [52]. IR induces dissociation
of PP2A from ATM, alowing the serine 1981-phosphorylated form of ATM to
accumulate in the nucleus. This suggests that PP2A plays an important role in the
regulation of ATM autophosphorylation and activity, perhaps through its interaction with
and continous dephosphorylation of certain sites. In contrast, DNA damage induces the
interaction between protein serine-threonine phosphatase 5 (PP5) and ATM [53].
Reduced expression of PP5 attenuates the phosphorylation of ATM substrates and the
autophosphorylation of ATM on Ser 1981, and causes an S-phase checkpoint defect in
DNA-damaged cells. Lastly, the histone acetyltransferase Tip60 has been shown to
acetylate ATM on lysine 3016 upon DNA damge [43]. Mutation of lysine 3016 inhibits
autophosphorylation and abolishes ATM activation by preventing the dissociation of

inactive ATM dimersto active ATM monomers.

Shortly after DSBs occur in cells, ATM isrecruited to DSB sites, where it
interacts with multiple proteins. The MRN complex bindsto ATM, recruits ATM to
broken DNA ends, and is essential for ATM activation in vivo and in vitro [24-26].
Results from a purified in vitro system showed that MRN acts asa DSB sensor for ATM,

and that unwinding of DNA ends by MRN was essential for ATM activation [24].
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Inactive

Active

Figure 1.2 ATM activation and autophosphorylation. ATM is an inactive dimer in cells.
ATM isactivated by DSBs and MRN complex. ATM is autophosphorylated on serine

1981and dissociates into active monomers. Active ATM phosphorylates downstream

substrates, including p53.
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MRN-dependent ATM activation by DSBs was a so demonstrated in Xenopus egg
extracts which also suggested that MRN facilitates the dissociation of dimeric ATM by
tethering DNA, thereby increasing the local concentration of damaged DNA [54]. ATM
activation in human cells has similarly shown strong correlation of ATM activity with the
number of DSBs but not other forms of DNA lesions [55]. ATM activation is also
dependent on DNA fragment length and the concentration of DNA ends. The minimal
DNA length required for efficient ATM autophosphorylation was shown to be
approximately 200 base pairs [56], athough recent studies with human cell extracts and
defined DNA structures showed that a 70bp dsDNA fragment with blunt ends could
efficiently induce ATM autophosphorylation. This research also showed that ATM
activation depends on the length of dsDNA, although longer DNA fragment were more
efficient in ATM activation. Short single-stranded DNA oligonucleotides processed from
DSB ends were also shown to constitute a unique signal of ongoing DSB repair,

stimulating ATM activity in extracts in vitro [57].

Besides responding to DSBs, ATM can also be activated by treatment of cells
with hypotonic buffer, chloroquine or histone deacetylase inhibitors, all of which are
believed to induce overall structural changes in chromatin [42]. These treatments activate
ATM in the absence of detectable DNA strands breaks, as shown by an absence of y-
H2AX . A recent study showed that the nucleosome-binding protein HMGN1 modul ates
theinteraction of ATM with chromatin before DNA damage and optimizes its activation

by regulating the levels of histone acetylation [58]. These results, together with the fact
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that ATM phosphorylates heterochromatin protein Kapl and histone H2A X in response
to DNA damage, suggest that ATM plays an important role in sensing changesin

chromatin structure.

ATM DEFICIENCY AND OXIDATIVE STRESS

A-T isaneurodegenerative disorder and the primary site of degeneration isthe
cerebellum. ATM deficiency induces intrinsic growth defects, oxidative stress,
endoplasmic reticulum (ER) stress, and ERK activation in astrocytes [59]. The
neurodegeneration in A—T has been attributed to genome instability induced by ATM
deficiency. ATM deficiency induces genome instability mainly through its inability to
regulate cell cycle progression and checkpoint control, which leads to gradual
accumulation of DNA damage. However, ATM-deficient cells show norma DNA repair
ability, other than the 10% of DSBs that occur in heterochromatin and have been shown
to be ATM-dependent for their repair [36]. It is not clear how deficient DNA repair
causes the loss of differentiated non-dividing neuron cells, and whether the neuronal
degeneration observed in A-T patientsis due to the accumulation of unrepaired DNA

lesions.

Considering the high level of metabolism in neuronal cells and high oxygen
concentration in brain tissue, an important product induced by ATM deficiency, oxidative
stress, could significantly contribute to the degenerative process. ROS control has been

reported to be abnormal in A—T cells[59]. First, A—T cells respond abnormally to agents
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that induce oxidative stress. A—T fibroblasts are more sensitive to oxidative stress than
healthy fibroblasts. Increased ROS mediated damage to proteins occursin ATM-deficient
brain tissue [60]. Secondly, the levels and function of antioxidant systemsis abnormal in
A-T cells[60]. Clinical research showed that A-T patients have significantly reduced
levels of total plasma antioxidant capacity to about 77% of normal capacity. A—T cells
also have reduced level of the important antioxidants vitamin A and E, impaired GSH
biosynthesis and reduced levels of cyclic nucleotides such as NADH and NADPH. These
may account for increased oxidative stress in ATM-deficient cell lines and tissues.
Progressive deterioration of the redox balance was aso found in ATM-deficient mice
[61]. ATM-deficient mice showed progressive bone marrow failure resulting from a
defect in the function of haematopoietic stem cells (HSC) that was associated with
elevated reactive oxygen species. Treatment with anti-oxidative agents restored the
reconstitutive capacity of HSC and prevented bone marrow failure [62]. Importantly,
oxidative stressin A—T cells was shown to be alleviated by the antioxidants catalase and

N-acetyl cysteine (NAC) which neutralize ROS production in A-T cells[60].

The abnormality of ROS control in A—T cells suggests that ATM could help to
regulate and maintain the reducing environment inside cells, which is critical for cell
function. The regulation of redox state by ATM could be either through regulating the
transcription of genes that encode proteins involved in antioxidant systems or by
modifying the activity of such proteins via post-trandational phosphorylation. Thereis

also the possibility that ATM could directly sense and respond to increased ROS levels,

14



as asignificant portion of cytoplasmic ATM was detected in peroxisomes[16]. ATM
contains a peroxisomal targeting signal sequence in its carboxy-terminus and co-localizes
with the peroxisomal protein catalase. Significantly decreased catal ase activity and
increased lipid peroxidation in several A—T cell lines suggests that ATM might sense the
change of redox state in cytosol and regulate the ability of peroxisome to eliminate the
H>0,. On the other hand, ATM was shown to be downstream of platel et-derived growth
factor beta (PDGF beta) receptor activation by hydrogen peroxide, which leads to the
phosphorylation and activation of the p53 [63]. In mammalian cells, oxidative stress also
leads to the activation of MAP kinases, p38 MAPK and JNK pathways, which might

contribute to the activation of ATM through crosstalk between these pathways [64, 65].

REDOX ENVIRONMENT IN CELLS

Schafer et a gave adefinition of the redox environment as a linked set of redox
couples found in abiological fluid, organelle, cell, or tissue. The summation of the
products of the reduction poteintial and reducing capacity of the linked redox couples
present the overall redox environment in cells[66]. Redox potential can be presented as
avoltage. Reducing capacity would be total reducing charge stored in cell. Reducing
capacity can be estimated by determining the concentration of the reduced speciesin a

redox couple and the reduction environment can be estimated with Nerst equation:

afcauplke)
redox environment = l E; x [reduced species]
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Here E; isthe haf-cell reduction potential for a given redox pair and [reduced
species], i isthe concentration of the reduced species. In a given biological system there
are always multiple redox pairs, and a representative redox pair isusualy used as an
indicator for changesin overall redox environment. In the cell, the GSSG/2GSH coupleis
regarded as the representative pair because it provides a much larger pool of reducing
equivalents than other couples. Therefore, the redox state of GSSG/2GSH couple could
be used as an indicator for the redox environment of the cell. According to Schafer et d,
the redox state of aredox couple is defined by the half-cell reduction potential and the

reducing capacity of that couple [66].

In cells, glutathione is considered to be the major redox buffer because the GSH
concentration in the cytosol is 1-11 mM on average. Thisisfar higher than most other
redox active compounds like the NAD+/NADH. The Nernst equation for the reduction
potential of the GSSG/2GSH half-cell has the form below. This means that the reduction

potential is dependent on the GSH/GSSG ratio and the absol ute concentration of GSH.
E=—240- (59.1/2) log ((GSH]%[GSSG]) mV at 25°C,pH 7.0

The half cell potential of NADP+/NADPH couple is dependent on the ratio of the
reduced and oxidized forms while independent of the absolute concentration of either
species as shown by the Nerst equation below. In cells the concentration ratio of
NADP+/NADPH is approximately 1:100. NADPH is also a cofactor in many reductive

reactions and serves as a source of electrons. The reducing nature of the NADP+/NADPH
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couplein cells makes it the primary source of reducing equivaents for the glutathione

system, which is especially important to counter an oxidative stress.

E=—315- (59.1/2) log ((NADPH]/[NADP+]) mV  at 25°C, pH 7.0

Other than the inorganic small molecule redox couples, protein isaso an
important redox regulating component, mainly through reducing and oxidating cysteine
residues. Some of these are even specialized to help regulating redox environment, like
thioredoxin. Thioredoxin is an important thiol-system in the cell. Intracellular
concentrations of thioredoxin range from 1 to 10 uM in bovine tissue and up to 15 uM in
bacteria [66]. The thiols of mammalian thioredoxin serve as electron donors for
ribonucleotide reductase as well as for methionine sulfoxide reductase. Thioredoxin aso
helps the refolding of disulfide-containing proteins and regulates the DNA binding
activity of some transcription factors [67]. The expression of thioredoxin is aso regulated
by the redox state change. Another redox regulating protein, thioltranferase, has also been

shown to catalyze the reactivation of many oxidized proteins [68].

All redox couplesin cells are thermodynamically connected to each other. The
redox environment of cells and tissues is determined by the half-cell potentials of these
linked redox couples. Asthe principal redox buffer of the cell, the majority of GSH in
cellsis synthesized in the cytosol. The endoplasmic reticulum is more oxidizing than the
cytosol. The ratio of GSH/GSSG appears to range from 1.1 to 3:1, compared to the

overdl ratioin acell, which istypically greater than 30:1 and usually> 100:1 [69]. The
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more oxidizing environment of the endoplasmic reticulum is needed to produce proteins
that have necessary disulfide bonds. The cytosol exchanges GSH with intracellular
compartments; however, the GSH pool in the nucleusis relatively independent from the
cytosol [70]. GSH in the nucleus maintains the redox state of critical protein sulfhydryls,
which are necessary for DNA replication and cell cycle progression. Most eukaryotic
transcription factors need to be in the reduced form to maintain their DNA binding ability

and transcriptional acitvity [71].

