
HAL Id: tel-02550614
https://theses.hal.science/tel-02550614

Submitted on 22 Apr 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Study of the co-translational assembly mechanism of
transcription complexes in mammalian cells

Pooja Mukherjee

To cite this version:
Pooja Mukherjee. Study of the co-translational assembly mechanism of transcription complexes
in mammalian cells. Genomics [q-bio.GN]. Université de Strasbourg, 2019. English. �NNT :
2019STRAJ051�. �tel-02550614�

https://theses.hal.science/tel-02550614
https://hal.archives-ouvertes.fr


UNIVERSITÉ DE STRASBOURG 

ÉCOLE DOCTORALE DES SCIENCES DE LA VIE ET DE LA SANTE DE 
STRASBOURG 

 IGBMC - CNRS UMR 7104 - Inserm U 1258 

THÈSE 

présentée par : 

 Pooja MUKHERJEE 

soutenue le : 20 Septembre 2019 

pour obtenir le grade de : Docteur de l’université de Strasbourg 

Discipline/ Spécialité : Aspects moléculaires et cellulaires de la biologie 

Study of the co-translational assembly mechanism of 
transcription complexes in mammalian cells 

 Etude des mécanismes d'assemblage co-traductionnel 
des complexes protéiques impliqués dans la 
transcription dans les cellules de mammifère

THÈSE dirigée par : 
Dr. TORA László Directeur de Recherche, IGBMC, Université de Strasbourg 

RAPPORTEURS : 
Dr. COLLART Martine Professeur, University of Geneva 
Dr. MARSH Joseph Reader, University of Edinburgh 

AUTRES MEMBRES DU JURY : 
Dr. SEXTON Thomas Chargé de Recherche, IGBMC, Université de Strasbourg 



Acknowledgements 

Firstly, I would like to thank my supervisor and mentor Laszlo for giving me the 

opportunity to work in his lab. I am really very very grateful to you. It was a very difficult 

phase for me 4 years back in 2015 when I decided to leave my country and started 

applying to positions abroad. You have no idea how your reply to my application on 

the 14th of January 2015 morning (yes, I still remember the date and time!) changed 

my life in a good way, really. And then comes the very interesting project on co-

translational assembly, I am so thankful to you for making me a part of the project. I 

feel I was at the right time at the right place doing the right project! Your enthusiasm 

and motivation were so important for me throughout my PhD; I highly enjoyed the 

freedom of planning and carrying out experiments in your lab and this also helped me 

develop my confidence as a researcher. Your suggestions and criticisms are always 

so helpful. I had a very very enriching experience in your lab and I wish I always get a 

boss like you. Thanks a ton. 

I would also like to thank Ivanka. I believe life in the new lab would have been difficult 

without you. Right from day 1, you were very kind and helpful. I thank you for all the 

useful scientific discussions that I had with you. I believe my PhD would not have been 

so successful without you. 

I would like to thank the jury members of my thesis, Dr. Collart, Dr. Marsh and Dr. 

Sexton. Thank you very much for being a part of my thesis evaluation and for your 

suggestions and advices. 

My heartfelt thanks to all the members of the Tora lab, both present and former. You 

guys are amazing! Our lab has such a wonderful working environment and its only 

because of the lovely lab members. Thanks, Tiago, for helping me during my initial 

days in Strasbourg. Thanks Federica, Nicholaos for the wonderful time we had 

together. Thanks very much Didier for the occasional scientific and non-scientific 

discussions that we had. Thanks, Stéphane, for your useful scientific suggestions and 

also insightful career advices. Thanks a lot Kenny, Vincent and Matthieu for being a 

great labmate. Thanks very much Veronique for all the amazing moments we spent 

and for your help with French translations. Thanks very much Farrah for being such a 

kind friend. Thanks so much Fang for your kind words in stressful situations and also 

for the wonderful dishes that you cook. Thanks very much Sascha for your help and 

answering all my queries about imaging. Thanks a lot Changwei for all the wonderful 

scientific and career discussions we had and also for the amazing time we spent 

outside lab. Thanks a lot Paul for being such an amazing team member. Thanks a lot 

my fashion girls, Eli and Gizem. Life in lab was more interesting with you guys. Thanks 

for all the crazy fun we had together. I am grateful to you guys for your suggestions 

and help with ALL my problems, scientific and non-scientific. A special thanks to Eli 

for keeping the lab reagents, plasmids, antibodies so so organized and for always 

helping with perfectly optimised protocols and enormous wet lab experience. Really 

amazing!  

