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Introduction: telomeres

Telomeres: protective DNA-protein complex
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Introduction: telomeres

Telomere replication takes place in Cajal Bodies
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Introduction: telomeres

DNA duplication is incomplete—> shortening of chromosomes
Telomerase adds telomeric DNA repeats on ends to solve the problem
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Introduction: telomerase

Telomerase functions as a ribonucleoprotein

1. TERT (telomerase reverse transcriptase) = Catalytic site for DNA syntesis
Assembles with TER

1. TER/TR (RNA)-> Provides the template

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




s
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
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Introduction: telomerase




Catalytic subunit of telomerase, TERT




Catalytic subunit of telomerase, TERT

[ERT domains
-Nt

-TRBD

-RT

-CTE

Tetrahymena thermophila
Tribolium castaneum




Tetrahymena thermophila N-terminal domain

Functions

- Providing anchor site for telomeric DNA
- Involved in binding the RNA subunit

- Recruiting some accesory protein into complex

Mixed af} structure
= 4 B-sheet
= 7 a-helices

= short B hairpin




Tetrahymena thermophila N-terminal domain

C-terminal region
(a4, a5 a6, a7, B2, B3, B4, B5, B7)




Tetrahymena thermophila N-terminal domain

C-terminal region
(a4, a5 a6, a7, B2, B3, B4, B5, B7)




Tetrahymena thermophila N-terminal domain




Tetrahymena thermophila N-terminal domain




Tetrahymena thermophila N-terminal domain




Tetrahymena thermophila N-terminal domain

LUSTAL W(1.60) multiple sequence alignment

N - Domain strongly conserved

.thermoph ----MQKINNINNNKQMLT - -RKEDLLTVLKQISALKYVSN LYEF-LLATEKIV

.aedicula MEVDVDNQADNHGIHSALKTCEETKEAKTLYSWIQKVIRCR - - NOSQSHYKDLEDIKIFA <20% Sequence |dent|ty

.sapiens ----MPRAPRCRAVRSLLR--SHYREVLPLATFVRRLGPQG- - -WRLVQRGDPAAFRALV

.norvegic ----MPRAPRCPAVRSLLR--SRYREVWPLATFVRRLGLEG- - - SRLVQPGDPKVFRTLY I H
.laevis ----MPLRTGGATLLSILQ--RLYGQVLGIVEYTDTLQVPGGIKVPVLLEGDSEKFRSFV StrUCtu ra Conse rvatlon
.cerevisa MKILFEFIQ--DKLDIDLQTNSTYKENLKCG HFNGLDEIL

.lactis MKILVEYL--ESLECYETLRKSDILINADS NGVSNLL

.pombe --MTEHHTPK-SRILRFLE--NQYVYLCTLNDYVQLVLRGS- - -PASSYSNICERLRSDY

.albicans MTVKVNEK - -KTLLQYVLDNTSNEVPLLPS
.thaliana ----MPRKPR-HRVPEILW--RLFGNRARNLNDAIVDLIPN----RNIQ---PEQCRCRG

o3 od

- p= \VaAVAVAVA
.thermoph QTSELDTQ FQEFLTT-TIIASEQNLVENYKQKYNQPNFSQLT- - IKQVID-DS
.aedicula QTNIVATP RDYNEEDFKVIARKEVFSTGLMIELIDKCLVELLS-SSDVSDRQK
.sapiens AQCLVCVP WDARPPP-AAPSFRQVSCLKELVARVLQRLCERG- - AKNVLA-FG
.norvegic AQCLVCVP WGSQPPP-ADLSFHQVSSLKELVSRVVQKLCERG- - ERNVLA-FG G ly 144
.lLaevis AELVVCIP RGTKPLP-SPVSFLQLSTQREVVARVIQRICEKK--RKNVLA-FG
.cerevisa TTCFALPN ==+ +~==~ SRKIALP--CLPGDLS-HKAVIDHCIIYLLTGEL-YNNVLT-FG Gln168