Recent data indicate that intracellular GSH levels fluctuate during the
embryogenic development, cell differentiation [72] and the cell cycle[73]. Many studies
suggest that a more reducing environment is associated with proliferation and a more
oxidizing environment initiates differentiation. The regulation of redox state throughout

thelife cycle of cellsiscritical for cellsto regulate survival, replication, and apoptosis.

OXIDATIVE STRESSIN CELLS

Because the redox state is so critical for cell survival, the oxygen concentrations
within cells and tissues are maintained within a narrow range (normoxia), to prevent
oxidative damage from excess oxygen (hyperoxia), and to prevent metabolic demise from
insufficient oxygen (hypoxia). Normoxiafor cellsis dependent on the specific
localization of the cell in organs and functional status of the specific tissue [74]. Highly
active reactive oxygen species (ROS), including the oxygen molecule (O;), some

partially reduced oxygen species, the superoxide anion radical (O%), hydrogen peroxide
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(H20,), hydroxyl radical (-OH); nitric oxide (NO) and peroxinitrite anion (ONOQO ), are
constantly produced in metabolic processes (Figure 1.3). Oxidative phosphorylation in
the mitochondria and pathological processes such as inflammation can all produce ROS.
Exogenous sources of ROS include exposure to ionizing radiation (IR) or radiomimetic
chemicals. During times of environmental stress, ROS levels aso increase dramatically.
The effect of excessive production of ROS and/or the inadequacy of the anti-oxidant
cellular defense systems to neutralize them are commonly referred to as oxidative stress

[74].

Oxidative stressis a popular topic in medical research. Oxidative stress induction
by urban fine particles has been discussed as a possible risk factor for cardiovascul ar
diseases [ 75]. Recently, also diisocyanates, fluoride, N-nitrosofenfluramine, and the
frequently used non-steroidal anti-inflammatory drug indomethacin have been reported to
cause oxidative stress-mediated toxicity. In addition, metals such as nickel, lead and zinc
al induce oxidative stressin cells[76]. Oxidative stressiswidely accepted as acritical
carcinogenesis mechanism. In cells under oxidative stress, unbalanced ROS can cause
protein, lipid, and DNA damage. Accumulation of this damage may lead to cancer and

aging [77-79].

In dividing cells, the G4/S, intra-S and G,/M checkpoint responses allow damaged
cellsto either repair DNA damage, undergo apoptosis, or enter into a permanently
growth-arrested state. ROS have been found to initiate checkpoint arrest in several cell

types. Hydrogen peroxide induced a G; checkpoint response that could be attenuated by
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SOD
Catalase [ Damaged DNA
H,0 +0, H,0,=——> -OH——=> Oxidized Proteins
Lipid Peroxide
GPx
H,O

Figure 1.3 ROS generated by reduction of oxygen. Oxygen can be partially reduced to
generate superoxide anion in mitochondria. The superoxide anion can be converted to
hydrogen peroxide either by superoxide dismutases (MnNnSOD in mitochondrial or
Cu/ZnSOD in cytosol). Hydrogen peroxide can be neutralized by catalase or GPx
otherwise react with Fe** to generate the highly reactive hydroxyl radical. Hydroxyl
radicals can damage DNA, lipids and proteins.
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the application of antioxidants [80, 81]. In yeast cells, hydrogen peroxide induced a

M ec1-dependent phosphorylation of Rad53 and Rad53-dependent cell cycle delay
specifically during S phase [82]. Relatively low steady state levels of H,O, also induce
apoptosis as a consequence of lysomal rupture [83, 84]. Multiple reports aso showed that
NF-kB and mitogen-activated protein kinase (MAPK) pathways are involved in apoptosis

induced by oxidative stress [85-87].

Due to the presence of unpaired valence shell electrons, highly active ROS can
attack DNA at either the sugar or the base, which ultimately leads to single strand DNA
breaks [88]. 8-Hydroxydeoxyguanosine (8-OHdG) and 5-hydroxyuracil are the two major
oxidative DNA-damage products that can produce mutations by introducing mismatches.
DNA single-strand breaks can also be induced by ROS with 3 phosphoglycolate blocked
ends; these can be repaired by the DNA base excision repair (BER) pathway. The MutM,
MutY and MutT proteins in Escherichia coli and OGG1, MYH and MTH in humans have
been identified as DNA repair enzymes involved in removing these lesions [89]. Many of
these repair enzymes have been observed to concentrate in the nucleus following

exposure of cellsto oxidative stress[82, 90].

Oxidative stress a so impacts the redox environment of cells, resulting in the
formation of GSSG at the expense of GSH. This shift in the ratio of [GSH]/[GSSG]
changes the redox state to amore positive potential. The ability to export GSSG is
important for cells to reduce redox potential and ultimately survive oxidative stress[91].

The export of GSSG maintains the half-cell reduction potential of the GSSG/2GSH
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couple and promotes a favorable redox environment but resultsin the loss of glutathione
from the cell, thereby decreasing the reducing capacity [66]. Another way for cellsto
maintain the redox potential isto use the numerous sulfhydryl groups on the protein. The
sulfhydryl groups on the cysteine residues can be present as thiols (-SH), disulfides (PS-
SP), or as mixed disulfides (PS-SG when conjugated with GSH). The oxidation of the
thiol form or the reduction of the disulfide form of an enzyme can result in activation or
inactivation of enzyme function. The oxidation of protein sulfhydryls to mixed disulfides
(PS-SG) has been shown to be one of the early cellular responses to oxidative stress [68,
92-94]. For example, during the respiratory burst of neutrophils, up to 17% of the GSH
can become protein-bound. This reaction preserves glutathione in the cell and servesas a

buffer for the redox potential.

Although ROS aretoxic at high levels, ROS at normal physiological levels play
an important role in regulating signaling pathways and gene expression [95]. Proteins
containing deprotonated cysteine residues are susceptible to oxidation by ROS, soitisan
essential feature of most ROS-sensing proteins that they contain cysteine residues with a
low pKa. Exposure to ROS leads to reversible oxidation of thiol groups of key cysteine
residues in many proteins, including transcriptional regulators, kinases, phosphatases,
structural proteins, metabolic enzymes, and SUMO ligases [96]. These redox changes are
usually associated with atered activities, thus affecting corresponding signaling pathways.
Not only are multiple cellular signaling pathways subjected to redox regulation, but cells

also express signaling systems that regulate the cellular redox state. ROS are generated
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by specific plasma membrane oxidases in response to growth factors and cytokines and
serve as secondary messengers in specific signaling pathways, which might explain the

role of redox state change during cell differentiation [97, 98].

ATM ACTIVATION BY OXIDATIVE STRESS

In healthy cells, ATM was shown to be active under conditions of oxidative stress.
In response to H,O,, phosphorylation of p53 on serine 15 is dependent on ATM in human
umbilical vein endothelia cells [63]. Oxidative stress-induced p21 expression in Biliary
epithelial cells (BECs) in primary biliary cirrhosis (PBC) is closely associated with the
activation of the ATM pathway [99]. ATM is also required for activation of the G1
checkpoint during prolonged oxidative stress [81]. However, the mechanisms of ATM
activation by oxidative stress remain unclear. The question is whether ATM responds to
oxidative DNA damage or to changes in the intracellular redox state that are independent
of DNA damage. Kobayashi and colleagues suggested that ATM was activated by N-
methyl-N'-nitro-nitrosoguanidine (MNNG) and 15-deoxy-Delta (12, 14)-prostaglandin J2
(15d-PGJ2), which they suggested could directly modify free sulfhydryl (SH) groups of
ATM and activate it [100]. However, MNNG is also a strong DNA alkylating agent,
which may induce DSBs and H2A X phosphorylation. 15d-PGJ2 is a prostaglandin that
also regulates the anti-inflammatory response through its interaction with intranuclear
receptor PPARY and covalent activation of MAPK pathway [101]. ATM has aso been
shown to respond to exposure to hypoxiain the absence of DNA damage detectable by

either comet assay or 53BP1 focus formation [102]. However, in A549 cells treated with
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H>0O;, the recruitment of Mrell and phosphorylation of ATM , Chk2 and H2AX were
detected immunocytochemically by laser scanning cytometry [103], demonstrating the

possibility of DNA damage during ATM activation under oxidative stress.

In most studies of ATM activation by ROS, oxidative stress was induced by
incubating cells with hydrogen peroxide, which is one of the only stable sources of ROS
available. More importantly, it is routinely generated as a by-product of oxidative
metabolism and can be converted in cells to some extremely powerful oxidants, such as
hydroxyl radicals (-OH). These reactive oxygen radicals are mgjor DNA damaging agents,
which account for alarge portion of the DNA damage events that occur in every cell of
the human body every day. But ROS islesslikely to induce DNA double strand breaks
directly without the conversion from DNA single strand breaks (SSBs) during DNA
replication. In fact, Ismail and colleagues’ study showed that hydrogen peroxide failed to
induce detectable DSBs with concentrations up to 3mM [55]. During the study of H,0,-
induced cell cycle arrest in yeast, Leroy et a found that the lack of Rad53 mediated cell
cycle checkpointsin the G; and G, phases is due to efficient silent repair of oxidative
DNA lesions produced at these stages by the base excision repair (BER) pathway, which
al so suggests that no DSBs are induced during H,O; treatment [82]. ATM was shown to
respond specifically to DSBs, with little or no impact from SSBs and other types of DNA
damage [55], suggesting that there might be a DNA damage independent pathway

accounting for ATM activation under oxidative stress.
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In the studies described here, | investigate ATM activation under oxidative stress.
| hypothesize that ATM can be activated through direct oxidation by H,O, independent
of DNA damage. | show ATM activation in cells by H,O, treatment without inducing
DSBs, and oxidative activation independent of the MRN complex and DNA with purified
ATM invitro. | conclude that the ATM oxidative activation pathway is responsible for
ATM activation by oxidative stress and that it isindependent of MRN and DSBs. The
oxidative activation pathway can help us to better understand ATM function in cellular
response to DNA damage and oxidative stress. It provides us a possible explanation for
the well-documented ATM function in the absence of DSBs and may explain some of the

deficiencies observed in A-T patients.
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CHAPTER 2. METHODS AND MATERIALS

MUTAGENESISAND CLONING

Mutations in the human ATM gene were made using the Quickchange XL method
(Stratagene) in a Flag-ATM/pCDNAS3 construct or HA-ATM/pCDNA3 [104] with the

following modification.

