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“Geometric Selection”“Geometric Selection” of dNTPs



Templated DNA Synthesis



Selective Incorporation of Nonpolar
Nucleobase Isosteres into DNA



Bypass of Chemically Modified Bases

• Replication Arrest – block of replication 
fork.

• Mutagenesis – miscoding potential, 
template slippage.

• Y Family Polymerases – error-prone 
enzymes that bypass damage.



from Alberts, B. 2003. Nature 421, 431-435.

Physical Coupling of Enzymatic 
Activities at the Replication Fork





Doublié et al. 1998. 
Nature 391, 251.



Kinetic Studies of T7 DNA Pol

Patel, S.S., Wong, I., and Johnson, K.A.  1991.  Biochemistry 30, 511-525.



Substrate-induced Fit
of Enzyme Active Site

Rate-limiting for DNA synthesis?



Fingers





An Open & Closed Case for 
Templated DNA Synthesis



Metal-assisted Catalysis



Metal Stabilization of Transition State 
for Phosphoryl Transfer Reaction



A Common Strategy for Phosphoryl Transfer

Tesmer et al. 1999. Science 285, 756-60



Unanswered Questions

• Mechanism of DNA transport?  Coupled to dNTP binding, 
hydrolysis?

• How does thioredoxin confer processivity?
• Switch from DNA synthesis to proofreading?

– Donlin, M.J., Patel, S.S., and Johnson, K.A. 1991. Kinetic 
partitioning between the exonuclease and polymerase sites in 
DNA error correction. Biochemistry. 30, 538-546. 

– Bailey, M.F., van der Schans, E.J. C., and Millar, D.P.  2004. 
Thermodynamic Dissection of the Polymerizing and Editing 
Modes of a DNA Polymerase J. Mol. Biol. 336, 673-693.

• Bypass of chemical modifications that block synthesis or 
promote misinsertion of dNMPs.
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Pyrimidine Photodimers Generated
by UV Irradiation of DNA

Cis-syn cyclobutane pyrimidine dimer



Bypass of UV Photodimers

Insertion opposite
3’ T of CPD

Insertion opposite
5’ T of CPD

Normal templated
insertion



Pyrene Nucleoside

A Model for CPD (TT Dimer) Bypass

Sun, Taylor et al. 2000. Biochemistry 39, 14603. Smirnov, Kool, et al. 2002.
Nucleic Acids Res. 30, 5561. 



3’ T of a CPD Fails to Bind in 
the Active Site of T7 DNA Pol

Li et al. 2004.  Nature Struct. Mol. Biol. 11, 784.



3’ T of CPD Is Non-instructional

Ying Li, Shuchismita Dutta



5’ T of CPD Base Pairs With dATP
in the Active Site of T7 DNA Pol

Ying Li, Shuchismita Dutta



5’ T Templates Insertion of dAMP

Ying Li, Shuchismita Dutta



5’T(CPD):dATP Base Pair Is Destabilizing 
Compared to a Native T:dATP

Ying Li, Shuchismita Dutta



Minor Groove Interactions:
A Trigger for Proofreading?

Doublié & Ellenberger. 1998. Curr. Opin. Struct. Biol. 8, 704.



Decreased Affinity for Pol Active Site 
Favors Proofreading Opposite a CPD

Doublié et al. 1998.  Nature 391, 251.



Y Superfamily, Error-prone Polymerases



DinB Family Polymerases

• Widespread Distribution
• Error rates of 10-2-10-4 on unlesioned
templates
• Catalyze -1 frameshifting mutations
• Inefficient bypass of most lesions in vitro
• Bypass of AAF adducts in vivo
• Role in adaptive mutagenesis



Motifs of Y Family Polymerases



Smaller Subdomains of Y Family 
DNA polymerases
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Active site with
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Loose, Flexible Active Site Proposal



Open Architecture Favors Distributive Synthesis



Dpo4/Dbh are Hybrid Polymerases



The Palm Subdomains of Dbh &
T7DNAP Are Homologous



Thumbs of Dbh and Polβ Are
Structurally Analogous



Dpo4Dpo4--DNADNA--ddADP ddADP 
ternary complexternary complex
Dbh apo-enzyme

Fingers

Wrist

Thumb
primer

template

Wrist moves upon binding to DNA



DNA-induced Movement of Domains





Absence of
Induced-fit?



Minor Groove Interactions by Pol A 
Family Polymerases

Arg429

His653

Gln615



DinB polymerase makes few
interactions with the minor groove.

Tyr12

Ile104



PolY Family Polymerase Dpo4 
Accommodates Both T’s of the CPD

H. Ling, W. Yang, et al.  Nature. 2003 424, 1083.



Dpo4’s Spacious Active Site Allows 
Watson-Crick Pairing With the 3’ T

H. Ling, W. Yang, et al.  Nature. 2003 424, 1083.



Templated Insertion of dAMP via 
Hoogsteen Pairing Opposite 5’T

H. Ling, W. Yang, et al.  Nature. 2003 424, 1083.



Hoogsteen pairing with 5’T of 
cis-syn Cyclobutane Thymine Dimer

H. Ling, W. Yang, et al.  Nature. 2003 424, 1083.



Lesion Bypass by Y Family Polymerases: 
Unanswered Questions

Mechanism  of replication restart: Hand-off 
between error-free and lesion-bypass 
polymerases?

