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A Time Line for Life on Earth
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Protein Dynamics - Macromolecular 
Motions
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Experimental Techniques

NMR: CPMG, T1r
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Understanding DNA Replication Fidelity

2 Ångstroms to 2 Meters

10-14 Seconds to > 4 Billion Years

Structural Biology
Biochemistry

Genetics
Genomics



Catalytic Subunits of Human Pols in Four 
Families
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Subunit organization 

  
 

Genes and subunit sizes    

S. cerevisiae Pol1-p167 Pol3-p125 Pol2-p256 

 Pol12-p79 Pol31-p55 Dpb2-p78 

 Pri1-p48 Pol32-p40 Dpb3-p23 

 Pri2-p62 - Dpb4-p22 

    

S. pombe Pol1-p159 Pol3-p124 Pol2-p253 

 Pol12-p64 Cdc1-p51 Dpb2-p67 

 Pri1-p52 Cdc27-p42 Dpb3-p22 

 Spp2-p53 Cdm1-p19 Dpb4-p24 

    

Human  PolA1-p166 PolD1-p124 PolE-p261 

 PolA2-p68 PolD2-p51 PolE2-p59 

 Prim1-p48 PolD3-p66 PolE3-p17 

 Prim2A-p58 PolD4-p12 PolE4-p12 

 

Activity  
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Function  

 

Initiation of replication 

Initiation of Okazaki 

fragments 

 

Elongation and maturation 

of Okazaki fragments 

DNA repair 

Mutagenesis 

 

 

Replisome assembly 

Leading strand synthesis 

Replication checkpoint 

 

Major DNA polymerases at the
eukaryotic nuclear DNA replication fork



Eukaryotic nuclear DNA
replication fidelity depends on:

1. The concentrations of dNTPs and rNTPs
a. Absolute concentrations
b. Relative concentrations

2. The selectivity of DNA polymerases for
a. A correct, properly aligned dNTP
b. The correct sugar moiety

3. Proofreading during replication
a. Intrinsic proofreading
b. Extrinsic proofreading

4. Repair of errors after replication by
a. DNA Mismatch Repair
b. Ribonucleotide Excision Repair



Number of DNA processing events
that control replication fidelity in 

humans

Process Events/cell 
cycle
Chain elongation on an open template 6,000,000,000

Okazaki fragment maturation 25,000,000

Ribonucleotide excision repair

3,000,000

Mismatch repair ≤ 100

Reasons why I am interested:
Responsible Mechanisms

Connections to Human Health
Evolutionary Conservation
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WGS PROTOCOLSTRAINS

Wild type ± MMR
Pol e – M644G ± MMR
Pol a – L868M ± MMR
Pol d – L612M ± MMR

Whole Genome Mutation Rate Analysis
of Eight Diploid Yeast Strains

Lujan et al. (2014) Genome Research
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Number & Distribution of Single Base Changes

CG→GC
CG→AT
TA→GC
AT→TA
CG→TA
AT→GC

>1-bp Insertions
>1-bp Deletions
+C or +G
+A or +T
-C or -G
-A or -T
CG→GCExcluded features ‡

Reference rDNA ‡

1,637 (5)                          29 (8)                               12,795 (7)                      86 (6)

13,729 (4)                           301 (8)                          14,217 (6) 305 (8)

mmr– mmr–

mmr–

Lujan et al. (2014) Genome Research



Distribution of Substitutions Relative to Origins

T
dG

T
dGO

RI
G

IN

O
RI

G
IN

L612M Pol δ
in vitro

T•dG : A•dC
28 : 1

T to C
>

A to G

A to G
>

T to C

0 0.2 0.4 0.6 0.8 1

5164 Substitutions

f A
→

G
f T

→
C

1

0.8

0.6

0.4

0.2

0



Hydrolytic DNA End-Sequencing
(HydEn-Seq)



HydEn-Seq Mapping of Ribonucleotides
in RER-Deficient S. cerevisiae - 2015

Indicates Roles of Replicases, Identifies Replication Origins



Current Model



1989 - 1990

Catherine Joyce, J. Biological Chemistry

Fred Perrino and Larry Loeb, PNAS

Biochemical evidence suggests that after a 

polymerase generates a mismatch, the mismatch 

can be removed by an exonuclease in a separate 

protein.