300ng of cesium quality plasmid DNA were used as atemplate and the reaction
were treated with Dpn | for longer than 6 hours. Reaction was ethanol -precipitated and
transformed into chemically competent XL-10 Gold cells (Stratagene). The resulting
mutant plasmid were confirmed by sequencing of the entire ATM open reading frame

and by restriction digestion with Nco | (Figure 2.1)

ATM PURIFICATION

Large- scale preparation of mutated ATM plasmids was performed using cesium
chloride purification. Nco | digestion was used to verify correct plasmid structure.
Calcium chloride transfection of ATM plasmids into human 293T cells was performed as
described previously [105]. After the transfection, cells were harvested, frozen with

liquid nitrogen and stored at -80 C.

Recombinant ATM protein was prepared with either Flag and HA (Hemaggl utinin)
epitopetags. ‘Monomeric’ ATM consists of Flag-tagged ATM, purified using anti-Flag

antibody conjugated to agarose beads (Sigma), under conditions where the mgjority of
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Figure 2.1 Use Nco | digestion to confirm the integrity of ATM plasmid. 1KB plus DNA
ladder (invitrogen) is used as marker. Flag-ATM-pCDNA3 is digested by Nco I, shown
on 0.8% agarose gel with 5 bands (9.2, 3.3, 1.8, 0.7, and 0.4 KB). HA-ATM-pCDNA3
digestion by Nco | shows two bands (10, and 3.3 KB)
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ATM isin monomer form. Dimeric ATM, consists of Flag-ATM, HA-ATM heterodimers,
prepared by using sequential anti- Flag and anti-HA antibody columnsto purify ATM
dimers containing both Flag and HA-tagged subunits. 40 150mm dishes of healthy
growing cells were prepared for monomeric ATM preps while dimeric ATM preps
required 80 dishes. Recombinant ATM purification was performed as previously

described [105].

ATM KINASE ASSAYSIN VITRO

Each ATM mutant was tested in in-vitro kinase assays as described previously. In
experiments where H,O, or diamide was used, no additional DTT was added to the
reactions. All ATM protein preparations were stored in ImM DTT, so thefind

concentration of oxidant was less than the concentration added to the reaction.

ATM DIMERIZATION

Oxidized ATM was treated with non-reducing SDS loading buffer and then
loaded onto a 6% SDS-PAGE. Western blotting was performed and ATM was detected

using amonoclonal antibody directed against ATM (Genetex).

The size of oxidized ATM was also measured with glycerol gradient
untracentrifugation, which separates proteins under native condition. 10-20% glycerol
gradientsin Tris-HCI buffer (25mM, pH 8.0, 100mM NaCl) were made as described

previously [24]. Total volume of each gradient was 12 ml. 400 ul of Biotinylated ATM
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[106] or high molecular weight protein markers (Bio-rad) in 5% glycerol were added to
the top of gradient. Ultracentrifugation was performed at 29K (SW41 Ti, Beckman) for
more than 20 hours and deaccelerated at the slowest speed. 500 pl fractions were taken
from the top of gradient and filtered through a PV DF membrane with a dot-blot device

(Bio-Rad). Biotinylated ATM on the memberane was detected with a streptavidin

fluorescence conjugate (Molecular Probes).

ATM IN-GEL TRYPTIC DIGESTION

To detect peptides containing disulfide bonds, we needed to separate them from
the excess of peptides after ATM tryptic digestion. We used a biotin labeling reagent EZ-
link Biotin-HPDP (N-[6-(Biotinamido)hexyl]-3"-(2 -pyridyldithio)propionamide, Pierce).
The reaction scheme for biotinylation of ATM with Biotin-HPDP is shown in Figure 2.2.

The protocol for modified in-gel digestion is shown below.

1. 1mg of ATM was treated with 0.5mM H,0O; at 30 °C for 30 minutes, then
loaded on to 6% non-reducing SDS -PAGE. ATM migrates at higher position
than ATM monomer.

2. After staining with Coomassie blue G250, a gel slice contains ATM was cut
out, divided into smaller pieces and destained (50% methanol, 5% acetic acid)
in a1.5ml tube overnight at room temperature.

3. Destained gel pieces were dehydrated with acetonitrile. Excessive acetonitrile

was removed and any residual acetonitile was evaporated by speedvac.
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lodoacetamide akylation (50mM iodoacetamide in 100mM ammonium
bicarbonate, room temperature, 1h) was performed to block any free
sulfhydryls. Excess iodoacetamide solution was removed and any residual
solution was removed by dehydration with acetonitrile.

10mM DTT or tris(2-carboxyethyl)phosphine (T CEP) was added to reduce
disulfide bonds (room temperature, 1h). Enough reducing reagent is added to
make sure that rehydrated gel pieces were fully submerged. DTT was
removed with acetonitrile. Reducing reagents cannot reduce iodoacetamide-
alkylated sulfhydryls.

Biotin-HPDP solution (0.4mM) was added to the dehydrated gel and
incubated at room temperature over 2 hours. Excess biotin-HPDP was
removed with acetonitrile.

Freshly made trypsin solution (Promega sequencing grade modified trypsin,
20 ng/ul, 50mM ammonium bicarbonate solution with 0.1% rapigest, Waters)
was added to fully cover the gel pieces and incubated at 37 °C overnight.
The trypsin digestion product was recovered and incubated with magnetic
streptavidin-coated beads (Promega) at room temperature for 30 min. The
strepavidin beads were previously washed with 0.1% rapigest in 50mM
ammonium bicarbonate for 3 times.

The supernant was saved for future analysis. The strepavidin beads were

washed (0.1% rapigest, 50mM ammonium bicarbonate) for 3 times.
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10. 10 mM 2-mercaptolethanol (BME, Sigma, 0.1% rapigest, 50mM ammonium
bicarbonate) was added and incubated for 30 min at 37 °C to remove the
peptides from streptavidin beads after.

11.  Trifluoroacetic acid (TFA, 0.5% 37°C, 30min) was added to degrade rapigest.
The sample was centrifuged at maximal speed for 10 minutes to remove the
insoluable products of rapigest hydrolysis.

12.  The supernant was carefully transfered to another tube and concentrated using

a speedvac to approximately 15ul.

The samples are ready for Mass spec analysis. Mass spectrometry analyses were
performed in the ICMB/CRED Analytical Instrumentation-Mass Spectrometry Facility
Core by Dr. MariaPerson. MS and MS/IMS were acquired on aMALDI-TOFTOF (ABI
4700 Proteomics Analyzer, Foster City,CA) and processed using GPS Explorer v3.5.
MASCOT V2.0 was used for the database search, using the supplied ATM sequence.
Manual analysis was used to identify modified peptides by accurate mass and matching

of MS/M'S sequence tags.

ATM CYANYLATION CLEAVAGE

1-cyano-4-dimethyl amino-pyridinium tetrafluoroborate (CDAP, cayman)
selectively cyanylates free sulfhydryls in a compatible range of pH with reducing reagent
TCEP. Flag-tagged ATM is cleaved at the sites of cyanylation at pH 12. The lengths of

peptides detected by anti-Flag antibody (Sigma) indicate the |ocations of cyanylated
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Figure 2.2 Diagram for biotinylation of ATM with Biotin-HPDP. *SH’ in blue represents
the cysteine residues that are not oxidized; *SH’ in red represents the cysteine residues
that form disulfide bonds during exposure to H,O5.
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sulfhydrylsrelative to the N-terminus (Figure 2.3). The protocol for ATM cyanylation

cleavage is shown below.

1 ATM was bound to argrose beads (Qiagen, 4°C, 30 min) and washed 3 times.

2. ATM was treated with 0.5 mM H,0O, at 30 °C for 30 min. Exces H,O, was
removed by washing the beads 3 times with A buffer (10 mM Tris, 1700mM
NaCl, 10% Glyceroal, pH 8.0).

3. Free sulfhydryls were blocked by incubation with 10 mM iodoacetamide for
1 h at room tempreture. Exces iodoacetamide was removed by washing three
times with 200mM ammonium bicarbonate.

4, 10mM TCEP was added to reduce the disulfide bonds (room tempreture 30
minutes).

5. 50 mM CDAP was added to cyanylate nascent sulfhydryls at room
tempreture for 1h.

6. 0.01N NaOH was added to raise pH to 12. Cleavage finishesin 1h at room
tempreture.

7. 5X SDS loading buffer was added and boiled for 5 minutes to extract
peptides from the beads. The supernant was separated by SDS-PAGE.

8. The resulting peptides were detected by western blotting with anti-Flag

antibody and the approximate length of each fragment was determined.
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Figure 2.3 Diagram for identification of reactive cysteines with selective cyanylation.
After oxidation with H,O,, free cysteines were protected by iodoacetamide. Cysteinesin
disulfide bonds were reduced with TCEP, followed by cyanylation with CDAP. The
protein was cleaved at the cyanylation sites by raising the pH to 12. Anti-Flag antibody
was used to detect the peptides with an intact N-terminus. The sizes of the peptides
revealed the sites of cyanylation relative to the N terminus.
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MAMMALIAN CELL CULTURE

293T cells (CRL-12688) were cultured in DMEM supplemented with 10% animal
serum complex (Gemini) in a CO, (5%) incubator, at 37°C. ATM deficient (A-T,
GMO05849) and NBS1-deficient (NBS, GM 15989) fibroblasts were grown in MEM
supplemented with 10% FBS. Healthy fibroblasts (GM08399) were cultured in DMEM
supplemented with 10% FBS and 2mM L-glutamine. A wild-type Flag-tagged ATM
stable cell line was obtained by integrating linearized WT-ATM pcDNAS3 plasmid [104]
into 293 cells and selecting with 400 mM G418 (Invitrogen). Flag-ATM stable cell lines
were maintained with DMEM supplemented with 10% animal serum complex and

200mM G418.

For H,O, treatment, cells were grown to near confluence, the growth medium was
changed to sterile PBS buffer with different concentrations of H,O,, and were incubate at
37°C for 30 minutes. H,O, treatment was stopped by harvesting the cells. The ATM
inhibitor (Ku-55933, ameresco) was made as 10 mM stock (1000X) in DMSO. The
inhibitor was added to the medium 1h before H,O; or IR treatment with the same volume

of DM SO added as control.

