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Transcription initiation is the start of gene expression in eukaryotes

RNA
polymerase

> 3 nuclear RNA polymerases orchestrate the process

Pol-| Pol-II Pol-Il NN S uccan of
' J transcription

> Pol-Il controls cell identity, differentiation and stress response processes

> 3 steps are required to produce RNA

[ Elongation Termination

> |nitiation is the starting point, and integrates most of the transcriptional regulation

> The mechanism is supposed to be highly conserved across eukaryotes






Transcription initiation requires the assembly of the General Transcription Factors (GTF)

1. TFIID binds and bends DNA around the TATA region
2. TFIIB joins the complex
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Complex
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Transcription initiation requires the assembly of the General Transcription Factors (GTF)

3. Pol Il and TFIIF join the complex
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Catalytic unit

Complex
stabilization

Core Preinitiation
Complex (PIC)



Transcription initiation requires the assembly of the General Transcription Factors (GTF)

4. TFIIE and TFIIH join the complex

Complex
stabilization

—

DNA
unwinding

Pol-II
activation
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Transcription initiation requires the assembly of the General Transcription Factors (GTF)

5. DNA melts around the transcription start site (TSS)

ATP

Open PIC



Transcription initiation requires the assembly of the General Transcription Factors (GTF)

6. Transcription starts

NTPs

—

Initially transcribing
complex



The architecture of the complex is not fully understood at atomic resolution

Historical highlights on the advances in the anatomical comprehension of transcription initiation

Whole-
[ Cryo-Electron-Microscopy (Cryo-EM) is key ] complex

Polll-
Core Poalll Polll TFIIB

)/

w
Gnat 2001. Kettenberger 2003. Kostrewa 2009. He 2016.
X-ray X-ray X-ray Cryo-EM THIIH
3.3A 3.8A 4.3 A 3.9A Cryo-EM

7.9-100A

Most subunits are characterized in yeast (S. cerevisiae) and humans (H. sapiens)






Our project aims to review the...

> Architecture of the initiation complex

> Relevant interactions to understand the sequential assembly of factors

> Molecular mechanisms beyond the structure

> Evolutionary conservation across eukaryotes

> The current structural knowledge about transcription initiation



Promoter recognition:

TFIID binds and bends DNA around the
TATA region

THID
TATA-box

Promoter DNA



Promoter recognition: TFIID binds and bends DNA around the TATA region A

Integrate Transcription factors
Activators

Repressors

Disordered N-
term domain

TATA-binding protein (TBP)

Core C-term
domain

Two 88 aa
repeats

Saddle-shaped
structure

[ Cristalized part ]




Promoter recognition: TFIID binds and bends DNA around the TATA region A

TBP has two modules that bind AT-rich sequences

[ C-term repeat ] [ N-term repeat ]

TBP also binds promoters
without TATA




Promoter recognition: TFIID binds and bends DNA around the TATA region

H bonds and electrostatic interactions are required

The N-term repeat
binds T




Promoter recognition: TFIID binds and bends DNA around the TATA region

H bonds and electrostatic interactions are required

o s g TR g

[ The C-term repeat }

binds A




Promoter recognition: TFIID binds and bends DNA arround the TATA region

The C-terminal domain of TBP is conserved across eukaryotes

Conservation  ps il
TBP_SCHPO - - -SC - - - - -
TBP_YEAST QSEED- | KRA
TBP_CAEEL QA -FPASNIAA
TBP.DROME N | HQTMGFS T
TBP.DANRE LYTTPLTPMT
TBP_XENTR LYPSPMTPMT
TBP.CHICK LYPSPMTPMT
TBP_MOUSE LYPSPMTPMT
TBP.BOVIN LYPSPMTPMT
TBP_HUMAN LYPSPMTPMT

Conservation

TBP_SCHPO KSTAL | FASG
TBP_YEAST KTTALIFASG
TBP_CAEEL RTTAL I FSSG
TBP_.DROME RTTAL | FSSG
TBP_.DANRE RTTAL | FSSG
TBP_XENTR RTTAL | FSSG
TBP_.CHICK RTTALIFSSG
TBP_MOUSE RTTAL | FSSG
TBP_BOVIN RTTALIFSSG
TBP_.HUMAN RTTAL I FSSG

Conservation e
TBP_SCHPO T F
TBP_YEAST GTF
TBP_CAEEL SQF
TBP_DROME CN F
TBP_DANRE QQF
TBP_XENTR QQ F
TBP_CHICK QQF
TBP_MOUSE QQ F
TBP_BOVIN QQF
TBP_HUMAN QQ F
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Promoter recognition: TFIID binds and bends DNA arround the TATA region

The C-terminal domain of TBP is conserved across eukaryotes

3

A &

H. sapiens
M. musculus




Promoter recognition: TFIID binds and bends DNA arround the TATA region

The C-terminal domain of TBP is conserved across eukaryotes N-term repeat

Consenvation el M s AR [
TBP_SCHPO - - - SCi- - - - - -DAEVSKNEG VSGIVHTL IVATVNLDCR LDLKTIALHA RNAEYNPKRF AAVIMRIREP
TBP_YEAST QSEED- IKRA APESEKDTSA TSGIVHTL IVATVTLGCR LDLKTVALHA RNAEYNPKRF AAVIMRIREP
TBP.CAEEL QA-PASNIAA TMVPATPASQ LDIPMHJAL IVSTVNLGVQ LDLKKIALHA RNAEYNPKRF AAVIMRIREP
TBP_.DROME N | HQTMGPST PMTPATPGSA DPGIVHQL IVSTVNLCCK LDLKKIALHA RNAEYNPKRF AAVIMRIREP
TBP.DANRE LYTTPLTPMT PITPATPASE SSGIVHQLQN IVSTVNLGCK LDLKTIALRA RNAEYNPKRF AAVIMRIREP
TBP_XENTR LYPSPMTPMT PITPATPASE SSGIVHQLQN IVSTVNLGCK LDLKTIALRA RNAEYNPKRF AAVIMRIREP
TBP.CHCK LYPSPMTPMT PITPATPASE SSGIVHQLQN IVSTVNLGCK LDLKTIALRA RNAEYNPKRF AAVIMRIREP
TBP_MOUSE LYPSPMTPMT PITPATPASE SSGIVHQLQN IVSTVNLGCK LDLKTIALRA RNAEYNPKRF AAVIMRIREP
TBP.BOVIN LYPSPMTPMT PITPATPASE SSGIVHQLQN IVSTVNLGCK LDLKTIALRA RNAEYNPKRF AAVIMRIREP
TBP_HUMAN LYPSPMTPMT PITPATPASE SSGIVHQLQN IVSTVNLGCK LDLKTIALRA RNAEYNPKRF AAVIMRIREP
Conservation ]
TBP_SCHPO KSTAL I FASG KMVVLGGKSE DDSKLASRKY ARIIQKIGFN DFKIQN IVGSCDVKFP IRLEGLAYSH
TBP_.YEAST KTTALIFASG KMVVTGAKSE DDSKLASRKY ARIIQK|GFA DFKIQN |IVGSCDVKFP IRLEGLAFSH
TBP.CAEEL RTTAL IFSSG KMVCTGAKSE EASRLAARKY ARIVQKIGFQ EFMVQN MVGSCDVRFP IQLEGLCITH
TBP.DROME RTTAL IFSSG KMVCTGAKSE DDSRLAARKY ARIIQKILGFP DFKIQN MVGSCDVKFP IRLEGLVLTH
TBP_.DANRE RTTAL IFSSG KMVCTGAKSE EQSRLAARKY ARVVQKIGFP AKFIDFKIQN MVGSCDVKFP |IRLEGLVLTH
TBP.XENTR RTTAL IFSSG KMVCTGAKSE EQSRLAARKY ARVVQKIGFP AKFIDFKIQN MVGSCDVKFP IRLEGLVLTH
TBP.CHCK RTTALIFSSG KMVCTGAKSE EQSRLAARKY ARVVQKIGFP AKFIDFKIQN MVGSCDVKFP IRLEGLVLTH
TBP_MOUSE RTTAL IFSSG KMVCTGAKSE EQSRLAARKY ARVVQKIGFP AKFIDFKIQN MVGSCDVKFP IRLEGLVLTH
TBP.BOVIN RTTALIFSSG KMVCTGAKSE EQSRLAARKY ARVVQKIGFP AKFIDFKIQN MVGSCDVKFP IRLEGLVLTH
TBP_HUMAN RTTAL IFSSG KMVCTGAKSE EQSRLAARKY ARVVQKIGFP AKFIDFKIQN MVGSCDVKFP IRLEGLVLTH
Conservation [ . - g2

