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Introduction: telomeres

Telomeres: protective DNA-protein complex



Introduction: telomeres

Telomere replication takes place in Cajal Bodies 



Introduction: telomeres

DNA duplication is incomplete� shortening of chromosomes
Telomerase adds telomeric DNA repeats on ends to solve the problem



Introduction: telomerase

Telomerase functions as a ribonucleoprotein

1. TERT (telomerase reverse transcriptase) �

1. TER/TR (RNA)� Provides the template

Accessory proteins play crucial roles in telomerase biogenesis, localization and 
regulation.

Catalytic site for DNA syntesis   
Assembles with TER



Introduction: telomerase reaction

a) Synthesis of two telomere repeats onto 3’ end of telomeric DNA primer.
b) DNA-pol can extend the previous 5’ end of DNA� Shortening problem solved



Introduction: telomerase



Catalytic subunit of telomerase, TERT



TERT domains
-Nt
-TRBD
-RT

Catalytic subunit of telomerase, TERT

-RT
-CTE

Tetrahymena thermophila
Tribolium castaneum



Functions 

- Providing anchor site for telomeric DNA

- Involved in binding  the RNA subunit

Tetrahymena thermophila N-terminal domain

- Involved in binding  the RNA subunit

- Recruiting some accesory protein into complex

Mixed αβ structure

� 4 β-sheet

� 7 α-helices

� short β hairpin



Tetrahymena thermophila N-terminal domain

C-terminal region

(α4, α5 α6 , α7, β2, β3, β4, β5, β7)

N-terminal region

(α1, α2, α3, β1, β2)



Tetrahymena thermophila N-terminal domain

C-terminal region

(α4, α5 α6 , α7, β2, β3, β4, β5, β7)

N-terminal region

(α1, α2, α3, β1, β2)



Tetrahymena thermophila N-terminal domain

β2 � β5

α3 � α6

α2 � α5



Tetrahymena thermophila N-terminal domain

β2 � β5

α3 � α6

α2 � α5



Tetrahymena thermophila N-terminal domain

β2 � β5

α3 � α6

α2 � α5



Domain strongly conserved

<20% sequence identity
Structural conservation

Conserved residues

Gly144
Gln168

Tetrahymena thermophila N-terminal domain

Gln168
Gly171



Domain strongly conserved

<20% sequence identity
Structural conservation

Conserved residues

Gly144    � α5 and α6
Gln168

Tetrahymena thermophila N-terminal domain

Gln168
Gly171    � β6 and α7



“Deep groove”

C terminal tail

Phe158

Tetrahymena thermophila N-terminal domain

Phe158

Gln168

Leu174

Val169



“Deep groove”

C terminal tail

Phe158

Tetrahymena thermophila N-terminal domain

Phe158

Gln168

Leu174

Val169



“Deep groove”

C terminal tail

Phe158

Tetrahymena thermophila N-terminal domain

Phe158

Gln168

Leu174

Val169



Functions 

-Providing anchor site for telomeric DNA

-Involved in binding of the RNA subunit

- Recruiting some accesory protein into complex

Tetrahymena thermophila N-terminal domain

Gln168

Leu178

Trp187



Functions 

-Providing anchor site for telomeric DNA

-Involved in binding of the RNA subunit

- Recruiting some accesory protein into complex

Low  affinity protein – RNA 
interaction domain

Tetrahymena thermophila N-terminal domain



Tribolium castaneum catalytic subunit of telomerase, TERT

3 highly conserved domains, organized into a ring-like structure

TRBD 

(RNA binding domain)
CTE

(C terminal 

RT
(reverse transcriptase)

(C terminal 

extension)



Tribolium castaneum RNA binding domain, TRBD

TRBD interactions with TBE are important for proper assembly and
stabilization of the TERT/TER complex � promotes repeat 

addition processivity

Mostly helical 
- 9 α helices 
- 4 β-sheet- 4 β-sheet



Tribolium castaneum RNA binding domain, TRBD

2 conserved motifs on its surface:  CP motif � binds dsRNA 
T motif � binds ssRNA