For irradiation treatment, near confluent cells were irradiated with 5 Gray using
Cs37 source. Theirradiated cells were returned to a 37°C incubator for 30 minutes before
harvesting the cells. Cellswerelysed in 1X cell lysis buffer that contains 20 mM Tris-

HCI (pH 7.5), 150 mM NaCl, 1 mM N&EDTA, 1 mM EGTA, 1% Triton, 2.5 mM
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sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3Vv 04, and 1 pg/ml
leupeptin (Cell signaling, 9803). 400ul of lysis buffer was used to homogenize cells from
each 10cm dish. Cells were completely lysed after vortexing and 5 minutes of incubation
onice. 5X SDS loading buffer was added to the whole cell lysate, and 10ul of total cell
lysate (approximate 10 pg, protein concentration was estimated with BCA kit from Pierce)
was loaded onto 4-12% Bis-Tris SDS-PAGE (Invitrogen). ATM and its substrates were
separated and transferred to PV DF-FL membrane (Millipore). Antibodies against
phosphor-specific ATM and its substrates were used to detect the phosphorylation of

ATM and its substrates.
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CHAPTER 3: ATM ACTIVATION BY H;0,

ATM ACTIVATIONIN CELLS

Activation of ATM by H,0 in cells has been well documented [63, 107, 108] .
But whether it is through the ability of H,O, to induce DNA damage or through other
mechanisms has been controversial. In cells, H,O, can be converted to highly active free
radicals which attack DNA bases. Base excision repair (BER) isthe mgor cellular
mechanism that repairs oxidized DNA throughout the cell cycle [78, 82]. BER is
typically initiated by a DNA glycosylase (with OGG1 being the major glycosylase for
repairing highly mutagenic 8-oxoguanine and NEIL1, NEIL2 and NEIL3 performing
back up roles) and induces DNA single stand breaks (SSBs) at the damage sites. If the
concentration of freeradicalsis high, two DNA SSBs that occur close enough can
combine to produce a DSB. Likewise, longer H,O, treatment can increase the chance that
two SSB events strike the same position on DNA helix, which also leads to SSB/DSB
conversion. For cellsin S-phase, SSBs induced right before the replication fork can also
be converted to DSBsiif the replication fork is not stopped in time. Therefore whether
H»0, can induce DSBs depends on the concentration of H,O,, the time of H,O, treatment
and the cell cycle status. To test whether H,O2-induced ATM activation is caused by
DSBs, we did our experiments with low concentrations of H,O, with short exposures and

assayed for DSB induction by monitoring the phosphorylation of histone H2AX.
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ATM activation by H,O, in 293T cells

293T cells were grown to near-confluence and treated with varying concentrations
of H,0,. Cellswere lysed and 10ug of total cell lysate was separated by SDS-PAGE and
western blotted for phosphorylation of ATM or its substrates. A hallmark of ATM
activation, ATM autophosphorylation at serine 1981 was induced by H,O, at a
concentration of 0.5mM and was also induced by exposure to ionizing radiation (5
Gy)(Figure 3.1A). With exposure to 0.5 mM H,0O,, we also detected ATM-dependent p53
and Chk2 phosphorylation, but the formation of y-H2AX was absent (Figure 3.1B). Since
H2AX is widely regarded as a sign of DNA DSBs, the absence of y-H2AX after exposure
to low levels of H,O, suggested that no DSBs were formed under these conditions (these
cells exihibit a high level of endogenous y-H2AX signal, but no increase of the signa
was observed with H,O, treatment). At the same time we a so failed to detect the
phosphorylation of heterochromatin protein Kapl, which was shown to bean ATM
substrate upon IR or NCS treatment [36, 109]. Both H2AX and Kapl are chromatin-
associated proteins, only being phosphorylated at the sites where DSBs occur. Therefore,
under these conditions, ATM was activated by H,O, in 293T cellsin the apparent

absence of DSBs.
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Figure 3.1 ATM is activated by H,0- in cells in the absence of DSBs. (A) 293T cells were
grown to near confluence and treated with 0.5mM H,O, for 30min. Whole cell lysates
were prepared as described in Chapter 2. 10ug of the total cell lysate was separated by
SDS-PAGE and analyzed by western blotting. The phosphorylation of ATM and its
substrates were detected with phospho-specific antibodies as indicated. (B) 293T cells
were treated as in (A) and analyzed for Kap1 phosphorylation and the formation of y-
H2AX. (C) 293T cellsweretreated asin (A) and analyzed for ATM autophosphorylation
and the phosphorylation of Chk2 and in the presence of ATM inhibitor, Ku-55933 (10
pHM). Cells were treated with Ku-55933 for 1 hour before the addition of H,O,.
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ATM dimerization by H,0, in cells

Our explanation for ATM activation by H,O, under non-DSB-inducing conditions
might be the ability of H,O, to oxidize and activate ATM directly. We did observe that
after H,O, treatment, ATM was crosslinked by disulfide bonds and formed possible
dimers or oligomers (Figure 3.2). To test whether direct oxidation of ATM could
stimulate ATM activation, we tested cells with diamide, a chemical reagent known to
specifically induce the formation of disulfides with a minimum of other effects. As
shown in Figure 3.3, ATM autophosphorylation and p53 phosphorylation were induced
by diamide treatment. The similarity between H,O, and diamide treatments suggests that

H,0O, can activate ATM by inducing disulfide formation in ATM.
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Figure 3.2 The oligomerization of ATM with H,O, treatment in a cell line stably
expressing Flag-tagged wild-type ATM. ATM was isolated with Anti-Flag M2 resin
(Sigma) from cells lysate prepared from a human 293 cell line stably expressing Flag-
ATM. ATM was eluted with Flag peptide, treated with either reducing (R) or non-
reducing (NR) loading buffer, separated in a 6% SDS-PAGE, western-blotted, and
probed with antibodies specific for ATM or ATM phospho- serine 1981.
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Figure 3.3 Diamide induces ATM autophosphorylation and p53 phosphorylation. The
cell line stably expressing wild-type ATM was cultured to near confluence and treated
with 0.5mM diamide for 30min. Whole cell lysates was seperated by SDS-PAGE and

western-blotted with ATM and p53 antibodies as indicated.
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ATM activation by H,O, in NBS cells

We also tested if H,O, caninduce ATM activation in NBS cells. NBS cells
express atruncated form of the NBS1 protein and reduced levels of MRN complex [110,
111]. NBS cells are deficient in the normal cellular response to DSBs; hence thisisa
good system to test if H,O, caninduce ATM activation when cells cannot efficiently
recognize DSBs. We found that in NBS cells, H,O, can induce ATM-dependent p53 and
Chk2 phosphorylation (Figure 3.4). To our surprise, ATM autophosphorylation is absent
even when ATM is activated by H,O, to phosphorylate p53. Autophosphorylation isa
controversial issue in the literature [ 24, 50], and it is still not clear whether ATM
autophosphorylation is required for ATM activation. It ssemsthat, in our case, ATM
autophosphorylation is not necessary for ATM activation by H202 but we can still useit
asahalmark for ATM activation in cells with wildtype NBS1 protein. We will further

test ATM autophosphorylation and activation later in our in vitro system.
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Figure 3.4 H,0, activates ATM in NBS cells. NBS cells were cultured to near confluence
and treated with 0.5 mM H,0O, before lysis and analyzed. The ATM inhibitor Ku-55933
was added to cells 1 hour before exposure to H,O, as described in Figure 3.1. (A) H20,
does not induce ATM autophosphorylation in the absence of NBSL. (B)(C) H202
induces p53 and Chk2 phosphorylation by ATM.
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ATM activation by H,Oin primary cells

The 293T cell line shows relatively high levels of y-H2AX in untreated cells
(Figure 3.1B). We decided to also test normal primary fibroblasts because of these cells
show lower y-H2AX in similar experiments (D. Johnson, personal communication).
ATM autophosphorylation and substrate phosphorylation induced by H,O, were detected
as above. In normal primary fibroblasts, ATM was activated by H,O, at the concentration
of 0.25 mM without detectable phosphorylation of H2AX and Kapl (Figure 3.5). The
DNA damaging agent bleomycin (10uM) was used as a control. Bleomycin can induce
the phosphorylation of H2AX and Kapl in addition to ATM and p53. This result
demonstrated that ATM could be activated by H,O, without detectable DSBsin a non-

transformed human cell line also.
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Figure 3.5 H,O, activates ATM in normal primary fibroblasts (GM08399). Cells were
grown to near confluence and treated with 0.25 mM H,O, or 10uM Bleomycin for 30
minutes. Phosphorylation of ATM and its substrates was detected with phospho-specific
antibodies as described in Figure 3.1. (A) H,O, induces ATM autophosphorylation and
the phosphorylation of p53 in normal primary fibroblast. (B) H202 does not induce Kapl
phosphorylation and the formation of y-H2AX under the same conditions.
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Many DNA damaging agents, including IR, induce oxidative stressin cells as
well asdirect DNA damage. It isdifficult to tell whether ATM is activated by DSBs or
direct oxidation. We carefully chose the concentration and time of H,O; treatment to
avoid DSBs while selecting conditions to oxidize and activate ATM. In cells, many
proteins and pathways could be affected by H,O, treatment, which makes it more
complicated to explain. Based on my cellular assay we hypothesized that H,O, directly

activates ATM, aquestion | further addressed using an in vitro kinase assay.

ATM ACTIVATIONIN VITRO

Wetested ATM activation by H,O, in vitro with ectopically expressed and
purified ATM. H,O, was added directly to ATM in the absence of MRN or DNA and
activation was measured by p53 phosphorylation. In our in vitro kinase assay we found
that ATM is activated by H,O, directly and the activation is comparable to ATM

activation by MRN and DNA (Figure 3.6).

Using purified dimeric ATM, our laboratory previously showed that ATM can be
activated by MRN and DSBS, in which MRN serves as DSB sensor to help ATM
recognize DSBs[24]. MRN is necessary for ATM activation by DSBsin vitro. But ATM
activation by H,O, requires neither DNA nor MRN. ATM activation was measured with
atitration of H,O, concentrations; | found that ATM was activated by H,0, at
concentrations as low as 100uM. The activation did not occur when the concentration

was over 2mM (Figure 3.6A). Depending on the concentration of ATM used in the kinase
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Figure 3.6 ATM is activated by H,O, in vitro. (A) Purifed dimeric ATM was incubated
with GST-p53 and various concentrations of H,O,, and phosphorylation by ATM was
detected with p53 phospho-ser15 specific antibody. (B) ATM activation by H,O- is
independent of MRN and DNA and can be attenuated by reducing reagent N-Acetyl
Cysteine (NAC). ATM kinase assays were performed asin (A) but also comparing
activation by MRN and DNA to H,O, activation. The anti-oxiant NAC (1mM) was added
asindicated.
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assay, the optimal concentration of H,O, may vary. When we purify recombinant ATM
from 293T cells, ImM DTT is added to the buffer before storage in order to protect ATM
from oxygen, otherwise the ATM appears to be constitutively active (data not shown).
Thus, in thein vitro kinase assay more H,O; is needed to neutralize DTT in the buffer
and react with ATM when alarger volume of ATM isused. The activation of ATM by
H,0, can be inhibited by reducing reagent NAC, suggesting H,O, may activate ATM by

direct oxidation (Figure 3.6B).