TBP.SCHPO GTFSSYEPEL FPGLIYRMVK PKVVLLIFVS GKIVLTGAKV REEIYQAFEA |IYPVLSHFRK H- C-term
TBP_.YEAST GTFSSYEPEL FPGLIYRMVK PKIVLLIFVS GKIVLTGAKQ REEIYQAFEA |IYPVLSHFRK M-

TBP.CAEEL SQFSTYEPEL FPGLIYRMVK PRVVLLIFVS GKVVITGAKT KRDIDEAFGQ |IYPILKJFKK -- repeat
TBP.DROME CNFSSYEPEL FPGLIYRMVR PRIVLLIFVS GKVVLTGAKV RQEIYDAFDK |IFPILKHFKK QS

TBP_DANRE QQFSSYEPEL FPGLIYRMIK PRIVLLIFVS GKVVLTGAKV RGEIYEAFEN IYPILKQFRK TS

TBP_XENTR QQFSSYEPEL FPGLIYRMIK PRIVLLIFVS GKVVLTGAKV RAEIYEAFEN IYPILKqFRK TT

TBP_.CHCK QQFSSYEPEL FPGLIYRMIK PRIVLLIFVS GKVVLTGAKV RAEIYEAFEN |IYPILKJFRK TT

TBP_MOUSE QQFSSYEPEL FPGLIYRMIK PRIVLLIFVS GKVVLTGAKV RAEIYEAFEN |IYPILKJFRK TT

TBP.BOVIN QQFSSYEPEL FPGLIYRMIK PRIVLLIFVS GKVVLTGAKV RAEIYEAFEN IYPILKQFRK TT

TBP_HUMAN QQFSSYEPEL FPGLIYRMIK PRIVLLIFVS GKVVLTGAKV RAEIYEAFEN IYPILKQFRK TT




Promoter recognition: TFIID binds and bends DNA arround the TATA region

The C-terminal domain of TBP is conserved across eukaryotes

Conservation  ps il
TBP_SCHPO - - -SC - - - - -
TBP_YEAST QSEED- | KRA
TBP_CAEEL QA - FASNIAA
TBP.DROME N | HQTMGFS T
TBP.DANRE LYTTPLTPMT
TBP_XENTR LYPSPMTPMT
TBP.CHCK LYPSPMTPMT
TBP_MOUSE LYPSPMTPMT
TBP_BOVIN LYPSPMTPMT
TBP_HUMAN LYPSPMTPMT

Conservation
TBP_SCHPO K
TBP_YEAST K |
TBP_CAEEL R |
TBP_DROME R |
TBP_DANRE R |
TBP_XENTR R |
TBP_CHICK R
TBP_MOUSE R |
TBP_BOVIN R |
TBP_HUMAN R |
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Upstream Promoter Complex formation:

TFIIB joins the complex




Upstream Promoter Complex formation: TFIIB joins the complex A

TFIIB
N-term
Zn
Transcription Factor Il B (TFIIB) (316aa) Zinc Finger
Domain
N-term Cyclin like
domain
—  C-term
Core
C-term Cyclin like
domain
112aa
to

316aa



Upstream Promoter Complex formation: TFIIB joins the complex A

The Zn-Finger domain is ubiquitous in transcription initiation (10 domains in the whole PIC)

—

Beta-harpins forming
two structurally similar
zinc-binding sub-sites

— Zinc ribbon fold

Interaction with other

Stabilize the fold Droteins




Upstream Promoter Complex formation: TFIIB joins the complex A

The Zn-Finger domain in TFIIB

Cys 37

Cys 34

His 18

Cys 15

Sequence motif: Cys-Xaaz-His/Cys-Xaais-
Cys-Xaaz-Cys

Cys 15

o 2%
onservation
TF2B_SCHPO
TF2B_YEAST
TF2B_CAEEL
ADAOR4IRBS DANRE
Q28G23 _XENTR
FINXP2_CHICK
TF2B_MOUSE
TF2B_BOVIN
TF2B_HUMAN
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Upstream Promoter Complex formation: TFIIB joins the complex A

TBP recruits TFIIB to the complex

TFIIB cyclin like domains
interacts with
TBP C-term domain

v




Upstream Promoter Complex formation: TFIIB joins the complex

N

TFIIB C-term core interacts with TBP C-term domain

TFIIB Tyr 165 ARG 169 Phe 177 Lys 188 Asp 243
Conservation Conservation
TF2B_SCHPO 511 AAC | Yl AQRP KVPRIFMEI CTLTNVHKIKE TF2B SCHPO ELARRAGLQ
TF2B_YEAST 51M AAS| Ll GdRR AEVARTFKE! QSLIHVHTIKE TF2B YEAST YTAKKCKE Il
TF2B_CAEEL naA AACYll ARk DGVPRIFKE! CcAVSRVYKIKE TF2B CAEEL RIAKCAVDMD
TF2B_DROME KA SAClYllAdQrRp EGVPRIFKE! CAVSKI4KIKE TF2B DROME HIAKKAVEMD
AOAOR4IRBS DANRE A | A SAClY|IlAQRR EGVPRTFKEI CAVSRI4K|KE AOAOR4IRB5 DANRE| Y 1 ARKAVE UD
L7N3H9_XENTR "1A SAclYlAdrph EGVPRIFKE! CAVSRI4KIKE L7N3H9 XENTR H1ARKAVEUD
FINXP2_CHICK 1A SAClYAdrRp EGVPRIFKE! CAVSRI$KIKE FINXP2 CHICK HIARKAVEUD
Q3ULN2_MOUSE "1A SAClYIAQrRp EGVPRIFKE! CAVSRI4KIKE Q3ULN2 MOUSE HIARKAVEUD
TF2B_BOVIN v1A SAclYlAdrRp EGVPRIFKE!I CAVSRI4KIKE TF2B BOVIN H1ARKAVEUD
TF2B_HUMAN A1 A SACIYJiAQRp EGVPRTFKE!I CAVSRI{KKE TF2B HUMAN H1ARKAVEUD
Glu 284 Glu 286
Conservation l F[ Conservation Lys 337
TBP_SCHPO | :TF s s v|[e H{E TBP_SCHPO "'V PV L SEFHK
TBP_YEAST TFssVY|E fE TBP_YEAST | vpvLSEFHK
TBP_CAEEL | SQFsSTVY|E HE TBP_CAEEL | vp | LKGF KK peemm— ”
TBP  TBP_DROME | CNFsSsVY|E HE TBP_DROME | Fp | LKKF HK nteracting residues
TBP_DANRE | QQF s S V[E {{E gg_gémﬂg x E : t E E E mostly conserved
TBP_XENTR | caF ssY|E fE -
TBP CHICK | aaF s s vle He TBP CHICK | YP | LKGFHK across eukaryotes
TBP_MOUSE | caF s s Y| HE TBP_MOUSE | vP | LKGFHK
TBP_BOVIN | caFss Y| HE TBP_BOVIN YP I LKGFHRK
TBP_HUMAN | cQF ssV|E HE TBP_HUMAN | Y P | LKGFHRK




Upstream Promoter Complex formation: TFIIB joins the complex A

TFIIB C-term core interacts with TBP C-term domain:Electrostatic Interaction

TFIIB Arg 169
Conservation I

TF2B_SCHPO LKGKSSQS| | AACIY R
TF2B_YEAST LEKGKSMES I M AASIL R
TF2B_CAEEL LEGKNNEAQA AACLY R
TF2B_DROME LKGRSNDAKA SACLY R
AOAOR4IRB5 DANRE| LKGRSNDAIA SACLY R
L7N3H9_XENTR LKGRSNDAIA SACLY R
FINXP2 _CHICK LKGRSNDAIA SACLY R
Q3ULN2_MOUSE LKGRANDAIA SACLY R
TF2B_BOVIN LKGRANDAIA SACLY R
TF2B_ HUMAN LKGRANDAIA SACLY R
TBP Glu 284 >

Conservation

TBP_SCHPO SS ELFPG

TBP_YEAST SSYIJEPELFPG

TBP CAEEL STYIEPELFPG

TBP_DROME SSY[EPELFPG

2] G .