AWM XWLM>XxVI M=

Conserved residues

.lactis LSCFAQVN SKHCVPPEIEISSTFSSSYHCETIETCILYLLHKN-FTNNILT-YG
.pombe QTSFSIFLHSTVVG-FDSKPDEGVQFSSPKCSQSELIANVVKQMFDESFERRRNLLM-KG

.albicans ETVLVYKS IKRPLP---AIRPQESFDEFMKELVTRLVMEKS - -N-NVIA-YG G' 171
.thaliana QGCLGCSSDKPAFLLRSDDPIH-YRKLLHRCFVVLHEQTPPLLDFSPTS- -WWSQRE- IV \/
-\‘\_/ B3 Ba oS oG

.thermoph ITLLGNKQNYVQQIGTTTIGFYVEYENINLSRQTLYSSNFRNLLNIAGEEDFKYFLIDFL
.aedicula LQCFGFQLKCGNQLAKTHLLT - - - -ALS - - TQKQYF FQDEWNQVRAMICNELFRHLYTKYL
.sapiens FALLDGARGGPPEAFTTSVR--SYLPNT-VTDALRG5GAWGLLLRRWGDDVLVHLLARCA
.norvegic FALLNGARGGPPMAFTTSVH- -SYLPNS-VTESLCVSGAWMLLLSRWGDDLLVYLLSHCA
.laevis YGLYD-EKNSLNIRLTPNIC--NYFPNP-TTTTISTSILWETLLTRWGDDVMMYWLEQCS
.cerevisa YKIAR- --NE-DVNNSLFCH- - - -SAN- - VNVTLLKGAAWKMFHS L\MGITYAFVDLLINYT
.lactis YQLGK- --N5-DVMTKLFCR- - --55N- - ISVSVLKCNSWRLFHQLVGITDNFVNLLINYS
.pombe FSMNHEDFRAMHVNGVQNDLY-STFPNY - LISILE - SKNWQLLLETJGEDAMHY LLSKGS
.albicans YKTSAMESRS- - -IFTTFHS- - - -SGNF-ILTHIT-SHNWSTIFSLUGPKKFLELLVNNK
.thaliana ERIIEMMOSGCDCONVICARYDKYDQSS-PILELLTSSSWEFLLKRWGHDVMVYLLQQTS
.thermoph VFTKVEQNGYUQVAG- -VCLNQYFSVQVKQ - KKWYKNN -
.aedicula IFQRTSEGTLY(FAGNNVFDHLKVNDKFDK -KQKGG- - -
.sapiens LFVLVAPSCAY(VAGPPLYQLGAATQARPPPHASGPRRR

0
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.norvegic LYLLVPPSCAMQIVQGSPLYQICATTDTWSSVPAGYRPT -
. laevis IFVFVPPRCCYOIL TCOPIYTLPSD-DVFLFQSQSFTQSN
.cerevisa VIQFN-GQFFTQIWVCN -RCNEPHLPPKWAQRSS5555AT -
.lactis VYFNT-GHYFRQI JGTPANAPQVP -PAWLDRSYRRERN -
.pombe IFEALPNDNYUQI SGIPLFKNNVFEETVSK-KRKRTIE-
.albicans GFVSKVNGESVQIIAGDVNSHRKAVVVSKYITKFNVLYN -
.thaliana IFLPLLGKKH(OWVSCPPLCIKHKRTLSVHENKRKRDDN -
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Tetrahymena thermophila N-terminal domain

Domain strongly conserved
<20% sequence identity
Structural conservation

Conserved residues

| > a5and a6




Tetrahymena thermophila N-terminal domain

“Deep groove”

Phel58

Val169




Tetrahymena thermophila N-terminal domain

“Deep groove”

Phel58

Vall169




Tetrahymena thermophila N-terminal domain

“Deep groove”

C terminal tail
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Tetrahymena thermophila N-terminal domain