ATM dimerization in vitro

In vitro experiments also showed that ATM was crosslinked by intermol ecular
difulfide bonds when treated by H,O,, similar to the result with H,O, treatment of 293
cells (Figure 3.7A). Instead of being dissociated into active monomers, like in the MRN
and DNA dependent activation [42], ATM retained its dimer form upon H,O, treatment. |
measured the size of oxidized ATM by glycerol gradient ultracentrifugation and found

that it isadimer (Figure 3.7B).

52



H,0,(mMM) | o

0.125

0.25

0.5

Loading buffer| R |NR

R |NR

R

NR

R [NR

W W N N

ATM
d Q L a .'.;J s
B
monomer dimer
Fraction| 9 10 11 12 13 14 15 16 17
-H,0, ®
+H,0, @ .

Figure 3.7 Dimeric, oxidized ATM is active. (A) ATM oxidized by various concentrations
of H»O, in vitro was treated with reducing or non-reducing loading buffer, separated by 6%
SDS-PAGE and analyzed by western blotting. ATM was detected by ATM antibody. (B)
The size of ATM before and after H,O, treatment was arrayed by separating biotinylated
ATM in a10-20% glycerol gradient. 500ul fractions of the gradient were taken from the
top and tested for biotinylated ATM with a dot-blot, using a streptavidin/IR onjugate to
detect ATM. The positions of monomeric and dimeric ATM were determined by

separation of gel filtration markers (GE) in asimilar gradient as described previously [24].
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Autophosphorylation isnot required for ATM activation by H,O,in vitro

Autophosphorylation on serine 1981 was proposed to be important for ATM
dimer dissociation and activation [42], but resultsin both in vitro kinase assays and
knock-in mutant mice showed that the ATM S1981A mutant are fully active. |
investigated whether H,O, could induce ATM autophosphorylation in vitro. In my kinase
assay conditions, H,O, does not induce ATM autophosphorylation as detected by the
incorporation of y-ATP (Figure 3.8A). The ATM S1981A mutant was also fully activated
by H,O, in vitro (Figure 3.8B). Therefore autophosphorylation on serine 1981 is not

necessary for ATM activation by H,0O,.
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Figure 3.8 ATM autophosphorylation on serine 1981 is not required for ATM activation
by H,0,. (A) ATM S1981A is activated by H,O,. Wild-type and S1981A dimeric ATM
were incubated with various concentrations of H,O, (0.81, 2.4 and 7.3 mM) and analyzed
by western blotting as described in Figure 3.1. (B) H,O, does not induce ATM
autophosphorylation in vitro. The wild-type ATM was used in akinase assay in vitroin
the presence of 50 uM cold ATP and 1ul y-[¥*P]- ATP and 0.8 mM H,O, The products
were visualized using phosphorimager analysis. ATM autophosphorylation by MRN and
DNA was used as control.
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H,O,increases substrate binding to ATM

MRN activates ATM by facilitating DSB recognition, dimer dissociation, and
substrate binding [26]. While H,O, activates ATM independently of both MRN and
DSBs and appears to dimerize ATM, we tested if H,O, can help substrate binding, as
oxidation might change the conformation of substrate binding sitesin ATM. Biotinylated
ATM bound to streptavidin beads was used to pull down GST-p53 in the absence or
presence of 0.25 mM H,0,. As shown in Figure 3.9, H,O, increases the ability of ATM

to bind GST-p53.

Manganese allows ATM to be active in vitro in the absence of MRN and DNA
[11, 26]. Figure 3.10 shows that in the presence of 2.5 mM Mn?*, H,O, can stimulate
ATM more efficiently in the presence of lower ATP concentrations. This suggests that

H,0, also promotes ATP binding by ATM (Figure 3.10).
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Figure 3.9 H,O, helps ATM bind substrates . H,O, increases the efficiency of GST-p53
binding by ATM. Biotinylated ATM was bound to streptavidin beads (Promega) and
incubate with GST-p53 in the presence or absence of H,O,. The amount of GST-p53
substrate bound was quantified with western blotting using an anti-GST antibody (GE).
Three independent experiments were performed and the average of theseis shown here
with the error bars indicating the standard deviation.
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Figure 3.10 H,0, stimulate ATP binding by ATM. ATM was treated with 0.8 mM H,0,
and the stimulation in p53 phosphorylation was measured with different concentrations of
ATP in the presence of 2.5 mM manganese chloride. Phosphorylation of p53 on serine 15
was quantified with Odyssey software (Li-Cor). They axis shows the ratio of the level of
p53 phosphorylation in the presence of H,O, over the level of p53 phosphorylation in the
absence of H,O,. Three independent experiments were performed and the average of
these is shown here with the error bars indicating the standard deviation.
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ATM oxidative activation compensates M RN/DNA dependent activation

| dso investigated if a pathway of ATM activation by H,O, coexists with the
MRN and DNA dependent pathway in cells. Oxidation has been shown to reduce the
ability of many DNA-binding proteins[112, 113]. The MRN complex acts as sensor for
DSBs, so | hypothesized that oxidative stress may aso reduce the ability of MRN
recognizing DSBs and attenuate MRN-dependent ATM activation. In thisway, direct
activation of ATM through oxidization may complement the overall ATM activation if
the MRN-mediated pathway is attenuated. | performed in vitro binding assays which
showed that MRN bound DNA less efficiently in the presence of H,O,, and ATM
activation by MRN and DNA were attenuated (Figure 3.11A). However, higher
concentrations of H,O, stimulated ATM activity and complemented the loss of MRN and

DNA dependent pathway. (Figure 3.11B)

These results provide evidence for anovel ATM activation pathway in cells.

ATM can be activated through oxidation by H,O, independent of the MRN complex and
DSBs. Oxidized ATM phosphorylates traditional ATM substrates, like p53 and Chk2.
Oxidation by H,O, can aso induce ATM autophosphorylation on serine 1981 in cells but
not in vitro. The active form of oxidized ATM appears to be adimer with an increased
ability to bind substrates. In cells, the oxidation pathway of ATM activation complements
MRN and DNA dependent pathway when cells suffer oxidative stress. In this pathway
ATM serves as a sensor of changesin redox potential in addition to itsimportant role in

sensing DNA damage.
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Figure 3.11 H,0, attenuates MRN- and DNA-dependent ATM activation. (A) H,O-
inhibited MRN binding to linear DNA. Biotinylated DNA was prepared as described and
bound to streptavidin beads (invitrogen). Purified MRN was incubated with DNA bound
beads in the presence or absence of H,O, (0.5 mM) and the amount of MRN bound to the
DNA were determined by western blotting for Rad50 and NBSL. (B) H2O- inhibits MRN-
and DNA- dependent ATM activation.
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CHAPTER 4 ATM MUTAGENESIS

OXIDATION OF CYSTEINE RESIDUESISRESPONSIBLE FOR ATM

ACTIVATION

ATM activation by H,O, can be attenuated by reducing reagents like NAC or
DTT (Figure 3.1B), indicating that the ability of H,O- to oxidize some protein residues
may be important for the activation. Because cysteine, of al the protein residues, is most
susceptible to oxidization, we used diamide in cells (Figure 3.3) aswell asin thein vitro
kinase assay to demonstrate the importance of cysteine oxidation. These experiments
showed that diamide can induce the activation of ATM in vitro in apurified system
(Figure 4.1). Titration of diamide showed asimilar pattern of ATM activation as H,0,,
although the maximal activation is less, which might be due to the size difference
between diamide and H,O, molecules. It may be more difficult for the relatively bulky
molecules of diamide to access critical residuesin ATM. This observation, together with
the fact that ATM was crosslinked by interdimer disulfide bonds, suggests that
oxidization of cysteine residues into disulfide bondsislikely to be important for ATM

activation by H,0s.
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Figure4.1 ATM is activated and dimerized by diamidein vitro. (A) ATM activation by
diamide was compared to ATM activation by H,O,. ATM kinase assays were performed
with dimeric purified ATM as described in Figure 3.6, except that H,0, (0.09, 0.27, 0.8,
2.4, 7.3 and 22mM) and diamide (0.9, 2.7, 8.3, 25, 75 and 225 uM) wereincluded in the
reactions. (B) ATM isdimerized by diamide. ATM was activated by H,O, (0.27 mM)
and diamide (8.3 uM) in vitro, and reactions were assayed for ATM dimerization as
shown in Figure 3.7 as well as for p53 phosphorylation on serine 15. Phospho-p53 and
ATM were separated on 6-12% gel and detected by relevant antibodies.
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CONSERVED CYSTEINE RESIDUESIN ATM

ATM isalarge protein with 3056 amino acids and 89 cysteines. There may be
one or multiple cysteines responsible for ATM activation. To demonstrate that oxidation-
mediated ATM activation is separate from the MRN/DNA pathway, we attempted to
identify the cysteine residues responsible for the activation of ATM by H,O,. We first
looked at the conserved cysteines among ATM in different species. Most of the
conserved cysteines arein the kinase, FAT, or FATC domains. While these cysteines are
well conserved among mammals, most of them are not conserved in Tell, the ATM
orthologue in yeast. Unlike ATM, Tell is not the major kinase regulating cell cycle arrest
inyeast. Tell function is partially redundant with the ATR homolog, Mecl in DNA
damage checkpoints. | tested the sensitivity of a Atell strain of budding yeast to H,O,,
but found that Atell cells showed wild-type level of survival (Figure 4.2). The Ayapl
shown was used as areference as yapl is acritical factor controlling survival of oxidative
stressin yeast [93]. Therefore, Tel 1 does not appear to regulate cellular responses to
oxidative stressin yeast. Then | looked for cysteine residues that were conserved in
higher organisms but not in yeast. According to the alignment of ATM from different
species, cysteine 1948 and 2704 are conserved in all organisms but S. cerevisiae. |
mutated these two residues to serine, but found that the purified proteins still could be

activated by H,O, similar to wild-type ATM (data not shown).

