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DNA polymerase

DNA pol I: RNA → DNA

DNA pol III: nucleotide 
insertion 

Error rate: 10-6

Exonuclease activity 3’ → 
5’  and 5’ → 3’

Essential survival



DNA pol I
Phage T7 and  γ polymerase

DNA reparation, Okazaki 
fragments, exonuclease activity

Mammals : ν, θ  

Families

A
Replicative enzymes eukaryotes: 
δ, ε, α, ζ

Exonuclease 3’ → 5’ and primase 
activity 
Bacteriophage 

 

B
DNA pol III

Bacteria polymerase
 

C

Euryarchaeota

Mainly replicative 

Not clearly defined

D
Small monomeric polymerases → 
filling small gaps in replication

Polymerase β: BER process
 
λ, μ pol: V(D)J recombination

σ: sister chromatid cohesion

X
Injury tolerance pathways → 
translesion synthesis

DNA distorted structure 
active site

Polymerase η: UV lesions 
Pols κ, Rev 1

Y



One polypeptide chain 928 aa with molecular weight 109 kDa

Codifying gene: polA 

1st polymerase → E.coli (1956)

2 domains

Repair and recombination DNA functions → double stranded DNA

DNA polymerase I

Large fragment (Klenow)

Small fragment

Polymerase and 
exonuclease 3’ - 5’

Exonuclease 5’ - 3’

↑ fidelity

RNA primer → DNA



DOMAINS

Finger
Thumb

Exonuclease
3’ → 5’ 

Palm 

DNA



Exonuclease 3’ → 5’



Thumb

Residues: 
496 - 595



Palm

Residues: 
617- 655
830-869



Finger

Residues: 
656 - 818



Structural alignment

Dna Polymerase Phage T7

Dna Polymerase I Escherichia coli

Dna Polymerase I Geobacillus streatotermophilus

Dna Polymerase I Thermus aquaticus

Sc = 7.092114
RMSD =  2.212980



Sc = 8.235916
RMSD =  1.921819

Structural alignment

Dna Polymerase I Escherichia coli

Dna Polymerase I Geobacillus streatotermophilus

Dna Polymerase I Thermus aquaticus



Structural alignment: domains

Thumb

Finger

Palm 



Function of the DNA Pol I
Bacillus stearothermophilus



Steps of the Process

Eo + DNA
⇕

Eo · DNA
⇕

EPC · DNA · dNTP-Mg2+

⇕
EPC · DNA* · dNTP-Mg2+

⇕
EC · DNA* · dNTP-Mg2+

⇕
EC · DNA*dNTP-(Mg2+)2

dNTP-Mg2+

Miller B, Beese L, Parish C, Wu E. (2015) 
Structure 23, 1609-1620. Elsevier.

Fingers-closing

Mg2+

Conformational 
change of the DNA

Binary state

Ternary state



General View

Template strand

Primer strand

Active siteFingers subdomain

Thumb subdomain

Palm subdomain

O Helix
O’ Helix



SITES : Protein/DNA interaction

O’ HELIX

O HELIX

Template 
Pre-Insertion 

Site

Open 
conformation



SITES : Protein/DNA interaction

O’ HELIX

O HELIX

Insertion 
Site

3’ OH

Close 
conformation



SITES : Protein/DNA interaction

Close 
conformation

O’ HELIX

O HELIX

Catalytic 
Site

3’ OH

Pɑ



SITES : Protein/DNA interaction

O’ HELIX

O HELIX

Replication 
Site

3’ OH

Close 
conformation

Pɑ



O’ HELIX

O HELIX

SITES : Protein/DNA interaction

Close 
conformation

Post-Insertion 
Site

3’ OH



Hydrophilic Active Site

PHE710

○ The active site 
presents a mostly 
hydrophilic center



Superposition: Open - Close

Close conformation: blue
Open conformation: yellow

∽40
º



O HELIX

Differences between Open and Close

C𝛽 of PRO699

C𝛽 of  PRO699

C𝛽 of  ARG629
C𝛽 of  ARG629

O HELIX

Open conformation Close conformation



Differences between Open and Close

Open conformation Close conformation

Pɑ

Pɑ

3’ OH 3’ OH



OPEN Conformation



Residue Tyr714

TYR714

O HELIX

O’ HELIX

dNTP

○ Tyr714 is at the same 
position predicted for 
the acceptor base (T)