Intrinsic Proofreading

A mismatch is made and is then removed

without intervening dissociation of the polymerase

Extrinsic Proofreading

A mismatch is made, the polymerase dissociates,

and an enzyme then binds the mismatch in its

exonuclease active site and removes it.



Evidence for extrinsic proofreading
of replication errors by Pol d

Pavlov et al., Current Biology, 2006; Zhou et al., Nature Structural Molecular Biology, 2021

These data are consistent with the hypothesis that Pol d
can extrinsically proofread replication errors in vivo.



Extrinsic Proofreading By Pol d

• Corrects mismatches made by all three replicases

• Is efficient

• Is independent of the polymerase activity of Pol d

• Is largely independent of DNA mismatch repair

• Its specificity differs from intrinsic proofreading

• Balances leading and lagging strand replication 

fidelity

• Is relevant to origins of cancer and to evolution

(reviewed in Zhou and Kunkel, DNA Repair, in press)



Okazaki Fragment Maturation



Hypothesis:

DNA ligase 1 fidelity is important for genome stability

Approach:

Use budding yeast to probe the biological consequences

of expressing a cdc9-EE/AA mutant of DNA ligase 1

High-resolution LIG1-DNA structure
R.S. Williams et al., Nature Communications (2019)



Spectrum of ura3 mutants in Lig1 EE-AA mutant

Dominated by one base additions in short mononucleotide runs



DNA Mismatch Repair

How might the +1 insertion mutations in the
cdc9-EE/AA strain be corrected?

Substitutions Indels in Multi-base errors

G
T

base•base 
mismatch

short loops in longer loops

Msh2 Msh2Msh6 Msh3

MutSa MutSb

Flap Processing During 
OFM



DNA ligase 1 influences the fidelity
of Okazaki fragment maturation

Low fidelity ligase



Simple Elongation

-----------
--------------------------

Strand Displacement

------------- ------------
--------------------------

Are +1 errors common to strand
displacement synthesis reactions?



Are rNTPs incorporated during DNA replication?
(Fidelity issue, but for sugar, not base)

dNTP and rNTP Pools in Yeast
(Courtesy of Andrei Chabes)



rNTP Incorporation In Vitro
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Ribonucleotides in DNA
Origins, Repair and Consequences
Williams & Kunkel, Annual Reviews Biochemistry, online

DNA Replicases
Proofreading (weak)

RNase H2-Dependent RER
Top1 Removal

RNA Primase
Okazaki Fragment Maturation

DNA Replicases
~ 13,000 in Yeast

>1,100,000 in Mouse
Mitochondrial Pol g

RNA Primase
~150,000,000

Prim-Pol
X Family Pols
Y Family Pols

Replication Stress
Genome Instability

(short deletions, GCRs, LOH)

Cell Death
Diseases
MMR

Mating Type Switching

Some effects may

be related to other

roles of RNase H2

(e.g., resolving R-loops)



MutSa recognition

MutLa binding

MutLa incision

Mismatch removal

DNA synthesis

Ligation

Eukaryotic
DNA

Mismatch
Repair



Evolutionary conservation of MMR efficiency
Lujan & Kunkel, Cells 10, 1224 (2021)



5'

5'

Studying Relationships Between
Replication and MMR In Vivo

“--- it may be that mismatch repair acts in a directed manner,

-- possibly because of a special relation to the replication complex.”

Wagner & Meselson (1976) PNAS

Does MMR Efficiency Depend On:

Polymerase that makes error

MMR sub-pathway

Mismatch composition

Leading v Lagging Strand

Sequence context (e.g., non-B DNA)

Replication timing

Chromosomal location

Chromatin status



Requirement for PCNA in 
DNA

Mismatch Repair at a Step
Preceding DNA Resynthesis

Umar et al., Cell (1996)

Clark et al., JBC (2000)



≤ 10-5 - 10-6

10-4

10-4 - ≤ 10-6

1 / 1,250

1 / 625

1 / 5,000

Ribonucleotide
Excision Repair

Replication of 
Undamaged Eukaryotic 

Nuclear DNA

Mismatch Repair

Substitutions

Ribonucleotides