TP OANEE | SCUEfEiE | nteraction preserved

TBP_CHICK SSY[EPELFPG across eukaryotes

TBP_MOUSE SSYJEPELFPG

TBP_BOVIN SSYJEPELFPG

TBP_HUMAN SSYIEPELFPG




Upstream Promoter Complex formation: TFIIB joins the complex

TFIIB C-term core interacts with TBP C-term domain: Salt bridge
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Conservation
TF2B_SCHPO
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Q3ULN2 MOUSE
TF2B_BOVIN
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TFIIB

{ Interaction preserved across metazoans ]




Upstream Promoter Complex formation: TFIIB joins the complex A

TFIIB C-term core interacts with double-strand DNA

Most of the interacting
residues are Lys or Arg




Upstream Promoter Complex formation: TFIIB joins the complex

TFIIB C-term core interacts with double-strand DNA

Lys 189

Lys 152

Conservation
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TF2B_SCHPO
TF2B_YEAST
TF2B_CAEEL
TF2B_DROME
AOAOR4IRB5_DANRE
L7N3H9_XENTR
FINXP2_CHICK
Q3ULN2_MOUSE
TF2B_BOVIN
TF2B_HUMAN

TFIIB

|

Residues mostly
conserved across
eukaryotes
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Arg 248
L7N3H9_XENTR

Conservation

TF2B_SCHPO
TF2B_YEAST
TF2B_CAEEL
TF2B_DROME
AOAOR4IRB5_DANRE
FINXP2_CHICK
Q3ULN2_MOUSE
TF2B_BOVIN
TF2B_HUMAN

TFIIB



Upstream Promoter Complex formation: TFIIB joins the complex

TFIIB C-term core interacts with double stranded DNA: Salt Bridge

RG248:N

Ky 1
UABS 02P

TFIIB

Conservation
TF2B_SCHPO
TF2B_YEAST
TF2B_CAEEL
TF2B_DROME
ADAOR4IRB5 DANRE
L7N3H9 _XENTR
F1INXP2 CHICK
Q3ULNZ2_MOUSE
TF2B_BOVIN
TF2B_HUMAN

)

Arg 248
ELARRAGLAQ TLAGRIS
YTAKKCKEIK EIAQK]S
RIAKCAVDMD LVAGRIT
HIAKKAVEMD | VP GR]S
Y ARKAVELD LVFPGRIS
HIARKAVELD LVFPGRIS
HIARKAVELD LVFPGRIS
HIARKAVELD LV FPGRIS
HIARKAVELD LV FPGRIS
HIARKAVELD LV P GRIS

TUTUTUUUTUTUDTUTO
nuuuunnm-—-un

Arg 248 mostly preserved across
eukaryotes

S



Upstream Promoter Complex formation: TFIIB joins the complex

)

TFIIB C-term core interacts with DNA: Salt bridge

TFIIB Lys 178

| Conservation

TF2B_SCHPO S0 AACIY I ACRQ KVPRTHM
TF2B_YEAST SIM AASILIGCHR AEVARTHK
TF2B_CAEEL AQA AACLYI ACBRK DGVPRTHK
TF2B_DROME AKA SACLYIACRQ EGVPRTHK
AOAOR4IRB5 DANREA | A SACLY I ACRQ EGVPRTHK
L7N3HS XENTR AlA SACLYIACRQ EGVPRTHK
FINXP2 CHICK AlA SACLYIACRQ EGVPRTHK
Q3ULN2_MOUSE AlA SACLYIACRQ EGVPRTHK
TF2B_BOVIN AlA SACLYIACRQ EGVPRTHK
TF2B_ HUMAN AlIA SACLYIACRQ EGVPRTHRE

[ Lys 178 mostly preserved across metazoans ]
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Core PIC formation:

TFIIF-Pol Il join the complex

&




Core PIC formation: TFIIF-Pol Il join the complex

Pol Il contains 12 subunits and TFIIF has an a and a B subunit with several domains

TFIIF subunits and domains:

Winged helix
domain (WH)

Joining of RNA pol Il and TFIIF

Triple barrel J
domain




Core PIC formation: TFIIF-Pol Il join the complex

Rpbl and Rpb2 subunits are the ones forming and stabilizing the core or the active center

RPB1 subunit (1970 Aa) RPB2 subunit (1174 Aa)

[ Clamp domain ]

[ Clamp domain ]




Core PIC formation: TFIIF-Pol Il join the complex /t
There are other subunits limiting the core and others acting as a wedge-lock or a blocker

RPB3 subunit (275 Aa) RPB11 subunit (117 Aa)

:'; - sf
4
: Core
» region

RPB7 subunit (172 Aa)

« Residues
3 Y interacting with
i Rpb6 subunit

Rpb3 and Rpb11l
mark the limits of
the core

Rpb4 and Rpb7
maintain the
closing state




Core PIC formation: TFIIF-Pol Il join the complex

There are subunits forming the Pol Il structural elements and other have a role in its architecture

[ Forms part of the Clamp ] [ Form part of the Jaw lobe, changing its conformation ]

RPB6 subunit (127 Aa) RPB5 subunit (210 Aa) RPB9 subunit (125 Aa)

o

[ Have a role stabilizing the Pol Il complex ]

RPB10 subunit (67 Aa) RPB12 subunit (58 Aa)




Core PIC formation: TFIIF-Pol Il join the complex

TFIIF subunits interact through the triple barrel domain

Mostly hydrogen bonds
maintain the Triple
barrel domain

TFIIFB Thro2 Phe31

ety MOOVIN  |ecngu |EHENKA)
Q8MYMS_CAEEL [HD VK ST ?g?gﬁgﬁs‘ﬁl‘g U 'FSKK-KN
T2FB_ DROME [SQVTKdT = FINATLNV
F1QSY2 DANRE [aTVvoodT Q5PNQ6_DANRE FNAGD KV
cotoam Rivec il [RnRE e aanky
( |
T2FB MOUSE |asveadT g;i—ggﬁﬁ'z FINAADKYV
T2FB_HUMAN |jasvoodT . FINMAADKYV
[ Conserved across metazoans ] - T2FA_HUMAN FNAADKYV




Core PIC formation: TFIIF-Pol Il join the complex
TFIIF interact with different subunits of Pol Il and with the DNA

Triple barrel [ TFIIF is mainly interacting with Rpb2 subunit ]
domain

TFIIFB

domain (WH)

[ Winged helix }




Core PIC formation: TFIIF-Pol Il join the complex

TFIIF has two winged helix domains which are important for the interaction with the DNA

TFIFB His229
_ _ [ three alpha helices |—¥ Specific DNA contact ToFB_SCHPO [ATLNKRC V] AL
[ Winged helix } T2FB VEAST ATLVKKG] Y] AF
' — ' Non-specific DNA contact L AVYNTAPHRH] KS
domain (WH) [ tfwo wings ]—__> p T2FB_DROME CDYNMKNAHI KN
A7MCQ3_DANRE Il YNVKGTH] KN
[ three beta-sheets ] E1BXDO_CHICK IYNVKGTHI KN
— T2FB_MOUSE | QN VK Hl KN
Conserved across metazoans T2FB_BOVIN VONVKG fHl KN
T2FB HUMAN VONVKGIH] KN




Core PIC formation: TFIIF-Polll join the complex

There’s an important electrostatic interaction between Rpb2 and TFIIF in the triple barrel domain

ARRARERRFRIZF
<< << <<<<TT
rrrrre—rrr

TFIFB Lys2
T2FB_SCHPO VW _\& ;

T2FB_YEAST VW
Q8MYM8_CAEEL | W
T2FB_DROME VW
F1QSY2_DANRE VW
F7CHLO XENTR MW
E1BXDO_CHICK piw
T2FB_MOUSE

G3X7X9_BOVIN 1y
T2FB_HUMAN  /\y

=

rrrrreerrr

P
P
P
P
P
P
P
(=]
P

I?;KIXXXXKI'

Rpb2
RPB2 SCHPO L E
RPB2 YEAST ME
RPB2 CAEEL ME
RPB2 DROME ME
RPB2_MOUSE ME
RPB2 HUMAN M E

2222104
e

Triple barrel
domain

[ Conserved across eukaryotes ]




Core PIC formation: TFIIF-Polll join the complex

There is also a salt bridge interaction between Rpb2 and TFIIFB

TFIFg  Arg 140

T2FB_SCHPO
T2FB YEAST
Q8MYM8_CAEEL
T2FB_DROME
A7MCQ3_DANRE
E1BXD0_CHICK
T2FB_MOUSE
T2FB_BOVIN
T2FB_HUMAN

NN —<
POLODODRLLR-D
[ololiolol®iuck <ol

e —r—
o000 00OmMDO

Rpb2
RPB2_SCHPO
RPB2_YEAST
RPB2_CAEEL
RPB2_DROME
AOAOR4IXLO_DANRE
F6QHD9_XENTR
F1INCBO_CHICK
RPB2_MOUSE
ASPJW8_BOVIN
RPBE2 HUMAN