Thanks a lot to all my other friends in IGBMC, specially Ben and Pietro. Even though 

I am not a very social person, but still you guys never forget to talk to me. 



Thanks to ARC for supporting me with the 4th year fellowship. 

Special thanks goes to Alka, Akinchan and Sweta. You guys made my initial days in 

Strasbourg very comfortable, when I was dealing with culture shock with a completely 

new independent life away from home comforts. Thanks a lot!   

Thanks to Sanjay (Chahar), Dhanvantri, Atish, Sankari, Banku for the all fun 

discussions and occasional great food. Thank you, Sanjay (Dey), Nisha and Abbas, 

for your insightful career advices. 

A very special thanks to Ujjwal. I cannot express in words how grateful I am to you for 

multiple reasons. Its only because of you that I can cook tasty food today! I am forever 

indebted to you. Life in Strasbourg would have been boring without you. Thanks for 

helping me in every stage of my PhD life and my postdoc applications with your 

amazing problem-solving solutions each time. Discussions with you improve my GK 

every time!! Thanks a ton! 

Finally, I would like to thank my family and friends in India. Thanks, Shalini and 

Diptasree, my school friends, for bearing with me even though I disappear 

occasionally. You guys never fail to ask how I am from time to time! 

Thanks Upamanyu for helping me with my PhD applications when I was struggling to 

find a position four years back. Thanks Naibedya, my ex-labmate, for helping me sail 

through the rough times in 2015.   

A very special thanks to Arnab. You are the only one person who is always more 

confident about me than even myself! I would have left science long back if I had not 

known you. Your motivation and encouragement helped me pass through the darkest 

days of my life. And as I always say, it is because of you that I am in Strasbourg today. 

My heartfelt thanks to you. 

Thanks to Pipi, Boromashi, Mejdi, Pibaba, Alokda, Sumitda, Bapindada, Mithundada, 

Noddy, Gublu, Tumpadi, Rajan, Debasishmama, Bob. Love you guys!  

Loads of thanks to my family, Gigi, Dada, Bhaiya, Tutu. You guys never failed to 

celebrate even the smallest of my victories. I am so lucky to have such a great family.  

Thanks a ton, my parents. You taught me how to dream big and achieve it. In every 

life situation, I had and still have you behind me to hold me if I fall. Failures in life are 

never a big deal because you taught me how to see positivity in every situation. Have 

no words to express my gratitude. I am lucky indeed.     

 

Pooja Mukherjee 

 

 

 

         

 

   



1 
 

Table of Contents 
List of Figures........................................................................................................... 5 

List of Tables ............................................................................................................ 7 

Abbreviations ........................................................................................................... 8 

Abstract ................................................................................................................... 14 

Thesis summary in English ................................................................................... 15 

Thesis summary in French .................................................................................... 21 

INTRODUCTION ...................................................................................................... 27 

1. Eukaryotic gene expression .............................................................................. 29 

1.1 Chromatin organisation ................................................................................ 29 

1.2 Nucleosome remodelling ............................................................................. 31 

1.2.1 Histone-modifying enzymes ...................................................................... 31 

1.2.2 Chromatin remodelling complexes ............................................................ 33 

1.3 RNA Polymerases ......................................................................................... 34 

1.4 RNA Polymerase II transcription ................................................................. 35 

1.4.1 Chromatin opening ................................................................................... 36 

1.4.2 Transcription preinitiation .......................................................................... 39 

1.4.3 Transcription initiation ............................................................................... 42 

1.4.4 Transcription elongation ........................................................................... 42 

1.4.5 Transcription termination .......................................................................... 43 

2.Transcription complexes and subunit sharing ................................................. 44 

