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DNA is very stable and very massive 

ÅA single human nucleated cell contains approximately 2 
meters of DNA, 3 billion base pairs. 

 

ÅA grown adult with 10-100 trillion cells contains enough 
DNA to go from earth, past the moon, to the sun and 
back – more than 100 times. 

 

ÅOnly one single miss-match incorporation per 107 bases 
(300 per S-phase per cell, Freidberg, 2006) 
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At the molecular level DNA is very 
reactive 

ÅFor example, more than 20 types of oxidative lesions.  

3/41 Cooke et al., 2003, other papers cite more than 80 ROS damage sites alone 



How can DNA be reactive, massive and 
remain stable? 

Three general methods to maintain the genome: 

1. Highly efficient DNA repair mechanisms 

2. High fidelity DNA replication 

3. Coordinated genome duplication and resolution.  

 

To summarize what is coming up: significant numbers of 
mutations arise because the high fidelity replication system 
cannot surpass significant distortions in the double helix. 
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1. DNA repair mechanisms 

ÅDNA is very reactive, but almost any type of damage can be 
repaired. 

 

 

 

 

ÅRepair occcurs by excision repair, direct reversal, 
recombination, mismatch repair, and end joining. 

ÅDNA damage is rarely a mutation. 
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2. High fidelity DNA replication 

Åhigh fidelity is dependent upon 

ïincorporation of the correct nucelotide 

ïa very restricted active site preventing extension from 
mismatched bases 

ïexonuclease activity to release misincorporated 
nucleotides 

 

Preexisting distortions (damage) in the helix pose a threat to 
DNA duplication, tolerating this damage may be a method to 
ensure genome duplication. 
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3. Coordinated genome duplication 
and resolution  

ÅRestriction of prereplication complex formation until mitosis is 
complete, ensuring the genome is duplicated only once per 
cell cycle 

 

ÅCoordinated and complete separation of sister chromatids to 
ensure equal genome division. 
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Saccharomyces cerevisiae is an 
excellent model system to study DNA 

ÅAll DNA is the same from bacteria to humans 

 

ÅYeast have to repair much of the same damage as humans do. 

 

ÅGenetic modifications are relatively easy in yeast. 

 

ÅThe majority of DNA repair proteins in yeast are found in 
humans. 
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Three yeast epistasis groups of DNA 
repair genes 

ÅRad52 group – recombination repair (Rad52, Rad54, Rad55, 
MRE11...) 

 

ÅRad1 group – Nucleotide excision repair (Rad1, Rad2, Rad3, 
Rad4, Rad7...) 

 

ÅRad6 group – mutagenic repair (Rad6, Rad5, Rad18, Rev1, 
Rev3, Rev7, Mms2, Ubc13...) 

 

9/41 



Discovery of DNA damage tolerance 

 

 

 

 

 

 

 

ÅCompletion of DNA synthesis occurred without loss of UV-
induced TT dimers – damage is tolerated. 

ÅRad6 and Rad18 (mutagenic epistasis group) are described to 
be essential for this DNA damage tolerance (Prakash 1981). 
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- UV to induce covalently thymidine dimers  
- alkaline sedimentation analysis 
- white dots – without T4 TT endonuclease 
- black dots – with T4 TT endonuclease 
 
 
 
Stacks et al., 1983. 

    - UV 
 
 

 
 
   + UV 



Error-free PRR described by the 
discovery of Mms2 

 
 
 
 
 

 
 
 
 
 
 
 

 
 
 

Important: This initiated the idea that the Rad6 epistatic group could be 
divided further into error-prone (Rev3-dependent) and error-free (Mms2-
dependent) pathways. 
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Broomfield et al., 1998 



Error-prone and error-free PRR 
pathways 

Error-free PRR – must utilize an intact DNA strand. 
Error-prone PRR – likely does not utilize an intact strand. 
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(Mms2) 

(Rev3) 



Rad6 and Rad18 are ubiquitin 
conjugating enzymes 
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Error-prone PRR by Rad6/Rad18 

Hoege et al., 2002 described UV-induced 
mono-ubiquitiation of lysine 164 of 
PCNA, a processtivity factor central for 
DNA synthesis. 
 
The same lysine 164 residue of PCNA is 
conserved between yeast and humans. 
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(by Rev3, 
for example) 



Ubc13/Mms2 catalyze lys-63 linked 
Ubiquitin chains 

Mms2 is a UEV (ubiquitin 
enzyme conjugating variant 
(lacking a cystine in the 
active site) 
 
Mms2 phenylalanine “key” 
fits into pocket of Ubc13 not 
found in other E2s. 
 
