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

Opening of Segmental motion
Secondary Structure

Aliphatic rotations
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Understanding DNA Replication Fidelity

2 Angstroms 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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Major DNA polymerases at the

eukaryotic nuclear DNA replication fork

Pol a.-Primase Pol 0 Pol ¢
p—
Subunit organization Pri1 WPol3) ol2
Pol12 Pri2 @ p12 Pol32> Dpb2 2PP3
Ak P Dpb4
Genes and subunit sizes
S. cerevisiae Poll-pl167 Pol3-p125 Pol2-p256
Pol12-p79 Pol31-p55 Dpb2-p78
Pril-p48 Pol32-p40 Dpb3-p23
Pri2-p62 - Dpb4-p22
S. pombe Poll-p159 Pol3-p124 Pol2-p253
Pol12-p64 Cdcl-p51 Dpb2-p67
Pril-p52 Cdc27-p42 Dpb3-p22
Spp2-p53 Cdml1-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 Polymerase Polymerase Polymerase
Primase 3’-Exonuclease 3’-Exonuclease
dsDNA binding
Fidelity 10%-10° 10°-107 10°-107
Function Initiation of replication  Elongation and maturation Replisome assembly

Initiation of Okazaki
fragments

of Okazaki fragments
DNA repair
Mutagenesis

Leading strand synthesis
Replication checkpoint




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
Ribonucleoﬁﬂe a>§c6§1‘<§1 WP\ ir . .

e ¥ I am interested:
3,000,000 Responsible Mechanisms

Evolutionary Conservation
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Whole Genome Mutation Rate Analysis
of Eight Diploid Yeast Strains

STRAINS WGS PROTOCOL

1. extract genomic DNA & treat with RNase A Dipleid: pol,, ./pol,.... ( START
2. standard lllumina paired-end library msh2A::HYG/MSHZ* L
preparation
g I 3. 2x100 lllumina HighSeq paired-end sporulate *
l t e sequencing p— £
— 4. in CLC Bio: map reads to Master Reference IS AR § @
LO3 (improved from Larrea 2010) dissect; test mating type
= Conflict resolution = Vote and HYGP status of spores *

* Mismatch cost =2 mate msh2A haploids

* Match mode = ignore - N
+ Similarity = 0.8 pol,,... MSH2*MATa & MATa
o 8 - * Length fraction =0.5
|
= Global alignment = No . —— 7 -9
*  Minimum paired distance = 80 ‘ Mix of diploids & haploids ‘
* Maximum paired distance = 600 0
5. detect aneuploidy and mitochondrial DNA -

* Insertion cost =3 pol,,,. msh2A::HYG MATa & MATa ‘
* Deletion cost=3
F (o | o - L8 6 8 M

copy number streak for patch on

6. in CLC Bio NIEHS plugin: call variants single colonies I whole media
* Minimum coverage = 4 P p

- + * Minimum paired coverage =0 = @‘i
VRE . freeze samples
— = Minimum variant frequency (%) = CEaST

H+

[if ime = 0, 25.0; {mepointt) ﬁ non-maters l
if 3x aneuploidy detected, 30.0; Diploid: pol /pol _,. v
else, 35.0] msh2A:HYG/msh2A-HYG | | '\“?-1"\“
= Maximum expected variations (ploidy) = PCR confirm
[if 3x aneuploidy detected, 3; l
else, 2] streak (time point 1) l ”':;genotype
.

* Required variant count threshold = 1 - %
= Sufficient variant count threshold =5 nnnn freeze samples [_ = - =%
— &

= Maximum gap and mismatch count =2

= Minimum average quality = 15 (SIS passage 4

*  Minimum central quality = 20 colonies 30x
[olululyl x 5]
rl“"""”"" freeze samples § i
r'!l"!ﬂl"!ﬂ E |
HWirppPme—— £ |
Variant Call Filters i \ | }
(RU RA R | |

also observed in time point 0 sample? —_—

> local coverage at least 20x?

