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1. DNA damage causes an increase in intracellular ROS
(signaling and / or oxidative stress)

2. Yap1 is a DNA damage responder
(via ROS signaling)

3. Nuclear and mitochondrial oxidative DNA damage regulate BER
(dynamic compartmentalization; participants include Ntg1, importin alpha,
beta)

4. Chronic DNA damage causes profound chromosomal instability
(via oxidative stress)

Saccharomyces cerevisiae: a useful model organism for
understanding the biological consequences of DNA damage
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DNA Repair Pathways

Boiteux, 2004+



Elevated intracellular ROS levels in
BER/NER-defective cells

3mM H2O2

4mM H2O2



BER- / NER-defective cells harbor high levels of oxidative DNA damage 



Intracellular ROS levels in repair deficient strains
following exposure to MMS and UV-C

- Intracellular O2
 ●- levels increase in all strains regardless of repair background 

in response to both MMS and UV-C

-The increase in intracellular ROS is independent of cell death
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Yap1

• Transcription factor that senses levels of H2O2 present in yeast cells

• In response to H2O2 Yap1 activates transcription of genes that mitigate
oxidative stress

• Mainly localized to cytoplasm under non-stress conditions through its
continuous export from nucleus by Crm1

• In response to H2O2 intramolecular disulfide bonds form in Yap1 and Crm1
no longer binds allowing for nuclear accumulation



Yap1

Check Point Control
(MEC1, POL1, POL3)

ROS Scavenging
(SOD1, CTT1, TRX2)

DNA Repair
(NTG1, MAG1)

Oxidative Stress
(H2O2)

DNA Damage

BER lesions
(MMS)

NER lesions
(UV-C)

?
?

ROS slowfast



Yap1

Check Point Control
(MEC1, POL1, POL3)

ROS Scavenging
(SOD1, CTT1, TRX2)

DNA Repair
(NTG1, MAG1)

Oxidative Stress
(H2O2)

DNA Damage

BER lesions
(MMS)

NER lesions
(UV-C)

?
?

ROS slowfast



Ntg1p, Ntg2p



Amino Acid Sequence of Ntg1 and Ntg2
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Catalytic domain
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Iron-sulfur center
Putative sumoylation sites

Legend



Localization of Ntg1 and Ntg2

nuclear 
marker

mito 
marker



Regulation of BER Proteins
1. Is the localization of BER proteins

affected by levels of oxidative DNA
damage in the nucleus or mitochondria?

2. Is post-translational modification a
mechanism of regulation for BER
proteins?



H2O2 and antimycin can be used to modify
nuclear and mitochondrial ROS levels

H2O2 increases
nuclear, but not
mitochondrial
superoxide levels.

H2O2 + Ant
increases cellular
superoxide levels,
including
mitochondrial
levels.

cellular superoxide mitochondrial superoxide



Dynamic relocalization of Ntg1 occurs
in response to nuclear and mitochondrial
oxidative stress



Mitochondrial localization  of Ntg1 is influenced by mitochondrial
oxidative DNA damage



No change in Ntg2 localization occurs with
introduction of exogenous ROS

D
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1. Are Ntg1 and Ntg2 sumoylated?

2. Does sumoylation affect dynamic localization? 



Evidence Supporting Sumoylation of
Ntg1 and Ntg2



Dan Swartzlander

A higher molecular weight form of Ntg1 is
induced by oxidative stress and is nuclear
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Nuclear localization of K364R Ntg1 is
different from wild type

WT



Sumoylation of Ntg1 K364 is important for repair of toxic DNA lesions

K364R mutant cannot reverse peroxide sensitivity 



Model
• Localization of Ntg1 is nuclear and

mitochondrial and Ntg2 is nuclear
only.

• Localization of Ntg1 is influenced
by oxidative stress; whereas,
localization of Ntg2 is not
influenced by oxidative stress.

• Mitochondrial localization of Ntg1 is
DNA damage dependent, and we
hypothesize that nuclear
localization of Ntg1 is also DNA
damage dependent.

• Ntg1 and Ntg2 are sumoylated.
• Sumoylation appears to influence

the nuclear localization of Ntg1.
• K364R mutation of Ntg1 causes

abnormal nuclear localization of
Ntg1 in response to oxidative
stress.  Therefore, sumoylation
may affect nuclear localization of
Ntg1 during nuclear oxidative
stress.
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Nucleocytoplasmic Transport

• NLS cargo binds to α/β
import receptor

• Cargo is targeted to the
nuclear pore through
importin β receptor
interactions with the
nuclear pore

• Cargo is delivered into the
nucleus – RanGTP binds
to importin β to release α
and NLS cargo

Ntg1

Ntg1

Ntg1
Ntg1

Ntg1
SUMO



Genetic instability when DNA excision repair (BER and
NER) pathways are corrupted or repair capacity is

exceeded by amount of damage
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Frequencies are in the range of 10-5 to 10-9

Selective conditions, low frequency events



• Elevated levels of karyotypic changes in
replicative aging yeast cells caused by
persistent oxidative DNA damage

Changes in size of chromosomes after 5
passages detected by CHEF gel analysis
(~125 generations)

• Cells rapidly “evolve” CIN similar to evolution
of increasingly genetically unstable clones of
cancer cells

Non-selective assay for CIN:
“Evolution” of cells under persistent
oxidative stress

Heterozygous parental
 diploid

Selective assays limitations:
Low frequency events
Biological relevancy?

CHEF gel analysis of entire chromosomes

Karyotype large scale aberrations in 
replicative aging haploid cell populations
(compromised repair and ROS scavenging)

• MMS (sub-toxic) chronic exposure
causes similar result in WT cells



Have we evolved “cancer” in yeast?

Frequencies are in the order of 10-3!

Non-selective conditions, high frequency events
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