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OUR AIMS 

•  To understand the DNA polymerases mechanism 

•  To analyse the structural relationship between the 
members of DNA polymerases families. 

•  To study mechanism of interaction between DNA 
and DNA polymerases. 

•  To comprehend evolutionary relationships of DNA 
polymerases. 

 

 



•  Bibliographic research 
 

•  Blast against PDB and Swissprot databases 
 

•  Sequence alignment: Clustalw and T_Coffee 
 

•  Structural alignment: Stamp 

•  Molecular visualization: RasMol , VMD, Jmol and Pymol 
 

•  Databases: PDB, PFAM and SCOP 

 

MATERIAL AND METHODS 



1.  DNA replication components 

2.  Families of DNA polymerases 

3.  Structure of DNA polymerases 

4.  General mechanism of DNA polymerases 

5.  Different families of DNA polymerases 

1.  Family A 
2.  Family X 
3.  Family C 

6.  Evolutionary relationships between DNA polymerases 
families 

INDEX 

DNA-polymerase mu 



DNA REPLICATION COMPONENTS 



FAMILIES OF DNA POLYMERASES 
Families Features Members 

 
Family A 

 
Replicative and repair enzymes 

T7 polymerase 
E. coli polymerase I 
Taq polymerase I 
B. stearothermophilus 

 
Family B 

DNA replication and 3’-5’ 
exonuclease activity  

Eukaryotic replicative DNA 
polymerase α, δ, Ɛ  

 
Family C 

DNA  replication DNA polymerase III 

 
Family D 

DNA replication and a 3’-5’ 
exonuclease activity 

Furiosus DNA polymerase II 

 
Family X 

 

 
Base excision repair (BER)  

DNA polymerase β, TdT, µ 
and λ 

Family Y Low fidelity on undamaged DNA  E. Coli polymerases IV and 
V 

 

RT family  
Conversion of ssRNA into dsDNA RT HIV-1,2 



SUBDOMAINS 
 

Common architecture likened to a 
right hand: 
 
•  FINGERS subdomain: interacts 

with the incoming nucleotide 
 

•  THUMB subdomain: binds the 
duplex DNA product 

 

•  PALM subdomain: contains the 
catalytic residues 

•  CLEFT 

DNA-polymerase I 

STRUCTURE OF DNA POLYMERASES 



GENERAL MECHANISM OF DNA POLYMERASES 

E: DNA polymerase 
p: primer 
t: template 
PPi: pirophosphate 

E–t/pn+1  
 

E-p/t E-p/tn+1 – PPi  E + p/t  

PPi 

E-p/t + dNTP 

dNTP  
 
 
 
 
 



BINDING OF POLYMERASE TO DNA 
 
 

GENERAL MECHANISM OF DNA POLYMERASES 

DNA-polymerase I DNA-polymerase beta 

Thumb Fingers 

Palm 



GENERAL MECHANISM OF DNA POLYMERASES 

 
1.  Finger domain rotates resulting in a “closed” structure 
 
2.  Base- flipping mechanism 
 
3.  The bases of incoming nucleotide interacts with the template 

(Watson-Crick base- pair) 
 
4.  Metal mediated ionic interactions between amino acid 

residues of the active site and triphosphate portion the dNTP 
 

 

dNTP BINDING 
 



GENERAL MECHANISM OF DNA POLYMERASES 
 

BASE- FLIPPING MECHANISM 
 

B- DNA Rotated B-DNA 



GENERAL MECHANISM OF DNA POLYMERASES 

 

TWO METAL ION MECHANISM 
 

Two metal ion coordinate the reactive 
groups: octahedral coordination 
 
•  Metal A: is coordinated by 3’-OH 

(primer), the α-phosphate dNTP and 
oxigen atoms of Asp side chains. 

 

•  Metal B: is coordinated by α,β,γ- 
phosphate groups of dNTP and 
carboxylates of Asp. 