2.1 Subunit sharing ............................................................................................. 44 

2.2 General transcription factor TFIID ............................................................... 47 

2.2.1 TFIID structure .......................................................................................... 47 

2.2.2 Domain organization of TAFs ................................................................... 48 

2.2.3 TAF paralogues and their functions .......................................................... 50 

2.2.4 TFIID assembly ......................................................................................... 51 

2.3 Coactivator SAGA complex ......................................................................... 53 

2.4 TRanscription and EXport complex 2 (TREX-2) ......................................... 54 

3. Protein complexes ............................................................................................. 56 

3.1 Homomeric complexes ................................................................................. 57 

3.1.1 TBP-associated factor (TAF) homodimerization ....................................... 60 

3.2 Heteromeric complexes ................................................................................ 60 

3.3 Other types of protein complex classification ........................................... 63 



2 
 

3.3.1 Obligate and non-obligate protein complexes ........................................... 63 

3.3.2 Transient and stable protein complexes ................................................... 63 

3.4 Assembly of protein complexes .................................................................. 63 

4. Co-translational assembly of protein complexes ............................................ 65 

4.1 Co-translational assembly of homomeric protein complexes .................. 65 

4.1.1 Bacterial beta-galactosidase enzyme ....................................................... 65 

4.1.2 Myosin heavy chain .................................................................................. 66 

4.1.3 Tenascin intermediate filament ................................................................. 66 

4.1.4 Reovirus cell attachment protein ............................................................... 67 

4.1.5 NFKB ........................................................................................................ 68 

4.1.6 p53 ............................................................................................................ 69 

4.1.7 Peripherin ................................................................................................. 70 

4.2 Co-translational assembly of heteromeric protein complexes ................. 71 

4.2.1 Immunoglobulin ........................................................................................ 71 

4.2.2 Signal recognition particle receptor ........................................................... 72 

4.2.3 D1 protein of photosystem II ..................................................................... 73 

4.2.4 Membrane ion channel .............................................................................. 74 

4.2.5 IgE receptor (Fc€RI) ................................................................................. 75 

4.2.6 Co-translation assembly of diverse heteromeric complexes in yeast ........ 76 

4.2.7 Bacterial Lux Operon ................................................................................ 79 

4.2.8 Co-translational assembly of protein complexes in mammalian cells ....... 79 

4.3 Ribosomal pause associated with co-translational assembly .................. 80 

5. How are co-translationally assembling partners brought in close proximity 

to each other?......................................................................................................... 82 

5.1 Chaperones associated with co-translational assembly ........................... 82 

5.2 Cis-acting RNA sequence elements ............................................................ 83 

5.2.1 AU-rich element (ARE) ............................................................................. 84 

5.2.2 GU-rich element (GRE) ............................................................................ 84 

5.2.3 Polyadenylation sequences ...................................................................... 85 

5.2.4 3’UTRs ...................................................................................................... 86 

5.2.5 5’UTRs ...................................................................................................... 88 

5.3 RNA granules ................................................................................................ 89 

5.3.1 mRNP granules .......................................................................................... 90 

5.3.1.1 Stress granules and Processing bodies (P-bodies) ............................... 90 

5.3.1.2 TIS granule ............................................................................................ 91 



3 

5.3.1.3 Not1 containing assemblysomes ........................................................... 92 

6. mRNA and protein surveillance in cells ........................................................... 93

6.1 mRNA Quality Control pathways ................................................................. 94 

6.1.1 mRNA surveillance in the nucleus ............................................................ 94 

6.1.2 Nonsense- mediated decay (NMD) ........................................................... 94 

6.1.3 No-go decay (NGD) .................................................................................. 97 

6.1.4 Non-stop decay (NSD) .............................................................................. 98 

6.1.5 Ribosome-associated protein quality control (RAPP) ............................... 99 

6.2 Chaperone, the key player assisting protein folding ............................... 100 

6.2.1 Cytosolic Chaperones ............................................................................. 101 

6.2.2 PAQosome (particle for arrangement of quaternary structure) ............... 105 

6.2.3 Chaperonins ........................................................................................... 107 

6.2.4 Chaperone dysregulation under disease condition ................................. 108 

7. Overview of techniques used to study co-translational assembly .............. 110

7.1 Biochemical Approach ............................................................................... 110 

7.1.1 Indirect Approach .................................................................................... 110 

7.1.2 Direct Approach ...................................................................................... 110 

7.2 Imaging approaches ................................................................................... 112 

THESIS OBJECTIVES ........................................................................................... 113 

RESULTS .............................................................................................................. 115 