ARRRXRAARRRARINDZ
<< << << <<
e =r
DONOONONNAN
ARRRXRAARRRXRRD
TTUVTUVTOVTOTOVTOVUTOTTY

[ Residues conserved across chordata




Core PIC formation: TFIIF-Polll join the complex

An electrostatic interaction between Rpb2 and TFIIFa is required

TFIIFa is interacting lower than TFIIFB with Rpb2

Lys332

T2FA_SCHPO [ EAEAKMN} |RPB2_SCHPO krgsttgvtfr

B6JUZ6_YEAST [ EAEAKMN} ;;PBZ’-YEAST rrgtalgiKk

T2FA DROME EEAEQEFGF |RPE2 DROME ardakpdy

Q5PNQ6_DANRE E EAEEEWCE | AOAOR4IXLO DANRE | s roakp vtk

F7BHF7_XENTR E EAEQEWEF |[F6QHDY9_XENTR srgakpagv tlk

T2FA_MOUSE EEAEEEWEF |FINCBO_CHICK srgakpav tjk

i T2FA_BOVIN EEAEEEWEF |RPB2_MOUSE srgakpgv tlk
Residues conserved across eukaryotes IZEL B0 B CEEE | AGP.AWE BOVIN L dokrargs
- |RPB2_HUMAN srgakpgyv tlk




Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC

TFIIB Zn
RNAPOL I finger

domain

TFIIB C-

term core RPB 1

TENE ~ DNA

RPB 1 and RPB 2 are the RNA Pol Il subunits B
involved in the interaction with TFIIF-8




Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC: TFIIB interacts with Rpb1l

f

TFIIB Zn
finger
domain

TFIIB Zn ribbon
domain interacts with
RPB1




Core PIC formation: TFIIF-Polll join the complex

TFIIB

Conservation
TF2B_SCHPO
TF2B_YEAST
TF2B_CAEEL
AOAOR4IRB5 DANRE
Q28G23 XENTR
FINXP2_CHICK
TF2B_MOUSE
TF2B_BOVIN

TF2B_HUMAN
RPB1

Conservation
RPB1_SCHPO
RPB1_YEAST
RPB1_CAEEL
RPB1_DROME
AOAOR4IMA8 DANRE
F7BLR6 XENTR
RPB1_MOUSE
G3MZY8 _BOVIN
RPB1_HUMAN
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TFIIB recruits the TFIIF-Polll assembly to the PIC: Zn Ribbon and RPB1 (H bonds)
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Interaction preserved across
eukaryotes
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Conservation
RPB1_SCHPO
RPB1_YEAST
RPB1_CAEEL
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F7BLR6_XENTR
RPB1_MOUSE
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RPB1_HUMAN
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Interaction preserved across
metazoans



Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC: Zn Ribbon and RPB1 (Electrostatic Interactions)

TFIIB Asp 26 Asp 31
Conservation

TF2B_SCHPO PPnLVE S5S DITVCGSCGL
TF2B_YEAST FPkIVHRFSE DIWVCALCGL
TF2B_CAEEL VH-LIHDHRA DILVCPACGL
AOAOR4IRB5S DANRE | AL - LVHDKFRA DMICPECGL
Q28G23 XENTR AL-LVHDKFRA DIMICSECGL
FINXP2_ CHICK S| -LVHDKRA DIMICSECGL
TF2B_MOUSE Al -LVHDKFRA DMICPECGL
TF2B_BOVIN Al -LVHDKFRA DMICPECGL
TF2B_ HUMAN Al -LVH RA DIMICPECGL
RPBl Arg 426

Conservation

RPB1_SCHPO RIDLRIYHKRA

RPB1_YEAST RIDLRIY SKRA

Eiglzgggﬂk E f B I[ ; E E E g Both interactions are
AOAOR4IMA8 DANRE | RIIDLRIFHPKP mostly preserved
F7BLR6_XENTR R DLRIFHPKP across eukaryotes
RPB1_MOUSE RIDLRIFHPKP

G3MZY8_BOVIN RIDLRBIFHPKP

RPB1_HUMAN BIDLEBIFHPKP

Arg 430



Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC: TFIIB interacts with RPB1

Asn 77

Asp 26 Asp 43
Conservation i oy
TF2B_SCHPO 18 -MICSECREd PPnLVHEFSSs oD sCqL] VLJDRIIDTR SEWRTF
TF2B_YEAST 221 -TcrPeEckvy PrkIVARFseE db LcdLl vidpkLVDTR SEWRTF
TE|p  TF2B_CAEEL s5v-acPIHPD- VvH-LIHdbhkrA db AcdLl vvdpRLVDVG TEWRSF
AOAOR4IRB5 DANRE [13 v -@cPNHPD - AL-LVdDlrRA dD ecdLl vvdokvipova SEWRTF
Q28G23 XENTR 13v-TCPNHPD- AL-LVHDWRA dbD ecdLl vvdokvipova SEWRTF
FINXP2_CHICK 13v-TCPNHPD- si-LvAblkra db EcdL] vvdoRvibove SEWRTF
TF2B_MOUSE 13v-TCPNHPD- Al-LVHADWRA dbD EcdL] vvdoRviove SEWRTF
TF2B_BOVIN 13v-TCPNHPD- Al-LVHADWRA dbD EcdL] vvdoRvibove SEWRTF
TF2B_HUMAN 13v-TCPNHPD- Al-LVADWRA db EcdL] vvdokviove SEWRTF
Tyr 418 Asp 428
: Conservation
O SEY NI . RPB1_SCHPO AHY) IRDTGE RFHKR A
RPB1_SCHPO 60 L. |
a RPB1_YEAST AHYl IRDSGD Rl SKRA
RPB1_YEAST 58 LS
2 RPB1_CAEEL AY) IRENGA RFHPRA
RPB1 RPB1 CAEEL 57 QG V RPB1_DROME AHY) VRDNGE RFHPKS
RPB1 DROME 58 QG V _
= a AOAOR4IMA8 DANRE | AKlY | IRDNGD RFHPKP
RPB1_MOUSE 62 QC:V
: F7BLR6_XENTR AHY) IRDNGD REHPKP
G3MZY8 BOVIN 62 20V RPB1_MOUSE AKHY) IRDNGD RFHPKP
RPB1 HUMAN 62 QG V =
. G3MZY8_BOVIN AHY) IRDNGD REHPKP
RPB1_HUMAN AHY) IRDNGD RFHPKP

Arg 426




Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC: TFIIB interacts with Rpb2

TFIB C-
term core
TFIIB Zn ribbon and
N-term cyclin like
domains interacts
with RPB2
TFIIB Zn
finger

domain




Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC: TFIIB N-term cyclin like domain interacts
with Rpb2 (Hydrogen bond)

TFIIB Arg 175

Conservation
TF2B_SCHPO
TF2B_YEAST
TF2B_CAEEL
TF2B_DROME
ADAOR4IRBS DANRE
L7N3H9 XENTR
FINXP2_CHICK
Q3ULN2_MOUSE
TF2B_BOVIN
TF2B_ HUMAN
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RPB2
Conservation
RPB2_SCHPO
RPB2_YEAST
RPB2_CAEEL
RPB2_DROME
ADAOR4IXLO_DANRE
FEQHD9 XENTR
FINCB0O_CHICK
RPB2_MOUSE
ASPJWS8 BOVIN
RPB2_HUMAN

Interaction conserved across
metazoans




Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC: TFIIB Zn-ribbon domain interacts
with Rpb2 (Electrostatic Interaction)

TFIIB Glu 25

Conservation —

TF2B_SCHPO PPnlL FFSS

TF2B_YEAST PFPKIERFSE

TF2B_CAEEL VH-LIJEPHRA

ADOAOR4IRBES DANRE | AL -LVEPYRA

Q28G23 XENTR AL-LMEPYRA

FINXP2_CHICK SI-LVMEPYRA

TF2B_MOUSE Al -LMEPYRA

TF2B_BOVIN Al -LMEDPYRA

TF2B_ HUMAN Al -L VEJ YRA

Interaction conserved
across eukaryotes
RPB2 4

Conservation

RPB2_SCHPO RSTtl - rmHKH

RPB2 YEAST QBETntl rmHH

RPB2_CAEEL TREkcs agmHAH

AOAOR4IXLO_DANRE |[TRE t c g g mHAH

F6QHDS XENTR TREtcqagmRH

FINCB0O CHICK TREtcqggmRH

RPB2_MOUSE TREtcqgagmRAH

ASPJWE BOVIN TREtcqggmRH

RPBE2_HUMAN TREtcqamRH




Core PIC formation: TFIIF-Polll join the complex
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Conservation