Metal A 
coordination 

 

3’-OH and α-
phosphate in close 

proximity 

 

Phosphoryl transfer 
reaction 

GENERAL MECHANISM OF DNA POLYMERASES 
 

NUCLEOPHILIC ATTACK 
 

Figure 8. Two metal ion mechanism 



FAMILY A 

MEMBERS 
 

Replicative enzymes: 

-  Bacteriophages T3, T5 and T7 

-  Mitocondrial polymerases: γ 

Repair enzymes: 

-  E.coli polymerase I 

-  Taq polymerase I 

-  Bacillus stearothermophilus polymerase I 

1KLN, 3,20Å 



FAMILY A 
5’ - 3’ exonuclease activity 3’ - 5’ exonuclease activity 



POL I E.COLI: STRUCTURAL CHARACTERISTICS 



PRIMER AND TEMPLATE INTERACTON WITH 
DNA POLYMERASE 

TEMPLATE STRAND 
INTERACTION 

PRIMER STRAND 
INTERACTION 



FAMILY A SEQUENCE ALIGNMENT 

Bst pol I 
E.Coli pol I 
Taq pol I 
 
 
 
 
 
SCORE=82 



FAMILY A STRUCTURAL ALIGNMENT: PRIMER 
INTERACTION RESIDUES 

Asn 
675 

Asn 
678 

Thr 
609 

Lys 
635 

Arg 
631 



FAMILY A STRUCTURAL ALIGNMENT: TEMPLATE 
INTERACTION RESIDUES 

Arg 
835 

Asp 
827 

Ser 
582 

Asn 
579 



FAMILY A TWO METAL ION 
MECHANISM: CONSERVED RESIDUES 

Asp 
705 

Asp 
882 

Glu 
883 



Region 1 

Region 2 Region 3 (A) 

Pol I E.coli Pol I Taq Pol I B. Stearothermophillus 

FAMILY A CONSERVED MOTIFS 



Region 4 (B) 

Region 6 Region 5 (C) 

Pol I E.coli Pol I Taq Pol I B. Stearothermophillus 



FAMILY A PREINSERTION SITE 



FAMILY A  EVOLUTION 



FAMILY A STAMP 

Taq pol I, Bst pol I and E.coli pol I 
 
Sc 6.00   RMS 1.61 

Taq pol I, Bst pol I, E.coli pol I and 
T7 pol 

 
Sc 4.82  RMS 2.40 



FAMILY X  
Members: 
 

•  DNA polymerase beta 

•  DNA polymerase lambda 

•  DNA polymerase mu 

•  TdT 

 

DNA-polymerase lambda 

 

All family members being found in vertebrates 
 

Function: involved in base excision repair (BER) 
 



FAMILY X  
 

BASE EXCISION REPAIR (BER) 
 

Removal of damage base 
 

Incision of the sugar-
phosphate backbone 5’ of 

the AP site 
 

5’ terminal dRP site 
 

Replace the missing 
nucleotide 

 
 

dRP group is removed 
 

The gap is ligated 



DNA POLYMERASE BETA 

DOMAINS 
 
 
 
 
 

ssDNA binding 
dRP Lyase 

dsDNA 
Binding 

Nucleotidyl 
Transferase 

dNTP 
Selection 

Lyase Domain Polymerase Domain 

D C N 

•  Amino- terminal lyase domain (8 kDa ≈ 
90 residues) 

 

•  Carboxyl- terminal polymerase domain 
(31 kDa ≈ 250 residues) 

FINGER 
DOMAIN 

PALM 
DOMAIN THUMB 

DOMAIN 

LYASE 
DOMAIN 

1BPY, 2.20Å 



 
The dRP lyase active site (Lys72) is observed to be a 

part of a lysine-rich pocket on the surface of the 8kDa 
domain 

K68 
K72 

K35 

K84 

K87 

Lysine-rich pocket on the surface of 8-kDa domain 
 

DNA POLYMERASE BETA 
LYASE DOMAIN 



PALM DOMAIN 

DNA POLYMERASE BETA 

There are three aspartates 
that coordinate two divalent 
cations (Mg 2+), that assist 
the nucleotydil transferase 
reaction. 
 Asp 190 

Asp 192 
Asp 256 

 

Mg 

Mg 

dNTP 



DNA POLYMERASE BETA 
NUCLEOTIDE SELECTIVITY DURING dNTP BINDING 

 

 

dNTP Binding Pocket: 
Tyr271, Phe272, Asp276 and Asn279 

 

dNTP 

Asp276 

Asn279 

Tyr271 

Phe272 



HELIX-HAIRPIN-HELIX (HhH) MOTIF 

•  Involved in non-sequence-specific 
DNA binding 

•  Structurally, the motif forms into a 
pair of anti-parallel α-helices 
connected by a hairpin-like loop 

•  Sequence pattern: glycine- 
hydrofobic residue- glycine 

 
  There are two HhH in the structure of 
DNA polymerase beta: 
 