Other replication factors mediate polymerase 
switching?  (SOS-response protein UmuD'2C 
requires SSB, RecA*, Beta clamp).

Specialized biological roles of large number of 
error-prone polymerases in higher eukaryotes?



Oxidative Damage of DNA
Generates 8-oxoguanosine

Luis Brieba



8oG Is Highly Mutagenic Because It Readily 
Pairs with C or A During Replication

• 8oG-induced mutagenesis implicated in 
cancer, aging, neurodegenerative disease.

Luis Brieba



Robert Kokoska & Tom Kunkel

Bypass of 8oG Is 
Not Diminished by 

Proofreading



Low Fidelity of T7 DNA Polymerase
When Copying 8oG in vivo

Robert Kokoska & Tom Kunkel

*Our assay detects ~60% of polymerization errors.  Est. true error rate ~ 30% of bypass events.



Mutagenic and Error-free Copying
of the Oxidative Lesion 8oG in DNA

• 4 crystal structures
– 8oG in templating

position (8oG paired 
with dATP, dCTP in 
active site).

– 8oG paired with 3’ 
nucleotide of primer 
strand (i.e., extension 
following insertion 
opposite 8oG)

Brieba et al. 2004.  EMBO J. 23, 3452



anti-8oG is 
accommodated by 

the sharp kink in the 
DNA template

dG:dCTP

d8oG:dCTP

Lys536

Luis Brieba



8oG:dATP Is Poorly Accommodated
in the Polymerase Active Site

Luis Brieba



Modeling Insertion of dAMP
Opposite 8oG

Luis Brieba

K536

O8



K536A Mutant Enhances 
Mutagenic Bypass of 8oG

L.G. Brieba et al. 2005.  Structure 13, 653-1659.



K536A Mutant Enhances 
Mutagenic Bypass of 8oG

L.G. Brieba et al. 2005.  Structure 13, 653-1659.



Faithful and Mutagenic Insertion of 
dNMP’s Opposite 8oG

• K536A substitution 
stabilizes 8oG:dATP and 
promotes dAMP
misinsertion.

• K536 (W-T) contributes to 
Km(dCTP) and suppresses 
dAMP insertion.



Primer Extension From a 8oG:dA 
Hoogsteen Pair



8oG:dA Mispairs Are Not Subject to 
Normal Mechanism of Proofreading 

Minor Groove Readout
of Watson:Crick Base Pairs

8-oxo Group Stands In As H-bond 
Donor In the Minor Groove

R429
Q615



Local Adjustment of the DNA 
Backbone Accommodates anti-8oG

Luis Brieba



Bypass of Carcinogenic Adducts of
2-acetylaminofluorene

Shuchismita Dutta



•Strong block of synthesis
•Frameshifting mutations

Acetylaminofluorene (AAF)
Adduct of dG





AAF-dG Intercalates into the 
Fingers of T7 DNA Polymerase

Dutta et al. 2004.  PNAS 101, 16186.



Polar and Nonpolar Interactions Stabilize 
AAF-dG Binding at a Remote Site

Shuchismita Dutta, Ying Li



Conclusions
• Chemically modified template bases such as a CPD  

photoproduct interfere with geometric selection by 
hindering closure of the fingers and providing less 
stabilization of dNTPs bound in the active site.

• 8oG:dA is able to evade proofreading by mimicking the 
minor groove surface of T:dA.

• AAF-dG locks the fingers in an open conformation and 
tethers the templating G outside of the active site.  The 
resulting strong pause in synthesis provides an 
opportunity for frameshifting mutagenesis.
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DNA Synthesis by Single 
Polymerase Molecules



Copyright ©2000 by the National Academy of Sciences
Maier, Berenike et al. (2000) Proc. Natl. Acad. Sci. USA 97, 12002-12007

DNA Force-extension Curves
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Pausing Events (1 pN load)
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Replication & Bursting  Behavior
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Force Dependence of Rate

<v(f)> = v0exp[-n∆h(f)/kBT]

where  ∆h(f) = hds(f)- hss(f)

T7 DNA polymerase:
n = 2.1, v0 = 200 bp s-1

Klenow fragment:
n = 4.0, v0 = 13.5 bp s-1
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A Local, Enzyme-centric Model



One Nascent Basepair in Active Site
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Local Geometry in Active Site

w(f) = fLss(cosα + cosβ) – f(Ldscosα + Lss cosβ)^ ^
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Local Geometry in Active Site

v(f) = v0exp[ - (<w1(f)> + <w2(f)>)/kBT]

<w1(f)> = f(Lss<cosα> - Lds<cosα>)

<w2(f)> = fLss (<cosβ> – <cosβ>)^

^
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Fitting 2 Limiting Conditions

v(f) = v0exp[ - (<w1(f)> + <w2(f)>)/kBT]

<v(f)> = v0exp[-n∆q(f)/kBT]

where  ∆q(f) = qds(f)- qss(f)
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