Examination of the A-T database showed that C2824Y isthe only cysteine point

mutation found in A-T patient (Leiden Open Variation database). | aso found that the
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H,O, 0.6mM

Figure 4.2 Tel1 does not regulate cellular response to oxidative stressin yeast. The
survivals of WT, Atell and Ayapl strains were compared within various different
concentration of H,O5.
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C540S mutation was found in colorectal adenocarcinomain alarge scale tumor
sequencing project. Cysteines 1251 and 1286 are around the conserved |eucine zipper
motif, which had been demonstrated to be important for ATM function in human cells
[114]. C783 and C786 arein a‘CXXC’ motif, which has been found to regulate the
activity of some redox-sensitive proteins [115, 116]. These sites and their position in
ATM domain are summarized in Table 4.1 and Figure 4.3. Each of these cysteines was
individually changed to serine in the full-length protein, but the purified mutants still

could be activated by H,O; in vitro (data not shown, Table 4.1).

C540 CIBS C1251 C1948 C2704C2824
1 3056
C783 C1286

Figure 4.3 Map of conserved cysteine in ATM

IDENTIFY ACTIVE CYSTEINE RESIDUESWITH MASS SPECTROMETRY

Mass spectrometry has been widely used to identify modified amino acid residues.
| al'so considered using this powerful tool to identify the sites of difulfide bondsin
oxidized ATM. Preliminary experiments with ATM using whole protein in-gel trypsin
digestion after oxidation in vitro were not successful (data not shown). The primary
reason for this was the large size of ATM. With amolecular weight of 350 KD, whole-

protein digestion of ATM gave too many peptides to differentiate.
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Therefore | needed to separate our target peptides containing disulfide bonds from
the sea of ATM tryptic digestion products. For this purpose, | used abiotin labeling
reagent, EZ-link Biotin-HPDP (N-[6-(Biotinamido)hexyl]-3"-(2"-
pyridyldithio)propionamide). EZ-link Biotin-HPDP reacts reversibly with sulfhydryl (-
SH) groups. The disulfide bond between the target sulfhydryl and the biotin group can be
cleaved by reducing agents to release the biotin group and regenerate the peptide in its
unmodified form (Figure 4.4). Labeling peptides containing sulfhydryl groups with
Biotin-HPDP enable us to pull down cysteine-containing peptides with streptavidin beads

and recover the peptides from the beads by cleaving the disulfide bonds with a reducing

reagent.

To use the BiotinHPDP reagent to identify sites of disulfide bonds, some changes
were made to the standard in-gel tryptic digestion procedure. First target peptides need to
be separated from other cysteine-containing peptides whose oxidation or reduction is not
involved in ATM activation. Of the 89 cysteinesin ATM, | hypothesized that some of
them are in disulfide form and some are in sulfhydryl form before H,O, treatment. | also
hypothesized that the sulfhydryl group oxidation of some cysteine residues are important
for the activation while others are not, although we do not know if the important
disulfide(s) are intramolecular within an ATM monomer or intermolecular between two
ATM polypeptides. There was also a possibility that some sulfhyryl group may never get
oxidized during the H,O, treatment. ATM was first oxidized with H,O, then exposed to

iodoacetamide to alkylate (block) any free sulfhydryl groupsin ATM. Disulfide bonds
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were then reduced and labelled with Biotin-HPDP. By comparing streptavidin-bound
tryptic peptides from treated vs untreated samples, the residues that are already in
disulfide form before oxidation can be identified, as well as residues whose disulfide
formation isinduced by oxidation. Thein-gel digestion protocol is detailed in the Chapter
2. Using this protocol | was able to identify cysteines 819, 1045, 1177, 1396, 2021, and

2801 from several repeated experiments (Figure 4.5 and Table 4.1).
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Figure 4.4 Reaction scheme for biotinylation of ATM with Biotin-HPDP. Sulfhydryl
groups of ATM react with Biotin-HPDP (Pierce). Biotinylated ATM was trypsin-digested.
Biotinylated peptides bound to streptavidin beads (Promega) were then cut off the beads
by B-mercaptolethanol (BME, Sigma) and ready for analysis by mass spec.
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Figure 4.5 Map of ATM cysteine mutations identified by mass spectrometry
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SELECTIVE CYANYLATION OF CYSTEINE RESIDUESIN ATM

In a separate strategy, we aso tried to selectively cyanylate the target cysteines.
ATM was treated by H,O, and free cysteines were blocked by iodoacetamide as
described before. | used tris(2-carboxyethyl)phosphine (TCEP), which can selectively
and completely reduces alkyl disulfide over awide pH range, to reduce disulfide bond(s)
at pH 3. Then | used 1-cyano-4-dimethylamino-pyridinium tetrafluoroborate (CDAP) to
cyanylate the reduced cysteines residues. ATM was then cleaved at the sites of
cyanylation as the pH was raised from 3 to 12 (Figure 3.3) as previously decided for
other proteins cantaining disulfide bonds [117]. The approximate distance from the
cleavage sitesto N terminus was determined by the length of polypeptides recognized by
an anti-Flag antibody (ATM contains an N-terminal Flag tag). Cysteines 2021, 540, 541,

1494 and 1495 were identified using this method (Figure 4.6 and Table 4.1).

C540 C541 C2021

L i

C1494C1495

Figure 4.6 Map of ATM cysteine mutation identified by selective cyanylation

Most of the proteins found to sense redox state in cells are either activated or
inactivated by forming a disulfide bond between two cysteine residues. Our titration of

ATM activation against H,O, or diamide concentration didn’t show the existence of
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intermediates between inactive and active status of ATM (Figure 3.10), suggesting
maybe the formation of only one pair of disulfide bond is critical for the activation. |
mutated the cysteine residues identified by mass spec and cyanylation individually, and

tested their effectson ATM activation (Table 4.1).

Although it is possible that these residues are the sites of disulfide bondsin ATM,
mutation of these sites did not abolish ATM activation by H,O,. During H,O, treatment
of the samples for mass spectrometry analysis, many cysteines were oxidized and it is
possible that other oxidization events concealed the critical one. Detection of peptides by
mass spectrometry depends on their ability to beionized, thus not all peptides will be
easily detected. Unfortunately, none of the sites identified by mass spectrometry and

selective cyanylation appeared to be the critical one we were |ooking for.

MUTATION OF CYSTEINE 2991 ABOLISHESATM ACTIVATION BY H0;

MTOR isamember of the PIKK family and is known to sense cellular stress
caused by change in cellular nutrient and energy levels aswell as redox status [118].
MTOR contains 2 conserved cysteines (2460 and 2467) in the FATC domain that are
disulfide linked after oxidation and lead to stabilization of the protein upon oxidative
stress [119]. These 2 cysteines are not conserved in ATM, but inthe ATM FATC domain,
cysteine 2991 is conserved in al mammals (Figure 4.7). In zebrafish thisresidueisa
theronine while in seaurchin it is aleucine. We mutated cysteine 2991 to leucine or

theronine, purified the mutant proteins and found that both these mutations completely
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abolish activation by H,O, but not the activation by MRN and DNA (Figure 4.8). Besides
itssimilar location in the C-terminus of mTOR, the FATC domain of ATM also has
lower Pl (predicted to be around 5.35) compared to the whole protein (P1=6.39) and other
conserved domains (e.g. kinase domain PI1=7.65, table 4.2). Therefore, cysteine 2991 is
predicted to be well deprotonized under physiological conditions, which isthe

precondition for disulfide formation.

Mouse LHSTPNADDQECK ----- QSLSDTDQSFNK 3014
Rat LQSTPSADDQECK----- RSLSDTDQSFNK 2952
Human LHPTLNADDQECK----- RNLSDIDQSFNK 3004
Chimp LHPTLNADDQECK----- RNLSDIDQSFNK 3004
Dog LHSTPSGDDQECK ----- RSLSDSDQSFNK 3004
Horse LHSTPHADDQECK ----- RNLSDVDQSFNK 3005
Pig LHSTPRADDQECK ----- RNLSDTDQSFNK 3004
Cattle LHSTLNADDQECK----- RNLSDIDQSFNK 3002
Chicken MSSTLGADPQACK----- RKASSDDQSFNK 2958

Xenopus LNATLGGDDPECN----- RNSCDS-QSVNK 3009
Zebrafish LNPTPGGDEIETH----- RKASDS-QSFNK 2721
Seaurchin LNTTTDGHQDILH-PTNGASSPTTSREEV 3066

Figure 4.7 Alignment of ATM FATC domain.

71



cysteine site description MRN&DNA H202

540 tumor + +
541 cyanylation N/A +
783,786 CxxC site + +
819 Mass spec site N/A +
1045 Mass spec site + +
1177 Mass spec site N/A +
1251 Conserved N/A +
1286 Conserved N/A +
1396 Mass spec site N/A +
1494,1495 cyanylation N/A +
1948 Conserved + +
2021 MS & cyanylation N/A +
2704 Conserved N/A +
2801 Mass spec site + +
2824 A-T patient N/A +
2991 Conserved + -

Table 4.1 ATM mutagenesis results. Each ATM mutant was overexpressed in 293T cells
and purified as described (Chapter 2). The activation of full-length mutant proteins by
H,0, or MRN/DNA were compared to wildtype ATM. If mutants had wildtype-like
activation, it was marked as' +'. If the mutant could not be activated it was marked as'-*.
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Domain theoretical pl M.W.
ATM 6.39 350687.46
N-terminus (1-1969) 6.44 224505.50
FAT domain (1970-2565) 5.90 69902.16
Kinase domain (2683-2962) 7.65 32308.41
FATC domain (2963-3057) 5.35 10726.23

Table 4.2 Predicted pl of ATM domains. The Pl and M.W. were calculated with Expasy
Pl and M.W. prediction tool http://ca.expasy.org/tools/pi _tool.html.
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Figure 4.8 ATM C2991L and C2991T kinase assay. ATM mutant proteins were
normalized with WT-ATM. ATM activation by H,O, and MRN/DNA was analyzed as
described in Figure 3.1.
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We also found that the ATM C2991L mutant can be oxidized into the dimer form,
which is not surprising considering al the disulfides identified by mass spectrometry and
selective cyanylation. The next question is whether it is an intermolecular or
intramol ecular disulfide bond. In the case of mMTOR, an intramolecular disulfide bond is
formed between C2460 and C2467 [119]. Unlike ATM, mTOR is amonomer and
functions as MTOR complex1 (mTORCL, associated with regulatory proteins, includes
Raptor, GBL and PRAS40) or mTOR complex2 (mTORC?2, associated with Rictor, GBL,
and mSIN1). Though ATM only has one conserved cysteinein FATC domain, itisin
dimer form before activation and the two FATC domains were predicted to be closein
space [42]. Thereforeit is possible that a disulfide formed between two 2991 cysteinesin

an ATM dimer isresponsible for its activation.