TFIIB

TF2B_YEAST
TF2B_CAEEL
AOAOR4IRB5 DANRE
Q28G23_XENTR
FINXP2_CHICK
TF2B_MOUSE
TF2B_BOVIN
TF2B_HUMAN

TF2B_SCHPO

]

Most residues conserved
across eukaryotes
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Asp 136

©
N
—
o
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L7N3H9_XENTR

TF2B_SCHPO
TF2B_YEAST
TF2B_CAEEL
TF2B_DROME
AOAOR4IRB5_DANRE | 121
FINXP2_CHICK
Q3ULN2_MOUSE
TF2B_BOVIN
TF2B_HUMAN

Conservation

TFIIB residues relevant for Rpb2 interaction



Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC: TFIIB interacts with Rpb2

Arg 101 Asp 102
Conservation
RPB 2 RPB2_SCHPO TMT STT
RPB2_YEAST MV N VTH
RPB2_CAEEL THW APM
: RPB2_DROME THW SPS
[ Most residues conserved } AOAOR4IXLO_DANRE | T HW APS
F6QHDY_XENTR THW APS
SErots eULE s FINCBO_CHICK THW APS
RPB2_MOUSE THW APS
A5PJW8_BOVIN THW APS
RPB2_HUMAN THW APS
Arg 841 His 842 Asp 863 Asp 891 GIn913- Tyr 916
Conservation mellREEEEE . |
RPB2_SCHPO GTYDKLEDDG LIAPGTRVSG [EPI I STPL RSTESGIVDQ NQEGL
RPB2_YEAST GTYDKLDDDG LIAPGVRVSG |EPVI ADRSTPL RSTENGIVDQ NRDGL
RPB2_CAEEL SLYDKLDEDG | 1SPGMRVSG [DPVI ADRSTFL RSSETGIVDQ NISDGN
RPB2_DROME AHYDKLDDDG | IAPGIRVSG |[DpVV ADRSTFL RNSETGIVDQ NISEGY
AOAOR4IXLO_DANRE AlYDKLDDDG LIAPGVRVSG [EDVI ADESTFL RTSETGIVDQ NQEGY
F6QHDY_XENTR AlYDKLDDDG LIAPGVRVSG |[DpVI ADESTFL RTSETGIVDQ NQEGY
FINCBO_CHICK AlYDKLDDDG LIAPGVRVSG |[DpVI ADESTFL RTSETGIVDQ NREGY
RPB2_MOUSE AIYEKLDDDG LIAPGVRVSG |[DPVI ADESTFL RTSETGIVDQ NRQEGY
A5PJW8_BOVIN AlYDKLDDDG LIAPGVRVSG |DPVI ADESTFL RTSETGIVDQ NQEGY
RPB2_HUMAN AlYDKLDDDG LIAPGVRVSG |[DPVI ARDEFSTFL RTSETGIVDQ NQEGY

Rpb2 residues relevant for TFIIB interaction



Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC: TFIIB interacts with TFIIF

TFIIB C-
? . \5“»\‘) term core
Ly W\ o

N )
!
TFIIF QP ¥¢

TFIIB cyclin like domains
interacts with

TFIF B TFIIF B-domain




Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC: TFIIB cyclin like domains interacts
with TFIIFg (Hydrogen bond)

TFIIB Lys 188

Conservation
TF2B_SCHPO
TF2B_YEAST
TF2B_CAEEL
TF2B_ DROME
AOAOR4IRB5 DANRE
L7N3H9 XENTR
FINXP2 CHICK
Q3ULNZ2_MOUSE
TF2B_BOVIN
TF2B_ HUMAN
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TFIIFB Val 156

Conservation
T2FB_SCHPO
T2FB_YEAST
Q8MYMB_CAEEL
T2FB_DROME
A7TMCQ3_DANRE
E1BXD0_CHICK
T2FB_MOUSE
T2FB_BOVIN
T2FB_HUMAN

D=

L s =

Interaction conserved
across metazoans
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Core PIC formation: TFIIF-Polll join the complex

TFIIB recruits the TFIIF-Polll assembly to the PIC: TFIIB N-term cyclin domains interacts
with TFIIFB

Cys 181

Conservation

Asn 221

Conservation |

Gly 279

Conservation

L7N3H9_XENTR
FINXP2_CHICK
Q3ULNZ2_MOUSE

L7N3HS_XENTR
FINXP2_CHICK
Q3ULNZ2_MOUSE

TF2B_SCHPO TF2B_SCHPO TF2B_SCHPO
TF2B_YEAST TF2B_YEAST TF2B_YEAST
TF2B_CAEEL TF2B_CAEEL TF2B_CAEEL

TEIIB TF2B_DROME TF2B_DROME TF2B_DROME
AOAOR4IRB5 DANRE ADAOR4IRB5 DANRE AODAOR4IRB5 DANRE

L7N3HS_XENTR
F1INXP2_CHICK
Q3ULNZ2_MOUSE

000000000

ARARARARA

TF2B_BOVIN

TF2B_BOVIN
TF2B_HUMAN

TF2B_BOVIN
TF2B_HUMAN

TF2B_HUMAN

ARARARAAFAR
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DIDDIDDIDIDDIDD
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Ooo0oOoOoOooOommg
=< — 00

MANANATNTT
0000000000
NNOONNnEOnZ

<L LLL<LLr T
DOOOOOnn-—-
JIIIIDITIXRIIZ
VOOOOOONXT
EEEEEssE

Thr 151
Conservation
T2FB_SCHPO
T2FB_YEAST
Q8MYMS8 CAEEL

TFIIF T2FB_DROME
A7TMCQ3_DANRE
E1BXD0_CHICK
T2FB_MOUSE
T2FB_BOVIN
T2FB_HUMAN

Val 156

Most conserved interaction are those between
TFIIB residues and TFIIF Val 156

444440 <0nn
< << << TTAW
ARAARAARDD
<< <<<<<Z

Tyr 153



Core PIC:

|s structure conserved?

&




Core PIC: Is structure conserved? M
TBP and TFIIB are conserved across eukaryotes

TBP RMSD = 1.49
TFIIB
RMSD = 2.07
SC=5.19

Structural conservation
iS uncertain

[ Highly conserved ]




Core PIC: Is structure conserved?

All relevant residues of TBP are conserved

PTLAOQNII VATV
PQLQNJI VSTV

- ---8-GIlV

HUMAN TPASESSG IV

YEAST

Interaction with TFIIB
Interaction with DNA

[ All the important residues involved in TBP’s interactions are conserved at structural level ]

]

Structure and sequence alignments match

|




Core PIC: Is structure conserved?

TFIIB-mediated Pol-Il recruitment and DNA assembly might be conserved

TKIIB Zn-

YEAST M PNLNIVLT-C PECKVYPPKI VERF E'Z-l V CALCG L S KLVDN - - - - -
finger ~ HUMANM - LDALPRVTC PNHP--DAIL VEDMRIAGRMI crecclvdp] RV --Dvase
i YEAST M |- |-~~~ -~ =~
domain HUMAN‘_ME;TFSNDKAT
YEAST_M EVOQAAFAK I TMLCIDIAAELP IVK AKEA YKLCHDEKTL
HUMAN_M AMMNAFKE I TTMADIR INLP [BNIVIDRTNNL FKQVYEQKSL
TEIIB C- YEAST MIKJGKSMES I MA AS ||} GCIRRA EVARTHKIE /O] SLIHVHTIKIEF GKTLNIMKN I
¢ HUMAN MIKIGRANDA T AS ACUY]I ACRRIRE GV HRITIFKIE I'/C AVSRI KKIEl GCGRCFKLILKA
erm
core YEAST M LRCKS - -0 - - -NLTYIPRFC SHLGLPMQVT TSAEYTAKKC KEI EIA"S
HUMAN M LE -T -SVDLI TTGDFMSRFC SNLCLPKQVQ MAATHIARKA VE LV P JQHS
YEASTM PITIAVVSIY LNILLFQIPI TA VvGaTUQl VTEGTIKSGY KILYEHRDKL
HUMAN MP I SVAAAAILY MASQASAEKR TaQ |GD I AlGE VADVTIRQSY RLIYPRAPDL
YEAST M VDP - = - = == = == non -
HUMAN MFFTDFKFDTP VDKLFQL

Interaction with TBP
Interaction with DNA

(*) Residues for which sequence and structural alignment do not match

Interaction with RPB1
Interaction with RPB2

Residues relevant for TFIIB
interactions with Rpb1, Rpb2 and
DNA are the most conserved.