○ Hydrogen Bond with 
the N of the base (P)



Residues of the loop



Residue Tyr714

The overhang of the 
template strand 
turns ~90º in 
relation to the axis 
of the duplex O HELIX

TYR714

O’ HELIX

~90º



Residue Tyr714



Phosphates of dNTP and O Helix

HIS682

GLN656

ARG702

LYS706 P𝛾

P𝛽

Pɑ

Hydrogen bonds
Finger 

Subdomain

Mg2+



3’ OH “hidden” by Asp830

ASP830
C3’

○ A ddNTP was used 
at the end of the 
primer strand

○ Asp830 avoids 
phosphodiester 
bonds in open 
conformation



Residue Asp830



CLOSE Conformation



TYR714

○ The acceptor base of the 
template is now in the 
insertion site

○ Tyr714: water salt bridge 
with Glu658

○ HBond between bases

Residue Tyr714

GLU658

TYR714

O HELIX

O’ HELIX

dNTP

Open Conf.



Residue Glu658



Phosphates of dNTP and O Helix

HIS682 GLN656

ARG702

LYS706

P𝛾

P𝛽

Pɑ

○ Change in the HBonds 
interactions between 
the O helix and the 
dNTP, compared to 
open conformation.

Finger 
Subdomain

Mg2+

Open conformation



Residues of the O Helix
702 706 710 714



Mg2+: Metal Sites A and B
Metal Site B

ASP653

ASP830

B

○ dNTP-Mg2+

○ The β and γ phosphates 
interact with the Mg2+ 
through metallic 
bonding

P𝛾

P𝛽

Pɑ



Residue Asp653



Sugar specificity of the dNTP

·Specificity of a deoxyribose over a ribose
PHE710 GLU658

C2’

GLU658

PHE710

C2’



Sugar specificity of the dNTP

·Specificity of a deoxyribose over a ribose

·Specificity of a deoxynucleotide over a 
dideoxynucleotide

PHE710 GLU658

C2’

GLU658

PHE710

C2’

C3’



Hydrogen Bonds between base pairs

○ The insertion site 
must be 
geometrically and 
energetically 
favourable in order 
to establish HBonds 
between bases



Mg2+: Metal Sites A and B

ASP653

ASP830

Metal Site A

B

A

P𝛾

P𝛽

Pɑ

○ Second Mg2+ ion

○ The α phosphate interacts 
with the Mg2+ through 
metallic bonding



○ The distance (Pα
 and C3’) 

is lower than ~4Å

○ The second Mg2+ enables 
catalytic reaction

○ The C3’ of the 
deoxyribose must switch 
to C3’-endo sugar pucker 
(A-form)

Mg2+: Metal Sites A and B

ASP653

ASP830

B

A

P𝛾

P𝛽

Pɑ



DNA Duplex Binding Region



Change in the DNA conformation

○ The first three base pairs of 
the DNA duplex adopt a 
A-form DNA conformation

○ The Minor Groove 
becomes more shallow 
and wider

○ The Minor Groove is 
sequence-independent

MGR Region

Minor Groove

Major Groove



DNA duplex binding region

ARG615

GLN797

○ Post-Insertion site:

1st base pair

○ HBonds with the Minor 
Groove N bases

○ Steric complementarity

Primer strand

Template 
strand



Residues Arg615 and Gln797

GLN797

ARG615



DNA duplex binding region

ARG615

GLN797

GLN624

ASN625

○ Minor-Groove Recognition 
(MGR) region

○ A-form DNA: C3’ -endo 
conformation

○ Interaction between the first 3 
base pairs of the duplex with 
side-chains or water molecules 
anchored to the side chains of 
the palm subdomain (HBonds)