Ubc13/Mms2 specifically 
links ubiquitin to the lysine-
63 position of the preceding 
ubiquitin 

Pastushok et al., 2005  
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Current working yeast model of PRR 

Andersen et al., 2008 16/41 



I joined the lab to help investigate DDT 
in mammalian cells 

1. Error-free pathway 
- hUbc13- 
- hMms2 
- hUev1 

 
2. Error-prone 
pathway/translesion 
synthesis 
 - hRev3 
 
3. Combining the two 
tentative pathways. 
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UV-induced mono-Ub of PCNA 



Human Mms2 and Uev1A can 
substitute for yeast Mms2 

Ubc13 interacting with hMms2 and hUev1A was also 
confirmed with Y2H and GST pull-downs. 18/41 



Production of monoclonal antibodies 
recognizing Ubc13 and Mms2/Uev1 

Clone 2H11 recognizes both hMms2 and the homologue hUev1. 
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Detergent pre-extraction to identify 
nuclear structures 
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Myc-tagged constructs to differentiate 
Mms2 and Uev1 

Mms2-myc                             Uev1A-myc                                Uev1B-myc 

21/41 



DNA strand breaks induced 
Ubc13/Mms2 foci formation 

Camptothecin induces DNA damage by 
inhibiting topoisomerase II. 

Ubc13           Merge 

Ubc13 localize to sites of damage-induced 
DNA synthesis. 

Mms2 co-localizes with Ubc13. 

Uev1A does not co-localize with Ubc13 
unless the N-terminal peptide is removed. 
 
Not shown: Ubc13/Uev1A (but not Mms2)  
operate in the NF-κB signaling pathway by 
ubiquitinating NEMO. 

Andersen et al., 2005 22/41 



Spontaneous DNA damage without 
Ubc13/Mms2 
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Summary of Ubc13/Mms2 

ÅUbc13/Mms2 is involved in a DNA damage 
response. 

ÅUev1A and Uev1B are not involved in a DNA 
damage response. 

Åloss of Ubc13/Mms2 results in spontaneous 
DNA damage. 
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Human Translesion synthesis (TLS) 

Rev1 is thought to primarily act as a scaffold for the other TLS polymerases. 
 
In vitro analysis (from the published literature) has demonstrated distinct insertion 
and elongation steps. 
 - for example:  TT dimer   →  AA insertion by pol-η  →  elongation by pol-ζ 
 
TLS polymerases (Y-family) exhibit low active site stringency and lack of 3’-5’ 
exonuclease proofreading ability, making them intrinsically error prone. 
 
Human Rev3 is poorly characterized. 

- inserts C across from abasic sites, scaffold  

- inserts AA across from TT dimer 
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- extension role from distorted DNA backbone 

- functions in bypassing some large adducts 



Production of polyclonal antibodies 
recognizing hRev3 
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Optimization of Rev3 foci development 
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UV-induced TLS polymerase and PCNA 
foci formation 
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pol-η is independent of Rev1 

(Ribozyme knockdown) 
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Lack of Rev3 does not affect the other 
TLS polymerases 

See earlier figure 
for Rev3 iRNA 
knockdown. 
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Lack of pol-η does not affect the other 
TLS polymerases 

XPV cells have a 
truncation of the pol-
η gene near the N-
terminal. 
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Rev3 is only partially dependent on 
Rev7 

Rev7 knockdown 
cells supplied 
from Dr. J 
McCormick, 
Michigan State 
University 
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Summary of TLS polymerases 
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Suppression of Rev3 and Ubc13 (or 
Mms2) exacerbates UV sensitivity 
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suppression of Ubc13 in XPV cells 
increases sensitivity to UV 
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Overall summary 

Å Ubc13/Mms2 is involved in a DNA damage response distinct from Uev1 
Å A sub lethal dose of UV becomes lethal when Ubc13 and pol-eta are co-

suppressed. 
Å A sub lethal dose of UV suppresses the growth rate when Ubc13 (or 

Mms2) and Rev3 are suppressed. 
 

Å This supports the existence of DDT consisting of two pathways in 
mammalian cells. 

 
However: 
Å Poly-Ub of PCNA could not be demonstrated, suggesting another target for 

Ubc13/Mms2. 
Å Foci formation by Ubc13/Mms2 (CPT) or the TLS polymerases (UV) was 

damage dependent, mono-Ub of PCNA 
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Continuing projects #1 

ÅWill a PCNA K164R mutation result in loss of TLS or 
Ubc13 activity?   

ÅWill there be spontaneous DNA damage formation? 
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Continuing projects #2 

ÅWhat are the functional domains of hRev3? 

 

 

 

 

 

ÅWhat is the nature of Rev7-independent Rev3 foci 
formation? 

 

putative NLS      R7BD          Polymerase domain 
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Continuing projects #3 

ÅWhat are the functional activities of mitotic Rev3?  Is 
this the reason for embryonic lethality of Rev3? 
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iRev3 



Continuing projects #4 

ÅWhat is the function of Uev1B/Kua? 
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