To test thismodel of an interdimer disulfide between C2991 residues, we
coexpressed ATM wildtype and C2991L protein and purified heterodimers. Flag-tagged
C2991L mutant and HA-tagged wildtype ATM were used to transfect 293T cells, and the
heterodimer was purified by sequential anti-Flag and anti-HA affinity chromatography.
The activation of the heterodimer by H,O, was tested. The heterodimer cannot be
activated by H,0,, as shown in Figure 4.9, suggesting that a cysteine 2991 residuein
each monomer is required for activation. The simplest explanation for thisisthat an
intermolecular disulfide forms within the dimer at this position. However, it isaso
possible that both cysteine residues have to be engaged in separate disulfide bonds (in tra-

or intermolecular) for activation.
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Figure 4.9 ATM heterodimer C2991L-WT kinase assay. ATM C2991L-WT heterodimer
were normalized with wt and C2991L ATM homodimers. The activation of the
heterodimer was tested in atitration of H,0,.
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CHAPTER 5: DISCUSSION

ATM REGULATESCELLULAR RESPONSE TO DNA DAMAGE AND

OXIDATIVE STRESS

Reactive oxidative species (ROS) are highly toxic to cells. ROS are produced as a
natural byproduct of the normal metabolism of oxygen and are also generated by
exogenous sources, such asionizing radiation. Cells use the combination of enzymes,
including superoxide dismutases, catal ases, and glutathione peroxidases, as well as ROS
scavengers, such as ascorbic acid, tocopherol, uric acid, and glutathione, to defend
themselves [60, 74]. However, the defense system is not 100% efficient and residual ROS
persist in cells, which play an important role in cell signaling. ROS levels can increase
dramatically due to the dysfunction of cellular defense system, either from environmental
stress or genetic mutations. Accumulation of ROS can result in significant damage to
DNA, RNA, lipids and proteins, a situation known as oxidative stress. ROS can react
with both bases and the deoxyribose backbone of DNA. Direct attack on the 4’ -hydrogen
of deoxyribose leads to breaks in the sugar-phosphate backbone. Of the four DNA bases,
guanine is the most sensitive to ROS attack. The product, 8-Oxo-7, 8-dihydroguanine,
can pair with adenine, leading to GC->AT mutations. In humans, it is primarily repaired
through the BER pathway. Some damaged bases, like uracil radicals, can react with
deoxyribose and transfer the damage to sugar-phosphate backbone, leading to DNA

single strand breaks (SSBs) aswell. SSBs are the most common damage induced by
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ROS. When two SSBs occur on opposite DNA strands within 10-20 bp of each other,

DSBsareformed [120].

DSBsin mammalian cells are primarily repaired through non-homol ogous
recombination. The Ku70/80 complex is regarded as the cornerstone of NHEJ because of
itsrolein detecting and binding to DSBs[121, 122]. The Ku complex was shown to be
inhibited by oxidation and to lose its ability to bind to the ends of DSBs with high affinity
[112]. Homologous recombination is the other important DNA repair pathway when
homologous chromosomes are available in S or G, phase of cell cycle. My in vitro DNA
binding experiment showed that the MRN complex, a crucial component of homologous
recombination mechanisms in mammalian cells, also lost its binding ability towards DNA
after exposure to H,O,. Hence, under oxidative stress both the major DSB repair
pathways are less efficient. Asaresult, serious long-term oxidative stress is always

accompanied by DSBsin mammalian cells.

ATM isinthe mgor kinase regulating DNA damage response. ATM has been
shown to be activated by DSBs induced by ionizing radiation, Bleomycin, NCS and other
DNA damaging reagents [11, 36, 123]. ATM aso plays an important role in regul ating
cellular responses to oxidative stress as ATM-deficient cells exhibit high levels of ROS
and adysfunctional cellular antioxidant system [60]. In vivo, the effects of oxidative
stressand DSBs on ATM are difficult to distinguish since long term oxidative stress can
induce DNA damage and DSB-inducing reagents, like IR, often induce oxidative stress at

the same time by promoting ROS production. | carefully chose the concentration of
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oxidants and extent of treatment to distinguish the effects of oxidative stress from DSB
responsesin cells. | was able to detect ATM autophosphorylation and p53
phosphorylation in the absence of H2AX and Kapl phosphorylation, suggesting the
existence of another ATM activation pathway that is DSB-independent. Furthermore,
under the same conditions H,O, can also induce p53 and Chk2 phosphorylation by ATM
in NBS cells, which express low level of truncated NBS1 protein. NBS cells are defective
in ATM activation in response to DSBs because of the limited amount of MRN in these
cells and the mutation in NBS1. Asthe MRN complex is necessary for ATM activation
by facilitating DSB detection, it is reasonable to suggest that DSB-independent ATM

activation is responsible for the phosphorylation of p53 and Chk2 in NBS cells.

ATM ACTIVATION INDEPENDENT OF DNA DAMAGE

My in vitro kinase assay provides the most direct proof of DSB-independent
ATM activation. ATM ectopically expressed and purified from 293T cellswas used in
our in vitro kinase assay. In the absence of DNA and the MRN complex, ATM was
activated by the addition of H,O,. The level of ATM activation is comparable to MRN
and DNA dependent ATM activation. The range of H,O, concentrations effective in
ATM activationsisfrom 100 uM to 2 mM (Figure 3.6). The optimal concentration of
H,0O, may vary because a reducing reagent must be present in the storage buffer of
purified ATM. Nonetheless, the patterns of ATM activation with H,O; titration are
always similar; ATM activity increases with H,O, concentration and decreases above the

optimal concentration, which might be due to the disruption of protein structure by
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nonspecific oxidization caused by high concentrations of H,O,. Several experiments were
done to confirm that increased p53 phosphorylation by ATM in kinase assay is dependent
on the activation of ATM kinase: similar titration curves were obtained when GST-Chk2
and full length p53 are used, and the ATM kinase specific inhibitor, Ku-55933, inhibits
the phosphorylation of p53 induced by H,0,. These experiments prove that the activation

is catalyzed by ATM and is not substrate specific.

In cells, H,O, can be converted to highly reactive hydroxyl radicals through the
fenton reaction but in the in vitro kinase assay such mechanisms are absent, suggesting
that H,O, might activate ATM through direct oxidation. The fact that reducing reagents
like NAC and DTT inhibit ATM activation by H,O, aso suggests this. Diamide, a
reagent that specific induces disulfide crossinks between adjacent cysteine residues,
activates ATM both in cellsand in vitro. This result suggests that disulfide formation

induced through direct oxidation by H,O; is critical for ATM activation.

ATM isaninactive dimer before activation. Disulfides induced by H,O, keep
ATM inadimer form. Unlike the DSB-dependent ATM activation pathway, in which
ATM dissociates to active monomers, ATM isin an active dimer form in the oxidative
activation pathway. In our titration of H,O, concentration, ATM activation is correlated
with dimer formation. This also suggests that important interdimer disulfides might be

important for activation by keeping ATM in active dimer form.
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ATM autophosphorylation on serine 1981 is a halmark of ATM activation and
has been proposed to be important for ATM dimer dissociation [42]. In 293 cells treated
with H,O,, ATM autophosphorylation on serine 1981 is induced though
autophosphorylated ATM is still in dimer form. In NBS cells, no ATM
autophosphorylation was detected though ATM clearly was active and phosphorylates
p53 and Chk2. Whether ATM autophosphorylation is necessary for ATM activation is
controversial [24, 50]. My in vitro experiments suggest that ATM autophosphorylation
on serine 1981 is not necessary for ATM activation by H,O, because S1981A ATM can
be activated by H,O; in vitro similar to wildtype ATM. In addition, H,O, did not induce
ATM autophosphorylation in vitro. ATM autophosphorylation may still be an important
event induced by H,O, in wildtype cells but it is not required for ATM activation via
oxidative stress. The MRN complex seems to be important for ATM autophosphorylation

although it is not required for ATM oxidative activation.

The MRN complex activates ATM by promoting ATM dimer dissociation and
substate binding [24, 26]. My work shows that H,O, oxidation keeps ATM in adimer
form that nevertheless exhibits increased activity. The activation of ATM by H,O; isat
least partially due to an increase in substrate binding. The substrate binding domains of
ATM are not well defined. Previous research showed that N- terminal heat repeats are
important for the interaction between ATM and its substrates p53 and Chk2 [3]. Deletion
of N-terminal heat repeatsin ATM blocks the ability of ATM to phosphorylate p53 or

Chk2 in vitro athough it has an intact PI3K kinase domain. It is possible that, when
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treated with H,0O,, either the conformation or orientation of these domainsis changed

making them more accessible for substrate binding.

THE FATC DOMAIN ISIMPORTANT FOR ATM ACTIVATION BY H0;

Oxidation of the C-terminal FATC domain of mTOR, also a member of the PIKK
family, was shown to contribute to its stabilization [119]. The Oxidized FATC domain of
MTOR consists of a disulfide-bonded loop between two conserved cysteine residues. The
mutation of these residues indicates that the cellular redox potential can affect the amount
of the mTOR protein by influencing its degradation. These results are consistent with the
idea that the C-terminus of ATM isimportant for ATM regulation by H,O,. Cysteine
2991 isthe only conserved cysteinein the ATM FATC domain. C2991L and C2991T (L
and T were chosen according to the alignment of ATM homologs) exhibited wildtype
level of activation by MRN and DNA in vitro but were deficient in the response to H,0..
The fact that we were able to differentiate two distinct kinds of activation in vitro
suggests that these are two independent pathways contributing to ATM activation in vivo
in response to different stimuli. MRN and DNA recruit ATM to DSBs and activate ATM
in situ at the site of DSBsin chromatin. ATM can aso sense the change in redox state
during cell stress and be activated ex situ. These two pathways share downstream targets
like p53 and Chk2, whileit is also possible that each pathway has distinct targets to

regul ate different cell defenses against either DSBs or oxidative stress.
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Thefact that ATM heterodimers, containing wildtype and C2991L proteins are
also deficient in response to H,O, suggests that a critical interdimer disulfide forms
between two 2991 cysteine residues. Unlike MRN and DNA dependent activation, which
dissociate ATM dimers and presumably makes the kinase domain more accessible to
substrates, the oxidative activation pathway retains dimer form. | hypothesize that
oxidation induces significant changes in the conformation of the kinase domain which
may be functionally equivalent to the conformation of ATM in the presence of MRN and

DNA.