Tribolium castaneum RNA binding domain, TRBD

TERT domains arrangement � TRBD - thumb get close � ring-like structure



Tribolium castaneum RNA binding domain, TRBD



Tribolium castaneum RNA binding domain, TRBD

TRBD–RT domain organization forms a deep cavity on the surface of the protein

Placement of RNA template in the interior of the ring 

T motif β-hairpin makes extensive contacts with thumb loop and motifs 1 and 2

Placement of RNA template in the interior of the ring 
(where the enzyme’s active site is located)

Pairing with incoming DNA substrate � RNA–DNA hybrid
(required for telomere elongation)

Brings 3’end of DNA primer in proximity to the active site for nucleotide addition



TRBD is a conserved domain

T. castaneum
T motif

CP motif

CP motif

T motif
T. thermophila



TRBD is a conservated domain



Tetrahymena thermophila RNA binding domain, TRBD

12 α helices linked with loops
2 short β strands (15 residues)

2 asymetric halves
- Larger � 9α
- Smaller � 3α

� More flexible (absense of observable 
contacts with RNA)

120º

45º

contacts with RNA)



CP motif

T motif

Binds ssRNA
↑

���� Binds dsRNA

Interaction TRBD-TER � CP and T

CP motif

T motif

CP motif ���� Binds dsRNA



TRBD motifs

CP motif
α3 and following loop
Shallow, wide (20Å) cavity high positively charged � adjacent and beneath T pocket

Several conserved residues buried – L327
C331
L333
P334

Direct contacts with T 
elements (aiding T and CP 
formation)

P334

L333

L327

C331



CP motif
Also several surface-exposed conserved residues (mainly hydrophilic) – K328

K329

Close to R492 and K493
(form a single large positively 

charged surface area)

T motif

TRBD motifs

K328
K329

R492
K493



T motif
In the centre (where the 2 halves meet)
Residues from β-sheet and α12 � Narrow pocket (10Å)
Several solvent-exposed and highly conserved residues

Invariant residues of particular note – Y477 (β part)
W496 (α part) Hydrophobic pincer 4Å apart

(not sufficient to accommodate a 
nucleotide base)R492

K493

Several hydrophilic residues –

TRBD motifs

K493

Y477

W496



T motifs mutants: how do they affect to TRBD activity?

One set of mutants showed severe loss (80%-100%) of RNA binding affinity
and telomerase activity – F476A

Y477A
T479A
E480A
R492A 
W496A T479

E480

F476

Y477

R492

W496



Tetrahymena thermophila RNA binding domain, TRBD

TRBD binds to TBE



Mixture of α-helix and β-strands in two subdomains 
Contains the active site

Tribolium castaneum retrotranscriptase domain, RT



Fingers subdomain are in an open configuration respect to the palm subdomain

Tribolium castaneum retrotranscriptase domain, RT

PALM

FINGERS



Similar to the “fingers” and “palm” subdomains of:

Tribolium castaneum retrotranscriptase domain, RT

TERT RT HIV

Retroviral RT
Viral RNA-pol 
B-family DNA-pol

RNA-POL
B-FAM 
DNA-POL



RSMD 3.436

TERT RT – HIV RT superimposition 

RT HIV (finger & palm domains)

TERT RT domain



Important conserved motifs: 1, 2, A, IFD, B’, C, D and E

RT is a conserved domain



Tribolium castaneum RT motifs

Motif 1

Motif 2

Motif A

Motif IFDMotif IFD

Motif B’

Motif C

Motif D

Motif E



RNA

Motif B’

RNArG3

Tribolium castaneum retrotranscriptase domain, RT

RNArU2 Motif B’