‘. YES | P within excluded feature?
b4 ‘ YES I P +10% of expected allelic fraction?
© & lele <
+ ¥ ) . '
® ¢ variant used in analysis

Lujan ef al. (2014) Genome Research



Number & Distribution of Single Base Changes

B CG->GC
B CGH>AT
ETA->GC
OAT->TA

E+Cor+G
O+Aor+T
mCG->TA O-Cor-G
OAT->GC O-Aor-T
B Excluded features I
B Reference rDNA I

B >1-bp Insertions
E >1-bp Deletions
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Wild Type Polymerases = Pol Alpha Variant
- mmr ~ MMR" = mmr MMR*
- 1,637 5) _ 2908 12,795 (7) 86 (6)
Pol Delta Variant Pol Epsilon Variant
| mmr- MMR* mmr- MMR*
% 13,729 (4) 301 (8) 14,217 (6) 305 (8)
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Lujan ef al. (2014) Genome Research

Chromosome number




Distribution of Substitutions Relative to Origins
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Hydrolytic DNA End-Sequencing

(HydEn-Seq)

g A
3!
() Alkaline hydrolysis (KOH)
Y
5'HO A
(@ Phosphorylation (T4 PNK 3-phosphatase minus)
2P0 ¥ A
(3) Ligation (T4 RANA ligase 1)
ee— A4 &
@j Second-strand synthesis (T/7 DNA polymerase)
T’ — b4 N8 ...-;..--: ARC76-ARC77
o
(&) Library amplification (KAPA high-fidelity
w DNA polymerase)
3 ————y
i e R e
¢ rNMP (P =—1) |(®) Sequencing
Y S
s R
A 2’ 3"-cyclic phosphate
o Oligo ARC 140 with 5-amino-terminated CE spacer
NE_= ARC76-ARCT7
Oligo ARCA49

sl s Oligo ARC78 to ARC107 with barcode for multiplexing



HydEn-Seq Mapping of Ribonucleotides
in RER Deflc:|en'l' S. cerevisiae - 2015

Chromosome 10

0 100,000 mn 000 ) 300000 400,000 500,000 600,000 700,000

AR51012 ++ ARS51013 ARS51014 ¢
& leadingtop laggingtop #

fraction of ends mapping to the top strand

O - B LR R ey

330,000 340,000 EEG,GW EEDGE}U 3?1:1,000 380,000 390,000 400,000 410,000 _-420,&30 430,000

== Pol € synthesis position (base pairs)
= Pp| & synthesis D : 'S
mm== Pol a synthesis 5’ - ey i—" : >3
== Telomerase synthesis < g | < of o \ j‘ Ap— il ]

“  OriDB confirmed origins leadin i

: g top lagging top

@ predicted origins v | s c— [\ p—bp—>p 2
mmmm excursions/anomalies 3 ORIGIN ORIGIN 5'
== |

; £ parental bottom strand
strand-biased windows '

Indicates Roles of Replicases, Identifies Replication Origins



Current Model

a Replisome elements & canonical division of labor

Pol &
Pol a

Active

Pole cmMG  Fork
helicase direction

b Initiation: a->8->¢€ handoff on leading strand

=

) @« .
3y ——. _. 5
/i ' =
Inactive
Pol l Pol &-to-Pol &
@ “collision release”
. — R .

l Pol & synthesis on

all nascent strands




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

protfein.



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

Pavlov et al., Current Biology, 2006. Zhou et al., Nature Structural Molecular Biology, 2021
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These data are consistent with the hypothesis that Pol o

can extrinsically proofread replication errors in vivo.



Extrinsic Proofreading By Pol 5

* Corrects mismatches made by all three replicases

» Is efficient

 Is independent of the polymerase activity of Pol &

* 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



Okazaki Fragment Maturation

Short-Flap Pathway Long-Flap Pathway
5!
Short DF-substrate 5 Flap escapes Long DF-substrate

FEN1’s cleavage
—

FEN1 binds and g §E~ f r R'Tsn';';?:;: A
P e r <€---- ’ inhibting FEN1’s

substrate
cleavage

i- . ¢
FEN1 cleaves Short 5'flap | —~ Dna2 is re_cruited
5'flap u l Dna2 ‘ and actively
/ displaces RPA

DNA ngase 1 |

. Dna2 cleaves long
DNA ngasg 1 | J 5'flap stepwise and RPA
seals the nick

. is completely displaced

e J Dna2 dissociates
The Result: “ o | ® leaving short DF,
Contiguous dsDNA . a perfect substrate
Short 5’flap

for FEN1




High-resolution LIG1-DNA structure

R.S. Williams et al., Nature Communications (2019)

DNA Binding Adenylation OB-fold
Domain Domain Domain
(DBD) (AdD) (OBD)
232 535 748
] PIP = . - \
ngase ] 1 ‘ DBD AdD X OBD Jm 919

P341 Ere5
\ Site1 WT:DNA " DBD
M AdD

E346
Hs_LIG1 DGV ® (HlFl O
Mm LIG1 DGV
Bt LIG1 I GI I I -T_I 3
Xl LIG1 I TI
Dm LIG1 E346
A= o e Il' LI .
Sp Cde17 = sk —

Hs_LIG3 KTVYNLNDKQ
Hs_LIG4 R G YE T

O Site3 Mgz2+
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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