Functions

-Providing anchor site for telomeric DNA

-Involved in binding of the RNA subunit

- Recruiting some accesory protein into complex

GIn168
Leul78




Tetrahymena thermophila N-terminal domain

Functions

-Providing anchor site for telomeric DNA

Low affinity protein — RNA
interaction domain

-Involved in binding of the RNA subunit —>

- Recruiting some accesory protein into complex

! o
P C-terminal tail 7

C-terminal tail




Tribolium castaneum catalytic subunit of telomerase, TERT

3 highly conserved domains, organized into a ring-like structure
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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 a helices
- 4 B-sheet




Tribolium castaneum RNA binding domain, TRBD

2 conserved motifs on its surface: CP motif 2 binds dsRNA
T motif 2 binds ssRNA
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Tribolium castaneum RNA binding domain, TRBD

TERT domains arrangement = - thumb get close = ring-like structure




Tribolium castaneum RNA binding domain, TRBD




Tribolium castaneum RNA binding domain, TRBD

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

|

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

|

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
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TRBD is a conservated domain
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Tetrahymena thermophila RNA binding domain, TRBD

12 a helices linked with loops
2 short B strands (15 residues)

2 asymetric halves

- Larger =2 9a

- Smaller 2 3a
= More flexible (absense of observable 'R H A
contacts with RNA) b-hairpin gy 8 W
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Interaction TRBD-TER 2 CPand T

Binds ssRNA

1
T motif
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CP motif = Binds dsRNA




TRBD motifs

CP_motif
a3 and following loop
Shallow, wide (20A) cavity high positively charged = adjacent and beneath T pocket

Several conserved residues buried — Direct contacts with T

elements (aiding T and CP
formation)
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TRBD motifs

CP motif
Also several surface-exposed conserved residues (mainly hydrophilic) - JREZLE
K329

Close to R492 and K493
(form a single large positively
charged surface area)




TRBD motifs

T motif

In the centre (where the 2 halves meet)

Residues from B-sheet and 12 = Narrow pocket (10A)
Several solvent-exposed and highly conserved residues

Invariant residues of particular note — IR ysRR¥Ie]
W496 (a part) Hydrophobic pincer 4A apart

(not sufficient to accommodate a

Several hydrophilic residues — R49? nucleotide base)
K493

"o




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 —




Tetrahymena thermophila RNA binding domain, TRBD

TRBD binds to TBE
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Tribolium castaneum retrotranscriptase domain, RT

Mixture of a-helix and B-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

Similar to the “fingers” and “palm” subdomains of: Retroviral RT
Viral RNA-pol

B-family DNA-pol

B-FAM

RNA-POL (o, o7 Sy 2 S0 DNA-POL




TERT RT = HIV RT superimposition

RSMD 3.436




Important conserved motifs: 1, 2, A,

IFD, B’, C, Dand E

RT is a conserved domain
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Tribolium castaneum retrotranscriptase domain, RT

Val 197
lle 196

Motif 2
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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
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Thumb loop — DNA Interactions

Thumb loop




Thumb loop — DNA Interactions




Thumb loop — DNA Interactions

Primer grip

Catalytic site

Asp251
Asp343
Asp344




Thumb loop — DNA Interactions




DNA — RNA Interactions

¥ Tyr256

Val342




Free TERT and RNA-DNA bounded TERT superimposition

More narrow RNA
binding poket

RMSD :1.30
Score : 8.92




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) 2 Template/pseudoknot domain

CR4/5 domain

H/ACA domain in vertebrates> Homology to small nucleolar RNA
and small Cajal-body-specific RNA

l

2 stem-loops separated by
box H and box ACA

CR7 domain




Tribolium castaneum catalytic subunit of telomerase, TERT




Telomerase RNA, TR/TER

nt 33-147
nt 163—-330

hTERT-binding sites
(critical for Ps

telomerase activity) CR4ICRS
CR4/5 domain

CRZICR3
P3 TBE  p;
LIRO RARDEnrnnent Box H/ACA

Pseudoknot 12873 !
Template ( v UL gabig I s || Qomaine H/ACA box
AUCCCAALC

domain TRE

Template (CR1)