•  Lyase domain 
•  Fingers domain 



DNA POLYMERASE BETA 
SEQUENCE ALIGNMENT 

SCORE: 87 

DNA polymerase beta (1BPY,2.20Å) 
DNA polymerase lambda  (1XSN,1.95Å) 
DNA polymerase mu (2IHM, 2.40Å) 



X FAMILY 
STRUCTURAL ALIGNMENT 

Helix-hairpin-helix motif 

Asp of catalytic domain 

DNA polymerase beta (1BPY) 
DNA polymerase lambda (1XSN) 
DNA polymerase mu (2IHM) 



RMSD:1,89 
SCORE: 8,50 

STRUCTURAL ALIGNMENT 

X FAMILY 

DNA polymerase beta (1BPY) 
DNA polymerase lambda  (1XSN) 
DNA polymerase mu (2IHM) 



X FAMILY 
EVOLUTIONARY RELATIONSHIP BETWEEN FAMILY X 

1360 M. Garcia-Diaz et al. / DNA Repair 4 (2005) 1358–1367

Fig. 1. Evolutionary relationships between family X members. An unrooted phylogenetic tree built using a primary sequence alignment of a segment of the catalytic
domain. Different enzymes are grouped (shaded areas) into the five main enzyme classes in the family: Pol !, Pol ", Pol #, TdT, and trypanosomatid (Try) Pol !-like
enzymes.

modulate synthesis by Pol " in vivo. While the function of the
proline-serine domain in Pol " is not clear, it is reported to sup-
press the polymerase activity of the enzyme in vitro [28]. Pol "
has a high affinity for dNTPs [25], a property that can be partly
attributed to the presence of an uncharged side chain (Ala) at
residue 510, positioned against the base of the incoming dNTP
in the nascent base pair binding pocket [25]. The high affinity of
Pol " for dNTPsmay allow it to conduct synthesis when the con-
centration of precursors in the cell is low, e.g., outside S-phase in
cycling cells or in quiescent cells. Also, Pol " has unusually low
fidelity and a unique error specificity. It is the only human DNA
polymerase studied to date whose average single base deletion
error rate exceeds its average single base substitution error rate.
Pol " deletes single nucleotides at a rate that is much higher
than for Pol !. In fact, the Pol " deletion rate exceeds those of
the notoriously inaccurate polymerases in the Y family [35]. In

contrast, Pol " generates single base substitution errors at rates
that are only slightly higher than for Pol ! [25,35]. Both the
high rate and the specificity of Pol "-generated −1 deletions
reflect its ability to use template–primers with limited base pair
homology at the primer terminus. As discussed below, this has
both structural and functional implications. Interestingly, a high
rate for misalignment-mediated errors is also a characteristic of
yeast Pol IV [36], suggesting similarities between Pol " and Pol
IV with respect to enzyme–substrate interactions that control
fidelity.

4. dRP lyase activity of the 8 kDa domain of Pol "

Single-nucleotide BER in mammalian cells begins with
removal of a damaged base by a DNA glycosylase, followed
by incision of the sugar–phosphate backbone 5′ of the AP site to

DNA polymerase 
lambda and DNA 

polymerase beta have 
a less evolutionary 
distant than DNA 
polymerase mu 



FAMILY C 
Members: 
 

•  DNA polymerase III  

 

 

Organisms studied 
 
•  E. Coli: 2HNH (2.30Å) 

•  T. aquaticus 
 2HPI (3 Å) 
 3EOD (4.5 Å) 

The main eubacterial DNA 
polymerases that is responsible 
for the replication of DNA 
duplex  

Figure 9. Subunit alpha of E. coli DNA 
polymerase III   



DNA POLYMERASE III 
DNA polymerase III holoenzyme is composed of 10 subunits 

 
-  The core polymerase: α, Ɛ, θ.  

α 
catalytic subunit 

Ɛ 
3’-5’ proofreading 

exonuclease  

Θ 
Minor stimulation of Ɛ 

  

-  The clamp loader complex (γ complex): multisubunit ATPase. 

-   The β-sliding clamp: encircles duplex DNA.  