Cysteine 2991 of ATM islocated in FATC domain but the function of FATC
domain isnot clear. FATC domain is well conserved in mammals and birds but lessin
other metazoans. A peroxisome localization signal was proposed in the c-terminus of
FATC domain which suggests a possible form of extranuclear ATM [16]. Supporting this
idea, A-T fibroblasts exhibit dramatically decreased catal ase activity in peroxisomes.
Thusthe ATM FATC domain might be important for ATM to sense increases in ROS

level and regulate peroxisome function.

We used three different strategies to search for important cysteine residues in
ATM and mutated 18 out of 89 total cysteines as candidates. Of the 18 candidates we
were able to identify cysteine 2991 to be critical for ATM activation by H,O,. All the
candidates from Mass spectrometer analysis of disulfide-linked cysteines and cyanylation
cleavage proved to be negative. Although these cysteines were oxidized during H,O0,

treatment, their oxidation was not essential for the oxidation pathway. The ATM C2991
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mutant was aso shown to be crosslinked by disulfide bonds after H,O, treatment, which
supports the idea of excessive disulfide formation. At this point, we do not know if
intermolecular dimer formation is essential for ATM activation viathis pathway, we are
al so seeking to confirm whether disulfide bonds occur between C2991 residues within an
activedimer. Thisisthe expected result, but it is also possible that C2991 is oxidized

without disulfide bond formation.

Another critical part of my ongoing work isto expressthe ATM C2991L mutant
in A-T cells to determine how the mutation affects the cellular responses to oxidative
stress and DNA damage. My hypothesisis that the C2991 mutant will be able to respond
to DNA damage although it might be less efficient that wt-ATM, but the mutant will not

respond to H,O; or diamide, and will not rescue A-T cells from oxidative stress.

DIRECT ACTIVATION BY OXIDATIVE STRESSISIMPORTANT FOR ATM

FUNCTION IN CELLS

Based on my results, | propose a new pathway for ATM activation: ATM can be
oxidized and activated directly in the absence of DSB. This pathway reveals anew role of
ATM as asensor to redox conditions as aregulator of cellular defenses against
deleterious ROS in cells (Figure 5.1), which offers explanations for a number of clinical
and experimental observations. Neurodegeneration, the most striking character of AT
patients, has long been attributed to genome instability induced by ATM deficiency.

However, ATM is not regarded as amajor regulator for DNA repair. It is more likely that
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loss of ATM sensitizes A-T cells to accumulated intrinsic ROS due to the high level of
metabolism in neuronal cells. Elevated ROS causes multiple forms of cellular damage

and finally leads to cell death.

lonizing radiation (IR) damages DNA by direct deposition of energy to the sugar-
phosphate backbone and by the indirect production of ROS. IR iswidely used to induce
DSBsin research focused on DNA damage response (DDR). After IR treatment ATM is
quickly autophosphorylated and activated throughout the nucleus. With the MRN and
DNA-dependent pathway, ATM must be recruited to the DSB sites, activated, and then
released to phosphorylate non-DNA-binding substrates. In addition, my results show that
ATM can also be oxidatively activated by the ROS induced throughout the nucleus,
which provides a reasonable explanation for the contradiction between broad, pan-
nuclear activation of ATM and the small number of DSB foci formed after low doses of

IR.

Like IR, many radiomimetic drugs also induce oxidative stress. Oxidative stress
decreases the DNA-binding ability of many proteins, including the Ku70/80 complex
[113], which leads to the inhibition of DNA-PK cs. DNA-PKcs phosphorylates H2A X at
DSB sites and then phosphorylated H2AX acts as aloading dock for the recruitment of
DDR machinery, which includes MDC1, Brcal, 53BP1, and the MRN complex and is
crucia for ATM activation in DSB foci. Active ATM phosphorylates more distant H2AX
to amplify the signal of DDR. Because oxidative stress attenuates DNA-PK -mediated

recognition of DSB, it might inhibit ATM activation in DSB foci, making cells less
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Figure 5.1 Model for the activation pathways of ATM through MRN/DSBs and through

oxidative stress.

86



efficient in the DNA damage response. However, the ATM oxidative activation pathway
may help to overcome this. ATM can be activated directly by oxidative stress and then
phosphorylate H2AX at the DSB sites to help the recruitment of DDR machinery under
conditions when DNA-PKcs activity isinhibited. Therefore, oxidative activation of ATM

may be important for efficient DNA damage response under oxidative stress.

In vitro kinase assays showed that ATM can be activated by MRN and DNA
directly without the recruitment of other members of DDR machinery. In this case MRN
isthe DSB sensor and helps the recruitment of ATM to DSB sites. My experiments
showed that ATM activation by MRN and DNA in vitro is attenuated under oxidative
stress probably because of the inhibition of MRN-DNA binding. The oxidative activation
of ATM compensates for the loss of MRN-dependent activation and may regulate normal

ATM-dependent DNA damage response.

The fact that ATM- deficient cells have reduced antioxidant capacity and are
vulnerable to ROS attack [60] suggests that ATM might play an important rolein the
cellular defense system against ROS through its oxidative activation pathway. The ability
of ATM to increase its activity with the level of ROS enables cells to regul ate defense by
elevating antioxidant production. Little is known about the downstream targets of ATM
in the oxidative activation pathway. Catalase activity in A-T fibroblastsis significantly
reduced although its expression and distribution appear to be normal [16]. This suggests a

role of ATM in regulating catalase activity and perhaps also peroxisome function.
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DOWNSTREAM TARGETSOF ATM OXIDATIVE ACTIVATION PATHWAY

There have been reports about possible crosstalk between ATM and the mitogen
activated protein kinase (MAPK) pathways [124, 125], which isasignal transduction
cascade responding to environmental stresses, including oxidative stress. ATM dependent
activation of ATF3 is also dependent on the p38 and JINK M A Pkinases phosphorylating
ATF2 and the activation of ATF3 by H,O, can be inhibited by NAC. In an experiment
comparing A-T and healthy fibroblasts treated with pro-oxidant CdCl,, ATM was shown
to function as a sensor of oxidative stress and to inhibit c-Jun phosphorylation by JINK
MAPkKinase [126]. In AT neurosphere cells not only the activity of the p38 MAPK was
enhanced but the AKT pathways are also disrupted [127]. The AKT pathway plays akey
rolein surviva by inhibition of apoptotic signals and promotion of cell cycle progression,
and its activation was shown to be mediated through ATM. The crosstalk between AKT
and ATM pathways was also confirmed in an effort to analyze extensive protein

networks regulated by ATM and ATR [30].

Downstream of the AKT pathway, forkhead transcription factors (FOXO) are
negatively regulated by AKT [30, 127]. FOXO transcription factors were shown to
regul ate the expression of enzymes that protect against or repair oxidative damage. For
instance, Foxola directly targets thioredoxin interacting protein (TXNIP) [128]. Because
TXNIP inhibits the reducing activity of thioredoxin (TRX), downregulation of foxola
enhances cellular response to oxidative stress. Foxo3 was aso shown to be essential for

normal ATM expression, and Foxo3-null cells show sensitivity to ROS similar to A-T

88



cells[129]. Interestingly, the C-terminus of Foxo3a was shown to interact with the FAT
domain of ATM to promote autophosphorylation on serine 1981, which suggests arole of
foxo3ain DNA damage response [130]. The activity of foxo transcription factorsis
controlled by phosphorylation by kinases like AKT or INK, both of which are partially

regulated by ATM [131].

p66shc is an important protein controlling the oxidative stress response and life
span in mammals [132]. In a study of longevity of C. elegans, H,O, negatively regulates
the activity of forkhead proteins in a p66shc-dependent way [133] . In p66shc-null cells,
redox—dependent inactivation of forkhead proteinsis reduced. When treated with H,O5,
p66shc is phosphorylated and promotes p53-dependent apoptosis [134]. As a sensor of
intracellular ROS level, the p53-p66shc pathway is aso a possible downstream target of

ATM.

In another systematic study of phosphorylation networks, NF-kB2, a member of
NF-«xB transcriptional factor family, was identified to be possible downstream of ATM
[135]. Oxidative stress |eads to the activation of NF-xB [87]. H,O, induces sumolation of
NF-kB essential modulator (NEMO) and ATM activation, which together leads to the
activation of NF-kB in a DNA damage-independent manner [136, 137]. Interestingly,
ATM was also shown to phosphorylate NEMO to promote its nuclear export, and ATM
itself is also exported in a NEM O-dependent manner to cytoplasm. Oxidative stress also

activates the TSC2 tumor suppressor in an ATM-dependent way, in which ATM activates
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AMPK through LKB1 to regulate mTORC1 and induce autophagy (Cheryl Walker

personal communication).

Here | propose a new oxidative activation pathway of ATM, but how ATM
regulates cellular responses to oxidative stressis still not clear. Although several
pathways regulated by MAP kinase, AKT and foxo shown above crosstalk with ATM
pathway, systematic research is needed to search for ATM targetsin response to
oxidative stress. Thisis aso part of our future work. We plan to borrow a simple and
efficient approach from previous research of looking for potential CDK targetsin
complex cell lysates [138]. We will use a kinase engineering strategy to make ATM
mutants able to utilize ATP analogue, like PE-ATP-y-S. Then the thiophosphorylated
peptide can be enriched with thiopropyl sepharose 6B and analyzed with mass

spectrometry to identify potential ATM targets.

More attention needs to be paid to FATC domain to better understand ATM
oxidative activation. As mentioned above, the FATC domain may change in structure
upon oxidation and could induce an overall conformational change of ATM dimer that is
critical for ATM activation. We plan to overexpress FATC domain alone and with PI3K
kinase domain in order to get enough protein to do structural analysis by NMR or

crystallography.

We aso want to better understand the physiological role of ATM oxidative

activation, which not only contributesto ATM activation in the absence of DNA DSBs
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but may aso play an important role in the DNA damage response, as many DNA
damaging reagents also induce oxidative stress. The main function of DNA-PKcsisto
regulate non-homol ogous end-joining, and also regulates the DNA damage response
redundantly with ATM [139]. The ability of ATM to be activated under oxidative stress
conditions might compensate for the loss of DNA-PKcs. We would also liketo test if

ATM plays amore dominant rolein DNA damage response under oxidative conditions.
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