Ay CR7 dOmaln

CR7
Human TER




TER pseudoknot/template 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
Binds to telomeric DNA and codes telomeric repeats

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




TER pseudoknot/template domain

Template recognition element -TRE(sSRNA)

= Nt TERT-binding site

= Facilitates 3’ template positioning in the active site

= Stimulates telomerase activity and repeat addition processivity

TBE

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




TER pseudoknot domain

CR4CRS

Stem 1
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hTER pseudoknot domain
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hTER pseudoknot domain

The first 4Us of loopl are 100% conserved
among vertebrates
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hTER pseudoknot domain

The first 4Us of loopl are 100% conserved
among vertebrates
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CC-===2==e=-- CECCGCUCUUULUICU CGCUCACULUCAGCCGGGCG - GA- - AAAGCCUCCGRECs ==}

Homo_sapiens EUUUUGCUC-C- 139
Rabbit BUUUUGUUUCC-CC--------~~-- GECGCGCUCUUNLCE C GEUCACUUBCAGCLCEUGGGA - - AARGEC UUGERESSSE 236
Hamster CUUUCGUC--U-CC- - - - - - - - - - - GRECHCUCRNUEICH C CCHCACUUE AGCECGECG - GG- - AARGUC CAGREES== 150
Cat gUUUUGUUU-C-CC---r"mmm = GEACECRGUENLE UL CECUCACHRUCACCOOOCG - GA- - AARBECUCCREESS==Y 237
Pig BUUUUGCUU-C-AC--------~~-- GECCOCUCUUNIERICH C CCUCACUUNCAGCOOUCG - GA- - AARBECUCGERESSS 239
Horse RUUUUGCUC-C-CC--~~~~->->-- GECCECUGUONERICH CSCUCACUUNCAGCOCECG - GA- - AARGCCUCGREESSSN 236
Bullfrog BUGCU-CUU-C-AU--~-~"vren-- GCEUCGUUCUNNECH CEGCUCACUBUCACGCOGGECG - AA- -AGAGCAAUGGARASSSE 215
Xenopus UCUUCGCGG-CGGU-----=== =~~~ GECUGHUUGUUULNEE U GCHCACUUNCAGCEEGCACGG - - AGRGCAAGCGUAGACE 277
Shark LA -CUGCCU-C-CCGCUGCGUGAAACERCEOUGUDIDE. UN GCECUAACUUBCACCORGGU - GAGGCARG- - GCCGRER=SSSN 259
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hTER pseudoknot domain

Watson—-Crick

(@nti) (@nti)

Hoogsteen




hTER pseudoknot domain

First nt of loopl and last nt of loop2
interact to form a Hoogsteen A-U bp




hTER pseudoknot domain: Hoogsteen base triples




hTER pseudoknot domain: Hoogsteen base triples




hTER pseudoknot domain: Hoogsteen base triples




hTER pseudoknot domain: Hoogsteen base triples

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

i




hTER pseudoknot domain: Hydrogen bonds (Stem1-




hTER pseudoknot domain: Hydrogen bonds (




hTER pseudoknot domain: Hydrogen bonds (Stem2-




TER CR4/5 domain

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.
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hTER CR4/5 domain
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P6a stem forms a continuous
9bp helix with a single
nucleotide bulge




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)
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hTER CR4/5 domain

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

Backbone atoms are

boxB bacteriophague




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

CR4/CR5
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TER H/ACA domain

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

iA) Telomerase RNA (hTR)

WTERT binding /
regions

e —|
5 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.




Vertebrate TER comparison
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Homo sapiens telomerase RNA, TER
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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 a3 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
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
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
c) Two answers before are correct

d) TERT-DNA interactions are not mediated by this domain.

e) All of them are correct




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?

-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 (glyl44 and gly171) that are a really good conserved residus and help to form the
twist of the a5 and a6, and, the 6 and a7.

a)1,2,3

b) 2,4

c)1,3

d)1,2,3,4

e) All the statments are false