There is one disagreement with
the sequence alignment




Core PIC: Is structure conserved? /g

RPB1 and RPB2 are highly conserved across eukaryotes

RMSD =1.32
SC=8.05

RMSD = 1.49
SC=7.99




Core PIC: Is structure conserved?

The relevant residues of RPB1 are conserved

RAK I
PKL -

MDETQT
TEG-GR

SV A-KIRF-PET

SV TEGGIKYPET

I
M

YEAST A GQQYSS
HUMAN_A - - -DSA

GGL-NDPRLG

HUMAN ACGLMDFPR -QG

YEAST_A

e
- >
o
W W
o

1
P
o —
—

--PE
SQEK

RSGLELYAEW KHVNED

KDGLKLVGSW K--K- -

YEAST A CETDVPSR -G
HUMAN_ ACE -GG - -GHG

PS-1SFNESQ

AVVMQAQG- - -8

IRGNLMGKRYV
VRGNLMGKRY

RARLKGKEGR

AGQPQAL

ND
NEL

YEAST_A

HUMAN_A

KQRLKGKEGR

PGLPRAM

lQLQYGW
LHLQTGY

HP--KPSD

SKRAGD - -

Y
F

[

L
L

YEAST
HUMA

]

Structure and sequence
alignments match

[

]

Most of the important residues involved in Rpb1l
interactions are conserved at structural level

Interaction with TFIIB




GRRGT-ALG I
GSRGAKPG -V

e

The relevant residues of RPB2 for TFIIB binding are conserved

Core PIC: Is structure conserved?

I NP
L1V

TLRRKGD
KLRRQMD

RLMETLR
QLMNTLR

PA
PE

N
D

VHR
| HK

VNGVWHG
VNGCWVG

L Ly

YEAST G M
HUMAN S M

|

GVRVSC

GVRVSC
are the most conserved.

Residues relevant for Rpb2 interactions with THIIB
[ Structure and sequence alignments match ]

STPLRS-TEN
STFL-RTSET

|

TA-YHSKRDA
TNRRYTKRDC

Interaction with TFIIB

YEAST DEE - -ELGQR
HUMANE -DELE - - - S



Core PIC: Is structure conserved?

TFIIF may not be fully conserved across eukaryotes -~

Structural conservation
iS uncertain

Structural conservation
iS uncertain




Core PIC: Is structure conserved?

The relevant residues for TFIIFa assembly are conserved

YEAST Q FIKRDRMRRN FLRMRE---- -YNEFPLRAI PKEDLENMRT HLLHFPR-SKK
HUMAN S - - - - - - - - - - - - - -~ iPSSQ NVTEYVVRVP -KNT--TKKY NIMAFNAADK
YEAST Q KINPVTDFHL PVRLHRKRKT RQLKVLDENA KKLRFE---- --EFYPWVME
HUMAN_ S VNFA - -TWNQ -ARLER---- ---------- ------ DLSN KPEDQPWLLR
YEAST Q -DFY -N-TWV 1 SYEAGNSD- --SYVLLSVE DGSFTMIPA DKVYKFTARN
HUMAN_ S VNGCKSCRKFK I KK VTE NTSYYIFTQC PDGAFEAFPV HNWYNFTPLA
YEAST Q KYAT-LTID- EAEKBMDK-- - --------- -

HUMAN.SR-HRTLTAEE ABEEWERRERNK VLNHFSIMQQ R

Interaction with TFIIFB
Interaction with Rpb2

[ The important residues involved in TFIIFa interactions are conserved at structural level ]

[ Structure and sequence alignments match ]




Core PIC: Is structure conserved?

The relevant residues for TFIIF@ interaction are generally not conserved

YEAST ----DLDLER S--NRQVWLV |RLPMFLAEKW R----L---- GKIRINK---
HUMAN AERGELDLTG AKQNTGVWLV |[KNPKYLSQQW -AKASGRGEV GKLRIAKTQ
YEAST -SKITLLLN- --EPHEYDLE LTKKVVE--N EYVFTEQTIP K----KTAIV
HUMANRTEVSFTLNE DLANE-HPFV LQS--VGGQT LTVFTE---- -SSSDKLSLE
YEAST GTVCHECQVM -PYHKIVEQR RN - - - - - V- --K--HR|-IT TLDETVGVTM
HUMANG I VVQRAEGR PA----ASEN YMRLKRLQIE ESSKPVR|LSQ QLDK----V-
YEAST SHIT-MSMR|S - |-|-DNSNFLKV M- -------- --.... PKKE ILDYLFKLFD
HUMAN VT|T|- -N -|[YKP |VIANH-Q--Y- -NIEYERKKK EDGKRARA-- DKQHVLDMLF
*
YEAST EY-D---YW- ---SLKGLKE RTRQPEAHLK ECLDKVATLV KKGPY - - A
HUMAN SAFEKHQYYN LKDLVDITK- ---QPVVYLK EILKEIGVAQN VK- - -G IJHKN
YEAST FKYTL-RKEE ERKATLGEL
HUMAN TWELKPE - - - - - - - -----
(*) Residues for which sequence and structural alignment do not match
Interaction with DNA _ _ _ _
Residues relevant for TFIIFB interactions with
Interaction with Rpb2 Rpb2 are the ones more conserved.

Interaction with TFIIB

{ There is some disagreement with the sequence alignment ]




Closed PIC formation:

TFIIE joins the complex

&




Closed PIC formation: TFIIE joins the complex

TFIIE is an o/f dimer

C-term basic domain

Core WH domain

N-term WH domain



Closed PIC formation: TFIIE joins the complex

TFIIEa and TFIIEB assemble through two WH domains

TFIIEa
TFIIEB

Core WH domain
N-term WH domain

Zn-Finger domain




Closed PIC formation: TFIIE joins the complex

Interactions with Polll, TFIIF and DNA are required

Polll

TFIF

TFIFB N-term WH domain



Closed PIC formation: TFIIE joins the complex

The N-term WH domain of TFIlIEa is important for DNA binding

Conservation
T2EA_SCHPO
G5EG49_CAEEL
096880_DROME
BOUYP3_DANRE
QOP4H8_XENTR
T2EA_MOUSE
T2EA_BOVIN
T2EA_HUMAN

Electrostatic interaction
with DNA

Conserved across
eukaryotes

al ol ol ol ol al il 0] |
oo Moo Msofisc Buofiss]
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Closed PIC formation: TFIIE joins the complex

The core WH domain of TFIIE is important for DNA binding

Rbpl ) The binding occurs at
y the B-hairprin

[ Electrostatic interaction ]

Core WH domain Lys 198 with DNA

Conservation

T2EB_SCHPO HQGEVLLLR TRKDGY
T2EB_YEAST EEDSKILVLR TKKDKTPRYV Conserved across
AOAOX3PNS5_ SCHSO AMRLAC IVAS TRSLTHKRA I - metazoans
AOAOS7FJVB_NEOVI GD--QIVFV- TRP-DK I L
T2EB_XENLA GD--QIVFV- TRP-DK I L
; T2EB_MOUSE GD--QILFV- SRP-DK I L
TFIFB N-term WH domain  T2EB-HUMAN GD--QILFV- NRP-D I L




Closed PIC formation: TFIIE joins the complex

The TFIIER anchores to the complex through RPB1 binding

Electrostatic interaction
with Rpb1

Conserved across
metazoans

Rpb1l
TF”EB Conservation

. RPB1 SCHPO 209 S UEVYHTIFT
Col tion -
mgﬁ:’;‘éhpo HEI P T PP TUD| RPBILYEAST 203STHE|LNIFK
ToEB VEAST ENVQLPQFAE| FPBICAEEL 211 TAHRYLEVFQ
AOAOX3PNS5_SCHSO RLSCTSSFLD ~ HPBLDROME 209 5 ARATWE |1 K
AOAOS7FJVB NEOVI RSVPVDS I DE|  Footellee™ e o e | rk
T2EB_XENLA RSVPVDSMDOD -
L s NevTvOomOe ~GMZYBBOVIN 217 5P HRYHE | FK
e DoV TVUDSMO | RPBLHUMAN 217 SPHRYHE | FK

o Arg220

Glu230



Closed PIC formation: TFIIE joins the complex

The N-term WH domain of TFIIE stabilizes the complex through TFIIFB binding

Conserved across
metazoans

N-term WH domain

Conservation T ———. m Conservation - — -
T2FBLSCHPO P YALKYSLKFP [EVK T2EB_SCHPO 134 THKPLHNI -
T2FB_YEAST PYAFKYTLRP |EYK T2EB_YEAST 179 KY|LETYDYV -
Q8MYM8_CAEEL P HKSLWCLKP EY - GSEG47_CAEEL 139 AARPP YK I -
T2FB_.DROME PHKNMWELKK |EVR E1JIC9. DROME 9 SHKPVYK I -
B8JHR3_DANRE THKNTWELKP |EYR Q6NXA3_DANRE 137 AHK PKYH - |
E1BXDO_CHICK THKNTWELKP |EYR Q5ZIE1_CHICK 137 AHKPKYN - |
T2FBLMOUSE |IHKNTWELKP |EYR T2EB MOUSE 139 AHKPKYN - |
T2FB_BOVIN IHKNTWELKP |EYR T2EB_BOVIN 136 AHKPKYN - |
T2FB HUMAN |HKNTWELKP |EYR T2EB HUMAN 138 AHKPK YNV -