Motif 2

RNArU2

Ile 196

Val 197

Gly309

Pro 311

RNArC1



Tribolium castaneum RT active site

D251
D343
D344



Tribolium castaneum thumb domain

It’s an elongated helical bundle � makes direct contact with the DNA

Important in template binding and in processive nucleotide addition

Sits in the minor groove of the RNA-DNA heteroduplex



Thumb loop – DNA Interactions 

C17

Thumb loop
DNA T21



Thumb loop – DNA Interactions 



Primer grip

Thumb loop – DNA Interactions 

3’ DNA

Catalytic site

Asp251
Asp343
Asp344

C22



Thumb loop – DNA Interactions 



Tyr256
Gln308

G24

3’ DNA

5’ RNA

DNA – RNA Interactions 

Val342

G24

rC1



Free TERT and RNA-DNA bounded TERT superimposition

Free TERT

RNA-DNA TERT

RMSD : 1.30

Score : 8.92

More narrow RNA 
binding poket



RNA subunit of telomerase, TER



Telomerase RNA, TR/TER

Essential for telomerase function 

Conservation of secondary structure (despite divergence in length and 
primary sequence)

2 conserved and potentially universal structures (required for enzymatic 
activity) � Template/pseudoknot domain

CR4/5 domain

2 stem-loops separated by 
box H and box ACA

H/ACA domain in vertebrates�

CR7 domain

Homology to small nucleolar RNA 
and  small Cajal-body-specific RNA



Tribolium castaneum catalytic subunit of telomerase, TERT



Telomerase RNA, TR/TER

nt 33–147 
nt 163–330

hTERT-binding sites 
(critical for 

telomerase activity)
CR4/5 domain

H/ACA box
Pseudoknot
Template 
domain

Pseudoknot

TBE

TRE

CR7 domain



Pseudoknot domain
Compact well-ordered structure with extensive tertiary contacts
Stabilized by triple helix

Pseudoknot and template located adjacent in secondary structure
(but not in primary structure)

Template sequence

TER pseudoknot/template domain

Template sequence
Binds to telomeric DNA and codes telomeric repeats

5’ region � encodes telomeric DNA repeats
3’ region � anneals to DNA after template translocation



Template recognition element -TRE(ssRNA) 
� Nt TERT-binding site
� Facilitates 3’ template positioning in the active site
� Stimulates telomerase activity and repeat addition processivity

TER pseudoknot/template domain

Template boundary region-TBE(dsRNA)
� TERT-binding site
� Regulates nucleotides addition during RT

5’TEMPLATETRE
TBE

3’



Stem 1Loop 1

J2b/3

8nt

U rich

P2b

6pb

G-C rich

TER pseudoknot domain

Stem 2 Loop 2

P3

9pb

A-U rich

J2a/3

8nt

A rich



hTER pseudoknot domain

Stem 1

Stem 2



Loop 2

hTER pseudoknot domain

Loop 1



Stem 1

Loop 2

hTER pseudoknot domain

Stem 2

Loop 1



The first 4Us of loop1 are 100% conserved
among vertebrates

hTER pseudoknot domain



The first 4Us of loop1 are 100% conserved
among vertebrates

hTER pseudoknot domain



hTER pseudoknot domain



First nt of loop1 and last nt of loop2
interact to form a Hoogsteen A·U bp

hTER pseudoknot domain

U1A37



U8

A37

hTER pseudoknot domain: Hoogsteen base triples

U23



hTER pseudoknot domain: Hoogsteen base triples

U9

U22

A38



hTER pseudoknot domain: Hoogsteen base triples

U10

U21

A39



Short pyrimidine-purine-pyrimidine RNA triplex structure (stable platform
for interactions)

hTER pseudoknot domain: Hoogsteen base triples



A35
U5 A36

U6

hTER pseudoknot domain: Hydrogen bonds (Stem1-Loop2)

U25 U24



hTER pseudoknot domain: Hydrogen bonds (Loop1-Loop2)

U25

A37



U23 U22 U21

hTER pseudoknot domain: Hydrogen bonds (Stem2-Loop1)

U26

U38 U39

U27

U28

U40



CR4/5 domain (trans-activating domain)
Distal to template/pseudoknot domain
3-way junction of helices (P5, P6 and P6.1 in vertebrates)
Contains a high-affinity site for TERT interaction 
Contributes to correct folding of pseudoknot,nucleotide addition and repeat 
processivity.