Spectrum of ura3 mutants in Ligl EE-AA mutant

A T Cc A
1 ATGTCGAAAGCTACATATAAGGAACGTGCTGCTACTCATCCTAGTCCTGTTGCTG;GRAGGT\ATTTAATATCATGCACGAAAAGCAAACAAACTTGTGTG 100

+ + + + oy + + + + +
v \
| ; vy |
\ v / \Y
A v \NY Wi A crewy T A

101 CTTCATTGGATGTTCGTACCACCAAGGAATTACTGGAGTTAGTTGAAGCATTAGGT®SCoAAATTTGTTTACTAAARACACATGTGGATATCTTGACTGA 200

+ + + + + + + + + +

——_———
- ~ .
G A < o N c T A TW T

201 TTTTTCCATGGAGGGCACAGTTAAGC CTAAAGGCATTATCCGCCAAGTACAATTNI TTACTCTTCGAAGACAGAARATTTGCTGACATTGGTAATACA 300

+ . MR sAsiacatassscasisatl " 4 + +

AAAAAAAAAAAAAAAAAA
\ VYYVYYVYVVYVVYVVYVVYVYY |
VVVVVVVVVVVVYVYY
\ VVVVVVVVYVVY /

r 5 A c o ’ c v V
301 GTCAAATTGCAGTACTCTGCGGGTGTATAéﬁGAATAGCAGAATGGGCAE%GAT?ACGAATéCACACGGTGTGGTGGGCCCAGGTATTGTTAGCGGTTTGA 400

+ + + S e —— + + + + +

\vi A
V A AV V A Y,

401 AGCAGGCGGCAGAAGAAGTAACAAAGGAACCTAGAGGCCTTTTGATGTTAGCAGAATTGTCATGCAAGGGCTCCCTAGCTACTGGAGAATATACTAAGGG 500

+ + + g s R e + + + +

/ \

[ 3% )
A E ; Y
A AR 3 / v A G
501 TACTGTTGACATTGCGAAGAGCGACAAAGATTTTGTTATCGGCTTTATTGCTCAAAGAGACETGGGTGGAAGAGATGAAGGTTACGATTGGTTGATTATG 600

,+—\ + + + + + + + + +
/ ;\
(I A4 -

v:l v v G v A A

601 ACACCCGQFGTQQGTTTAGATGACAAGGGAGACGCATTGGGTCAACAGTATAGAACCGTGGATGATGTGGTCTCTACAGGATCTGACATTATTATTGTTG 700

+ + + - + - + + +
: y

701 GAAGAGGACfATTTGCAAAGGGAAGGGATGCTAAGGTAGAGGGTGAACGTTACAGAAAAGCAGGCTGGGAAGCATATTTGAGAAGATGCGGCCAGCAAAACTAA804
4 + + + + + + + + +

Dominated by one base additions in short mononucleotide runs



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

DNA Mismatch Repair

MutSa MutSB
O@® Ow
/> )

Substitutions Indels in Multi-base errors
baseebase short loops in longer loops
mismatch

Flap Processing During
OFM

Pol a-
Pol 6 Primase

ee—F

l _ Rad27

gl

Cdc9
»

-

-

5'
3'

war

Lo




DNA ligase 1 influences the fidelity
of Okazaki fragment maturation

i. Strand -
displacement ||.|_Strand
synthesis \ PHRPRYS o
--= N
5 3' 5 3!
CCC g CiC
3 GGG 5’ 3 GGG 5
iv. Flap \ Fen1/ iii. InsC
cleavage , - Rad27 Incorporation
c K G2
. A ; . A
5 cco 3 5 cee 3
3’ GGG 5' 3 GGG 5
Low fidelity ligase
Cdc9/LIG1 Cdc9/LIG1
WT EE/AA
Error prone
Abortive ligation +1 Insertions
@ c
) A r A ]
5 cCcC 3 5 CCC 3
@ GGG 5' 3 GGG 5

Abortive ligation

End processing
proofreading?

Mutagenic Ligation

MshZV

OO0

o0

o0
[9)]




Simple Elongation

Are +1 errors common to strand
displacement synthesis reactions?



Are rNTPs incorporated during DNA replication?