ASN622

HIS629



○ Distal part of the 
DNA duplex binding 
region

○ Sequence-independent 
binding region

Sugar-phosphate bb

○ B-form DNA, a more 
hydrated conformation

GLU620

THR556

rDNA duplex binding region



Ajar conformation



Superposition: Open - Close - Ajar

Close conf.: blue
Open conf.: yellow
Ajar conf.: grey

O HELIX



Ajar: base pair mismatch

Mismatch Correct pairing



Superposition: Open - Close - Ajar

Close conf.: blue
Open conf.: yellow
Ajar conf.: grey

O HELIX

GLY-711



Residue Gly711



Conformations Energies

Ajar 

Close 

Open 

○ The Close conformation 
is the most stable one

○ Open and Ajar 
conformations are more 
energetically 
unfavourable



XNA reverse transcriptase 
Jackson LN, Chim N, Shi C, Chaput JC. Crystal structures of a natural DNA polymerase that 
functions as an XNA reverse transcriptase. Nucleic Acids Research. 2019 Jun;47(13):6973–83. 



Sugar differences

C1’

C2’C3’

C4’

TNA
FANA



Intranucleotide distances

TNA FANA



HBonds base pairs

TNA FANA



Superimposition

DNA FANA TNA 



O helix

DNA/TNA DNA/FANA



Conformations and Interactions

○ Movement → finger domain and 

helix O/O1

○ Interactions palm → recognition 

template

○ Tyr 714 similar orientation

○ B-form helix duplex



Final View

○ DNA Polymerases is a huge protein superfamily present in all 

domains of life

○ There are different families, adopting new additional functions

○ Its conformation is essential for a correct nucleotide incorporation: 

Ajar, Open and Close are the only ones crystallized

○ DNA Pol I presents a high fidelity rate thanks to the Pre-Insertion 

Site

○ The Pre-Insertion Site is highly conserved in A-family DNA 

Polymerases
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Thanks for your attention



PEM Questions
1. Which is the main change observed between open and closed conformations?

a. A new interaction between residues of the palm
b. A 40º rotation of the O Helix
c. A shorter distance between the alpha-phosphate of the dNTP and 3’OH of the primer strand
d. The incorporation of two Mg2` ions
e. B and C are correct

2. In relation to the polymerization process, the incorrect answer is:

f. The Pre-Insertion Site avoids an early contact between the two bases
g. The phosphodiester bond occurs after the hydrogen bonds  between the base pair
h. Two metal ions (Mg2+) are needed in order to catalyze the reaction
i. The base pair formed don’t need to be align with the other base pairs
j. The active site is mostly hydrophilic

3. At the DNA duplex binding region:

k. There are Hydrogen bonds between the bases and side-chains with water molecules as intermediaries
l. The DNA is adopting a A-from conformation in the first three base pairs

m. The interactions in this region are in the minor groove and the phosphate-sugar backbone
n. All the answers are correct
o. All the answers are wrong

4. Which domains are involved in the nucleotide incorporation?

p. Thumb, palm, exonuclease
q. Thumb, palm, finger
r. Finger
s. Palm, exonuclease
t. Finger, exonuclease, thumb



69

PEM Questions
5. To which DNA polymerase family does the DNA polymerase I belong?

a. Family X
b. Family B
c. Family A
d. Family C
e. Family D

6. Which is the most stable conformation that participates in the polymerase activity?

a. Open
b. Closed
c. Ajar
d. A and C are correct
e. All the conformations are unstable

7. Relative to DNA polymerase general functions, which is the incorrect answer:

a. It has proofreading activity (exonuclease 3’ - 5’)
b. Okazaki fragments belong to the lagging strand
c. Single stranded binding proteins are necessary to stabilize DNA
d. Exonuclease 5’ - 3’ activity remove RNA primer
e. All the answers are incorrect

8. The correct answer is:

a. FANA contains a fluorine in the sugar
b. DNA pol conformation that adopts with TNA is not exactly the same as with DNA 
c. A and B are correct
d. Geobacillus stearothermophilus polymerase can naturally catalyze DNA from XNA templates  
e. All the answers are correct



PEM Questions

9. Ajar conformation is normally done when: 

a. Mismatch
b. Before open conformation
c. Between open and close conformation
d. Only at high temperatures
e. All the answers  are correct

10. Which of these reasons does not happen during the polymerization?

a. The alignment between the two nitrogenous bases
b. The closing of the conformation thanks to the O Helix
c. A conformational change of the DNA
d. An hydratation of the DNA inside the active site
e. Two Mg2+ ions binding inside the insertion site