N-term WH domain Glu 238 Lys 140



Closed PIC formation:

TFIIH joins the complex




Closed PIC formation: TFIIH joins the complex

TFIIH4

TFIH3
(308 aa)

N\
5y

Poor structural
characterization




Closed PIC formation: TFIIH joins the complex

|

Helicase
module

TFIIH3

NO STRUCTURE

TFIIH1



Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa
TFIER TFIIEa

-

TFIIH



Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa
TFIIER TFIIEa

F -

TFIIH

[ We don’t know the architecture of these domains ]

[ C-terminal domain of TFIIEa ]

[

Contains an acidic region
(Asp and Glu rich)

[ Pleckstrin-homology ]

2 B-meanders
capping a-helix




Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa

STRING-like contact by
electrostatic and
hydrophobic interactions

The hydrophobic
interaction occurs in
two pockets of TFIIH1

VAL390

with many Lys of TFIIEa

[ BIOCHEMICAL STUDIES ]

v

Phe387 and Val390 are
essential for the interaction
in humans

[ Asp and Glu interact ]

PHE387




Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa

The interaction between Val390 of
TFIIEa with TFIIH1 as an example

=




Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa

The interaction between Val390 of
TFIIEa with TFIIH1 as an example

=




Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 _CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 _CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN
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4B EVFTCKFIRI
M VTVSHRYAD I
4 FTVSHLYAD I
M4 FTISHMYAD I
44 FTVSHMYAD |
4 FTISHMYAD I
A FTISHMYAD I
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o o=
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VAL390
PHE387

The hydrophobic pocket for PHE387
IS conserved across metazoans




Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa

11

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 _CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 _CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN
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VAL390
PHE387

The hydrophobic pocket for VAL390
IS conserved across metazoans




Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 _CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 _CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 _CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN
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Most lysines are conserved across

metazoans




Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 _CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 _CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN

Conservation
TFB1_SCHPO
TFB1_YEAST
044499 CAEEL
TF2H1_DROME
Q66103_DANRE
Q6DIF6_XENTR
E1BX10_CHICK
TF2H1_MOUSE
TF2H1_HUMAN
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Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa

Conservation = S I;l ]
JOWXG4_AURST 438 P P MD D - - - - - - - D
M7XFC8_RHOT1 452 E A ED |Effdefepaeg vntDPN
G5EG49_CAEEL 370 | ES JE}-------- ----EE
096880_DROME 374 | DD Df - - - - === - Y
Q5SQE1_DANRE 384 Q DD |JEffe------- -evGDD
QOP4H8_XENTR 363 - SN ES JEf} -------- ---TVD
T2EA_MOUSE 380 DED FE JE} -------- --VvADD
T2EA_BOVIN 378 - EE EF |JEp-------- --vADD
T2EA_HUMAN 378 - - E DD |JEffe------- -evADD

Conservation — e —
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E
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[ The hydrophpbic Val390 is just shared across mammals ]




Closed PIC formation: TFIIH joins the complex

TFIIH assembles to the PIC through the C-term domain of TFIIEa

The hydrophobic
interaction of Val390 could
be importantin mammals

STRING-like contact by
electrostatic and
hydrophobic interactions

VAL390
4

PHE387

Some electrostatic interactions might
be preserved across metazoans




Closed PIC formation: TFIIH joins the complex

XPB is a helicase that binds upstream of the transcription start site (TSS)

TBP TFIIH4

. o 4 gj . : . .
domai L < X ® C-terminal domain

TFIF Polll



Closed PIC formation: TFIIH joins the complex

XPB is a helicase that binds upstream of the transcription start site (TSS)

A . B

A\ \\\‘ <

ATP binding domain

RecA-like topology
a/B fold

8 central 3-strands

6 surrounding a-helix

Y7

" -

-

C-terminal domain

Rec-A like topolopgy
a/B fold

7 central B-strands

8 surrounding a-helix

ATP binding site

Flexiblle linker




Closed PIC formation: TFIIH joins the complex

XPB is a helicase that binds upstream of the transcription start site (TSS)

) ) V',
C-terminal domain 4

The C-terminal domain
establishes a salt bridge with
the DNA strand

Conservation

ERCC3_SCHPO FQYNELVNTI FLYK DTS |

RAD25_YEAST FQYNDQINT I FLYK DTS |

Q95PZ4_CAEEL FQYNPRVNT I FVqKVYADTSF P i i
ERCC3_DROME FKFNSKVNTI FVQKVYADTSF The interaction is preserved
ERCC3 DANRE FKHNPKINTI FI4KYGDTSF across eukaryotes
F6UIE1_XENTR FKHNPKINTI FIJKVYGDTSF

ERCC3_CHICK FKHNPKINTI FIl4K DTSF
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Closed PIC formation: TFIIH joins the complex

XPB is a helicase that binds upstream of the transcription start site (TSS)

The ATP-binding domain

establishes electrostatic

(up) and hidrogen bonds
(down) with DNA




Closed PIC formation: TFIIH joins the complex

XPB is a helicase that binds upstream of the transcription start site (TSS)

[ Most residues important for DNA interaction of the ATP-binding domain are conserved across eukaryotes ]

Conservation e B "N - = N
ERCC3 SCHPO 31 - s tQIRPYQE KSLSKMFGNG RARSGIIVLP CGAGKTLVGI TAACTIKKSV IVLCTSSVSV MQWRQQFLQW 389
RAD25_YEAST 359 - s tQIRPYQE KSLSKMFGNG RARSGIIVLP CGAGKTLVGI TAACTIKKSV IVLCTSSVSV MQWRQQFLQW 427
ERCC3 DROME 329 aav - LRPYQE KSLRKMFGNG RARSGVIVLP CGAGKSLVGV TACCTVRKRA LVLCNSGVSV EQWKQQFKMW 397
ERCC3 DANRE 312 - taVLRPYQE KSLRKMFGNG RARSGVIVLP CGAGKSLVGV TAACTVRKRC LVLGNSSVSV EQWKAQFKMW 380
FBUIE1_XENTR 315 - taVLRPYQE KSLRKMFGNG RARSGVIVLP CGAGKSLVGV TAACTVRKRC LVLGNSAVSV EQWKAQFKMW 383
ERCC3 CHICK 310 - taVLRPYQE KSLRKMFGNG RARSGVIVLP CGAGKSLVGV TAACTVRKRC LVLGNSAVSV EQWKAQFKMW 378
ERCC3 MOUSE 314 - taVLRPYQE KSLRKMFGNG RARSGVIVLP CGAGKSLVGV TAACTVRKRC LVLGNSAVSV EQWKAQFKMW 382
ERCC3 BOVIN 313 - taVLRPYQE KSLRKMFGNG RARSGVIVLP CGAGKSLVGV TAACTVRKRC LVLGNSAVSV EQWKAQFKMW 381
ERCC3 HUMAN 313 - taVLRPYQE KSLRKMFGNG RARSGVIVLP CGAGKSLVGV TAACTVRKRC LVLGNSAVSV EQWKAQFKMW 381
Conservation e B | T T e ==t
ERCC3_ SCHPO 390 SN IKPD-HIA VET HSEAGVVVST [S TRNR SydsQKMMDF LTGREWG- - ---FILLDEV 482
RAD25 YEAST 428 CTLQFE-NCA VT QTESGLVVST |s TRNR Sh-dSQKVMD F- - - - - Lt ewgF | I LDEV 480
ERCC3_DROME 398 S TADDSM ICR  F s -MGCGILVTT [S TRKR SweaEQTMRW LQEQEWG - -+ - IMVLDEV 459
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ERCC3 CHICK 379 ST IDDSQICR F]S -IDCSIAIST |$ TIFKR SweaERVMEW LKSREWG - ---LMILDEV 440
ERCC3 MOUSE 383 ST IDDSQICR F S -1GCSVAIST |s TFKR SweaERVMEW LKTQEWG - ---LMILDEV 444
ERCC3 BOVIN 382 ST IDDSQICR F]S -IGCSIAIST |S TIFKR SweaERVMEW LKTQEWG - ---LMILDEV 43
ERCC3 HUMAN 382 ST IDDSQICR F S -1IGCSVAIST {8 TfrKR SweaERVMEW LKTQEWG- ---LMILDEV 443
Conservation
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FBUIE1T_XENTR 446 H T | P A KM VLTIVQAHCK LGLTATL ATP binding domain