(Fidelity issue, but for sugar, not base)

 C DNA
5 %,
(0] Base
Base \%i?
HOH
kj IS
P
O OH 'O// \O
O P O
Base
HOH \%_7‘ Base
3- DNA
ql

dNTP and rNTP Pools in Yeast

(Courtesy of Andrei Chabes)

Concentration Concentration Fold

dNTP  in vivo (uM) rNTP  invivo (uM)  Difference
dA 16 rA 3000 190
dC 14 rC 500 36
dG 12 rG 700 58

dT 30 rU 1700 57




rNTP Incorporation In Vitro
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TABLE 1. Endogenous DNA '~

Lesion
Uracil

Thymine
similar,

me steady state level in
apair-proficient cells




Ribonucleotides in DNA
Origins, Repair and Consequences

Williams & Kunkel, Annual Reviews Biochemistry, online

DNA Replicases DNA Replicases Replication Stress
~ 13,000 in Yeast Proofreading (weak) Genome Instability
>1,100,000 in Mouse RNase HZ-Depen dent RER (short deletions, GCRs, LOH)
Mitochondrial Pol y Topl Removal C;!I Death
iseases
MMR
RNA Primase RNA Primase Mating Type Switching
~150,000,000 Okazaki Fragment Maturation
Prim-Pol Some effects may
X Family Pols be related to other
y Family Pols roles of RNase H2

(e.g., resolving R-loops)



Eukaryotic

DNA
Mismatch
Repair

MutSo recognition

MutlLa binding

MutlLa incision

Mismatch removal

DNA synthesis

Ligation
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Evolutionary conservation of MMR efficiency

Lujan & Kunkel, Cells 10, 1224 (2021)

Germ  Mutation Rates MMR
ct. Species Supergroup Lower Clade  Cellularity Ploidy v Ghp?  GhbpH Lines  Mutations  Efficiency
Soma gen.!1 div!
Arabidopsis . . a b
2 shaliana Archaeplastida = Embryophyta multi- 2n g 810 27 14 8902 120 100
3 Sacchar(_)myces Opisthokonta Ascomycota uni- In g 31 31 6 1840 79 89
cerevisiae
i Seccharomyces B thokenta N uni- 2n g 13 13 25 3684 57 57
| cerevisiae
1 S':h';gfs;‘;h“"’"” Opisthokonta ~ Ascomycota uni- In g 19 19 5 2597 51 51
Cae;c;g;c;bsdztzs Opisthokonta Nematoda multi- 2n g - 72 9 9110 - 130
Gallus gallus pisthokonta - multi- 2n s - 7 2 6531 , 52
omesticus




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

N

/\

5'

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
5 Chromosomal location

Chromatin status



Requirement for PCNA in

DNA Table 4. Sequence Alignment of PIP-Box Regions from Human

Mismatch Repair at a Step Proteins

Preceding DNA Resynthesis P21 QTSMTDEY

A Lonomovm v gg:'g gbg:%;’g
] Taq MutS i wvollarr

W q - SRGVLSFF

3 BN HEEH | ] Msh2 pol-n Q-TLESFF

a pol-« KHTLDIFF

§ I s I s | ] Msh3 pol-A SVPVLELF
WRN QWKLLRDF
[ H K | Msh6 — — —

o L RecQ QNLIRHFF
a XPG QLRIDSFF
5 - . MSH6 QSTLYSFF
PCNA Bindi Mot i aa

goman NSRS =~ 1- HSRgJS(‘JI“L;;rrPLSPALSDA -20 MSH3 QAVLSRFF
Yeast MSH6 24- KMKQSSLLSFFSKQUPSGTPSKKVQ -48 MCMT QTTITSHF
H MSH3 18- PARQAVLSRFFQSTGSLKSTS -38 e -
yi’i‘:? MSH3 30- MAGQPTISRFFKKAVKSELTH -50 RF-C MDIRKFF
Human p21 141- KRRQTSMTDFYHSKRRLIFS -160 Ligl QRSIMSFF
H FEN1 334- GSTQGRLDDFFKVTGSLSSAKRKEP -358 = “-
Hﬁm;\l Ligase 1-  MQRSIMSFFHPKKEGKAKKP -20 Topo-lla QTTLAFKP
Human XPG 987- QQOTQLRIDSFFRLAQQEKEDAKR -1009 FEN1 QGRLDDFF
Human MCMT 161- STROTTITSHFAKGPAKRKP -180 =TT =EE
UNG2 QKTLYSFF

ING1 QLHLVNYV

Tigger2 QTSLLSYF

Conserved residues of the PIP-box are underlined.

Umar et al., Cell (1996)
Clark et al., JBC (2000)



Replication of Mismatch Repair
Undamaged Eukaryotic
Nuclear DNA

Substitutions

Pol
\

T *

M)
Primase ({4

Ribonucleotide
Excision Repair

Sirand
displacement ;E‘Nﬁ
synthesis b
e
"

RMasaeH2 5
—-ﬁ 7,

5'=Incision

Flap cutling
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