TER CR4/5 domain

P6b

P5

P6.1

P6a



hTER CR4/5 domain

P6b

J6

P6a
P6a stem forms a continuous 

9bp helix with a single 
nucleotide bulge

J6



hTER CR4/5 domain

P6.1 helix (GA bulge in T. thermophila) is critical for telomerase activity
� Participates in long range interactions with template region



hTER CR4/5 domain

P6.1 helix (GA bulge in T. thermophila)

U6snRNP

(1LC6)

P6.1

(1OQ0)

boxB 

bacteriophague

(1QFQ)



hTER CR4/5 domain

P6.1 helix (GA bulge in T. thermophila)

U6snRNP

boxB bacteriophague

P6.1



TER H/ACA domain

H/ACA domain (vertebrates)
3’ end
Contains 2 stem-loops separated by the box H/ACA moieties 
� Binding sites for – Dyskerin 

NOP10
NHP2
GAR1



CAB box in 3’ stem-loop of H/ACA 
�Binding site for TCAB1 (telomerase Cajal body protein1)

TER H/ACA domain

CR7 domain
Participates in nucleolar localization of telomerase RNA

destabilize the RNA component in vivo and disrupt 

its localization to the nucleolus.

Mutations



Vertebrate TER comparison



Homo sapiens telomerase RNA, TER
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PEM

1. About TRBD domain of telomerase, mark the correct answer:
a) It contains two conserved motifs 
b) It interacts with TBE from RNA telomerase
c) The two answers before are correct 
d) It contains the active site
e) All answers before are correct

2. Mark the correct answers about TRBD motifs:
- CP is formed by helix α3 and the following loop
- Y477 and W496 together form an hydrophobic pincer
- In contrast to T motif, which forms a narrow pocket, CP motif forms a wider pocket
- There are no interactions between T and CP motif- There are no interactions between T and CP motif

a) 1,2,3
b) 1,3
c) 2,4
d) 4
e) 1,2,3,4

3. Mark the correct answer about TER:

a) H/ACA box is a very high phylogenetic conserved domain
b) CR4/5 and pseudoknot/template domains both have TERT binding sites
c) Pseudoknot forms a triple helix with two stems loops
d) b and c answers are correct
e) None of them are correct 



4. The telomerase reaction takes place in:
a) Cajal bodies
b) Ribosomes
c) Nucleosomes
d) Golgi
e) Membrane

5. H/ACA domain of TER:
a) Is conserved among vertebrates
b) Is conserved among all species

PEM

b) Is conserved among all species
c) Is only present in human
d) Is not present in human
e) Is not conserved

6. The Template boundary region (TBE) of pseudoknot domain:
a) Is a TERT-binding site
b) Is at 3' from template
c) Provides the template for telomerase
d) Is distal from the template
e) None of them is correct



7. Fingers and palm subdomains of RT are similar to:

a) HIV retro transcriptase
b) RNA-Pol
c) B-family of DNA-Pol
d) All the answers before are correct
e) None of them is correct

8. Which of the following statements about thumb domain are true :

a) It is an elongated helical bundle
b) Thumb loop runs almost paralel to the curvature of the DNA primer

PEM

b) Thumb loop runs almost paralel to the curvature of the DNA primer
c)  Two answers before are correct
d) TERT-DNA interactions are not mediated by this domain.
e) All of them are correct



PEM

9. Mark the correct answers :

- RT domain is characterized for having D251, D343 and D344 in the active site.
- The Motif T and CP are also involved in the catalytic site of this domain.
-The RNA-template binding to TERT is mediated by the conserved motifs 2 and B' of the fingers and palm
domain.
- The RT domain is not conserved in all species.

a) 1,2,3
b) 1,3
c) 2,4
d) 1,2,3,4
e) All the statments are true

10. Which of the following statements are true about N terminal domain?10. Which of the following statements are true about N terminal domain?

-Castaneum has the N terminal domain
- There are some interactions that build up the TEN conformation: 2 hydrophobic interaction and a
hydrogen bounding interaction.
-The deep groove is formed by some aminoacids which are not very well conservated.
- There are two glycins (gly144 and gly171) that are a really good conserved residus and help to form the
twist of the α5 and α6, and, the β6 and α7.

a) 1,2,3
b) 2,4
c) 1,3
d) 1,2,3,4
e) All the statments are false



THANK YOU FOR YOUR ATTENTION !