ERCC3_CHICK 441 HT | # AKM VLTIVQAHCK LELTATL

ERCC3_MOUSE 445 H T | » A RM VLTIVQAHCK LGLTATL

ERCC3 BOVIN 444 HT | P A KM VLTIVQAHCK LGLTATL

ERCC3_HUMAN 444 H T | # A KM VLTIVQAHCK LGLTATL




Closed PIC formation: TFIIH joins the complex

XPB requires ATP for unwinding DNA, from yeast to humans
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Open complex formation:

DNA melts around the transcription start
site (TSS)

A4,



Open complex formation: DNA melts around the transcription start site (TSS)

XPB is the main articulator of promoter opening

Fix and unwind DNA




Open complex formation: DNA melts around the transcription start site (TSS)

XPB does not change its conformation upon opening

CLOSED CONFORMATION
OPEN CONFORMATION




Open complex formation: DNA melts around the transcription start site (TSS)

DNA is pushed towards the TATA-region complex by XPB

CLOSED CONFORMATION (CC) -
OPEN CONFORMATION (OC)

TSS region CC

XPB translocates ~15 bp of DNA from the inital
anchorage towards the TATA region

[ DNA torke and unwinding ]




Open complex formation: DNA melts around the transcription start site (TSS)

DNA is pushed towards the Pol-Il complex by XPB

CLOSED CONFORMATION (CC) -
OPEN CONFORMATION (OC)

Pol-Il AS TSS region CC

XPB translocates ~15 bp of DNA from the inital
anchorage towards the TATA region

The resulting complex positions the TSS [ e —— ]
close to the Pol-Il active state (AS)




Open complex formation: DNA melts around the transcription start site (TSS)

XPB probably acts as a SWI2/SNF2 translocase

[ Closed complex ] [ Open complex ]

XPB )

_____
- - -
- - -

@

e . +ATP g  /
T —— @

- &>
Al

: Red = non template strand .
Blue = template strand

- -
........

[ A model for XPB-mediated promoter opening }

Adapted from Fishburn et al 2015



Open complex formation:

Pol-Il Is rearranged to allow transcription
Initiation

A4,



Open complex formation: Pol-Il is rearranged to allow transcription initiation

In parallel, the kinase module of TFIIH induces the rearrangement of Pol-Il

CLOSED

Phosphorylation induces
conformational change

OPEN

|

NO STRUCTURE

Helicase ]

module Ready to transcribe




Open complex formation: Pol-Il is rearranged to allow transcription initiation

Jaw lobe, clamp, core and wall the functional modules of Pol-Il

Rpb2

Core/Mg2+

Catalytic active
site

Maintains the
“transcription bubble”

™ N-term Rpbl
Rpb5 A N-term Rpb6
C-term Rpbl ' C-term Rpb2
N-term Rpb9

Maintains the position of DNA



Open complex formation: Pol-Il is rearranged to allow transcription initiation

The jaw lobe is linked to the CTD of Rpbl, relevant for the conformational change

Jaw lobe
i

CTD: Disordered
tail

Integrates
regulatory inputs

Y-S-P-T-S-P-S



Open complex formation: Pol-Il is rearranged to allow transcription initiation

The jaw lobe is linked to the CTD of Rpbl, relevant for the conformational change

Jaw lobe
Clamp [ Complexity is correlated with the number of CTD repeats ]
Group Organisms Species CTD repeats
Lower eukaryotes Amoebozoa Dictyostelium discoideum 23
Fungi Saccharomyces cerevisiae 26
Schizosaccharomyces pombe 29
Schizosaccharomyces japonicus 29
Candida albicans 25
Ashbya gossypii 27
Higher eukaryotes Plant Physcomitrella patens 29
Ostreococcus lucimarinus 16
Micromonas sp. RCC299 24
CTD: Disordered Arabidopsis thaliana 34
tail Oryza sativa 29
Sorghum bicolor 28
[ |ntegrates } Vitis vinifera 34
: Invertebrate Branchiostoma floridae 43
regu lato ry inputs Caenorhabditis J;II egans 35
Drosophila melanogaster <
Anopheles gambiae 35
. ‘ Vertebrate Danio rerio 52
Homo sapiens 52
Phosphorylation of S5 and S7 W Mus musculus 32
Y-S-P-T- -P- [ induces the conformational change | Rattus norvegicus >2

Extracted from Srivastava et al 2015



Open complex formation: Pol-Il is rearranged to allow transcription initiation

A huge CLAMP movement triggers the Pol-Il rearrangement

> This change produces the




Open complex formation: Pol-Il is rearranged to allow transcription initiation

The mobility of the clamp is restricted by the presence of Rpb4/7 in the closed state




Open complex formation: Pol-Il is rearranged to allow transcription initiation

The core of Pol-Il becomes close to the TSS upon promoter opening
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All components are arranged to allow the start of RNA polymerization ﬂ
. <’ -

o Elongation

—)

T L1
O

Non-Template strand

Nascent RNA

Template strand

DNA-entering
groove

RNA-exiting
groove







Conclusions and future directions
> Although Pol-1l is the catalytic part, the GTFs are essential for

o Pol-ll recruitment to the promoter

o Pol-ll reordering for transcription initiation
> Transcription initiation is a process conserved across metazoans

> TBP, Rpb1, Rpb2 and TFIIB are highly conserved across eukaryotes

> The current datais limited for understanding transcription initiation

o  What happens with TATA-less promoters (90% of human promoters)?
o  There is not high resolution structures for TFIIH and TFIID
o CTD is not characterized, so that we don’t know how it induces Pol-Il rearrangement

o Large complexes as the PIC are still challenging to resolve
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Multiple Choice Questions

About TBP, choose which of the following statements is FALSE.
a) TBP’s C-term domain is formed by two repeated “shadle-shaped” structures.
b) TBP is the first factor that binds to the promoter region.

d) TBP mainly binds DNA through electrostatic interactions and hydrogen bonds.
e) TBP’s N-term domain is not conserved.

TFIIB interacts with...

a) TBP

b) DNA

c) RNA polymerase Il
d) TFIIF

Regarding to TFIIB. It is true that:
a) Ithas a Zinc finger domain
b) It has two cyclin like domains

d) It has awinged helix domain
e) Non of them are true



Multiple Choice Questions

Regarding TFIIE. It is true that:

b) It has no importance in recruiting TFIIH.

c) It phosphorylates Pol-1l to allow transcription initiation.
d) Transcription can occur without TFIIE.

e) It forms up the core of the RNA polymerase.

About TFIIH, choose which of the following statements is FALSE.
a) It cointains two modules with helicase and kinase activity.
b) It phosphorylates Pol-11 to allow transcription inititation.

d) It has not been charachterized yet at high resolution.
e) We do not have structural information about some of it's subunits.

Regarding the events following promoter opening:

b) The phosphorylation of the CTD of Rpbl is on several His and Asp residues.
c) The CTD of Rpblis a very structured motif.

d) The CTD of Rpbl is not important for integrating regulatory inputs.

e) Promoter opening is not important for transcription initiation.



Multiple Choice Questions

About the RNA polymerase Il, choose which of the following statements is FALSE.

b) Rpbl is the bigger subunit of the complex.

C) Rpb2 is in contact with the magnesium ion of the core.
d) Rpbl is in contact with the magnesium ion of the core.
e) Rpb6 forms part of the clamp element.

About TFIIF, choose the CORRECT answer:
a) Itis formed by 2 subunits (alpha and beta).
b) Has a triple barrel domain.
c) Has a winged helix domain.
d) Its interacting mainly with Rpb2 subunit of the RNA polymerase Il.

Rpb7 has an important role in...
a) interacting with the core.
b) the elongation process.
c) binding the DNA in the closed state.

e) the termination process.



Multiple Choice Questions

Regarding the Core PrelniciationComplex (PIC), is formed by:
a) TBP
b) TFIIF
c) TFIB
d) RNA polymerase Il
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