ALPHA SUBUNIT OF DNA 
POLYMERASE III 

FINGERS 
DOMAIN 

PALM 
DOMAIN 

THUMB 
DOMAIN 

Subunit alpha of E. coli DNA polymerase III   



ALPHA SUBUNIT OF DNA 
POLYMERASE III 

DOMAINS 

•  PHP domain (N-terminal) 

•  β binding domain 

•  C-terminal domain 

Subunit alpha of T. aquaticus DNA polymerase III   

PHP Palm Thumb Fingers β-binding C-terminal 



 
 

STRUCTURE OF ALPHA SUBUNIT OF DNA POL III 
 

βNT fold: 5 stranded mixed βsheet 
 

 
3 catalytic conserved aspartate 

residues in T. aquaticus 
Asp463, Asp465 and Asp618 

 
Equivalent residues in E.coli 

Asp401, AspD403, and Asp555 
 

Palm domain of E.coli DNA pol III   

 

PALM DOMAIN 
 



 
 

STRUCTURE OF ALPHA SUBUNIT OF DNA POL III:  
T. aquaticus 

 

Palm domain of E.coli DNA pol III   

 

PALM DOMAIN 
 

Asp618 
Asp463 

Asp465 



Palm domain of E.coli DNA pol III   

 

PALM DOMAIN 
 

Asp 618 
Asp 463 

Asp 465 

Ser 426 

Gly 425 

dNTP 

Ca2+  



Ser 426 

Asp 463 

Asp 465 

Asp 618 

Lys 616 

 

PALM DOMAIN 
 

Gly 425 



T. aquaticus vs. E. coli 
PALM DOMAIN Asp 463, Asp 465 

Asp 618 Lys 616 

Gly 425, Ser 426 



 
 

STRUCTURE OF DNA POL III: 
T. aquaticus 

A large crescent-shaped structure composed exclusively of alpha helixes 

 

FINGERS DOMAIN 
 

Fingers domain of T.aquaticus DNA pol III   



 
 

STRUCTURE OF DNA POL III 
T. aquaticus 

The triphosphate interacts with a 
cluster of 4 highly conserved arginine 
residues: 

•  Arg452 and Arg458 from the palm 

•   Arg766 and Arg767 from fingers 
domain 

 

FINGERS DOMAIN 
 



Conserved 
residues in 
palm and 

fingers domain 



 
 

STRUCTURE OF DNA POL III 
T. aquaticus 

It is 4 helix bundle  

It binds to the primer/template  
DNA 

 

THUMB DOMAIN 
 



 
 

STRUCTURE OF DNA POL III 
T. aquaticus 

 

THUMB DOMAIN 
 

Pro 526 

Tyr 511 

His 515 

Ser 500 

Loop 



 
 

STRUCTURE OF DNA POL III 
T. aquaticus 

A TIM barrel-like fold with 
seven-stranded β-barrel 

surrounded by seven 
helices 

Function 
It exhibits a zinc ion-dependent 
3’-5’ exonuclease activity 

 

PHP DOMAIN 
 



 
 

STRUCTURE OF DNA POL III 
T. aquaticus 

 

PHP DOMAIN 
 

Asp 201 

Asp 169 
His 135 

Arg 83 



 
 

STRUCTURE OF DNA POL III 
T. aquaticus 

The β binding domain has an αβ fold and interacts extensively with the fingers 
domain 

The internal 
β binding site 

helix-hairpin-helix 
(HhH) 

Fingers 

 

BETA BINDING DOMAIN 
 



helix-hairpin-helix 
(HhH) 

BETA BINDING DOMAIN 



 
 

STRUCTURE OF DNA POL III 
T. aquaticus 

An oligonucleotide binding (OB) fold 

4-stranded β sheet 

2  subdomains of C-terminal 

 

C- TERMINAL DOMAIN 
 



 
 

STRUCTURAL ALIGNMENT  
T. aquaticus vs. E. coli 

DNA polymerase III of T. aquaticus 
 
DNA polymerase III of E. coli   

Score 4.58 
RMSD 2.59 



DNA POLYMERASE I DNA POLYMERASE BETA DNA POLYMERASE III 

PALM DOMAIN 

COMPARISON BETWEEN FAMILIES 



COMPARISON BETWEEN FAMILIES 

1 42 5 3

A

B 

F

P

T

PALM DOMAIN 

1 4

A B 

2 5 3

T

F

1 2 

AB 

C T

3 4 

F 

DNA POLYMERSE 
BETA 

DNA POLYMERSE I 

DNA POLYMERSE III 



COMPARISON BETWEEN FAMILIES 
SEQUENCE ALIGNMENT vs. STRUCTURAL ALIGNMENT 



CONCLUSIONS 

•  To sum up we have seen that there is a common 
mechanism that takes place during DNA replication in 
different families of DNA polymerases 

•   We can conclude that the structure is well conserved in 
DNA polymerase families 

•  We have observed different conserved residues that are 
involved in interactions between DNA polymerases and 
DNA 

•  We have done an approximation of evolutionary 
relationships between DNA polymerases  
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