1. Co-translational assembly of mammalian nuclear multisubunit complexes

 ............................................................................................................................ 116 

2. Unpublished Results .................................................................................... 153

2.1 Co-translational assembly of TFIID submodules ....................................... 153 

2.2 Co-translational assembly of SAGA and ATAC complex ........................... 157 

2.3 Identification of chaperones guiding co-translational assembly of TFIID 

complex ........................................................................................................... 159 

DISCUSSION ......................................................................................................... 164 

1. General transcription factor TFIID assembles co-translationally ..................... 165

2. Position of dimerization domain drives co-translationally assembly ................ 166

3. Co-translational assembly is essential for the cell ........................................... 167

4. Co-translational assembly is a general mechanism of complex assembly ...... 168

PERSPECTIVES .................................................................................................... 170 

1. Comprehensive study of the assembly of TFIID submodules. ........................ 171

2. Is co-translational assembly guided by chaperone(s)? ................................... 172



4 
 

3. Mechanism of subunit distribution between two complexes? .......................... 173 

4. What is the mechanism behind TAF8 mRNA degradation in the absence of its 

co-translationally assembling partner TAF10? .................................................... 174 

CONCLUSIONS ..................................................................................................... 175 

METHODS ............................................................................................................. 178 

BIBLIOGRAPHY .................................................................................................... 191 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

List of Figures 
 

Figure 1: Multiple levels of chromatin folding.. ......................................................... 30 

Figure 2: Schematic representation of post-translational modifications of histone 

tails.. ......................................................................................................................... 32 

Figure 3: Schematic representation of key post-translational modifications within 

globular domains of histones and their functions.. ................................................... 32 

Figure 4: Schematic representation of the different steps of RNA Pol II transcription.

 ................................................................................................................................. 36 

Figure 5: Transcription factor binding models.. ........................................................ 37 

Figure 6: RNA Pol II transcription PIC assembly and transcription reinitiation.. ...... 41 

Figure 7: Subunit sharing between different transcription complexes.. .................... 46 

Figure 8: Schematic representation of general transcription factor TFIID.. .............. 47 

Figure 9: Domain organization of TAFs.. ................................................................. 49 

Figure 10: Stepwise assembly of TFIID complex.. .................................................. 52 

Figure 11: Schematic representation of SAGA complex.. ........................................ 54 

Figure 12: Schematic representation of human TREX-2 complex.. ......................... 55 

Figure 13: Different levels of protein organization.. ................................................. 56 

Figure 14: Classification of homomeric protein complexes based on shape.. ......... 59 

Figure 15: Schematic representation of core-TFIID complex.. ................................ 60 

Figure 16: Classification of heteromeric protein complexes based on shape.. ........ 62 

Figure 17: Models of protein complex assembly...................................................... 64 

Figure 18: Models depicting β-galactosidase co-translational assembly.. ............... 66 

Figure 19: Model for the biogenesis of reovirus σ1 trimer.. ..................................... 67 

Figure 20: Models of p50 homodimer formation. ..................................................... 68 

Figure 21: Model for p53 homodimer formation.. ..................................................... 69 

Figure 22: Model depicting dynamic co-translational assembly of intermediate 

filaments.. ................................................................................................................. 70 

Figure 23: Model showing the structure of a typical immunoglobulin molecule (A) 

and co-translational formation of intrachain disulphide bond of an immunoglobulin 

molecule (B).. ........................................................................................................... 71 

Figure 24: Model of SRα co-translational membrane assembly.. ............................ 72 



6 

Figure 25: Model showing stepwise co-translational assembly of D1 protein into PSII 

complex and thylakoid membrane.. .......................................................................... 73 

Figure 26: Model for co-translational association of hERG subunit mRNAs.. .......... 74 

Figure 27: Schematic representation of Fc€RI receptor.. ........................................ 75 

Figure 28: Model for co-translational assembly of the SET1C complex.. ................ 76 

Figure 29: Co-translational assembly of SAGA complex in yeast.. .......................... 77 

Figure 30: Model for co-translational assembly of Rpt1 and Rpt2 in Not1 containing 

assemblysomes........................................................................................................ 78 

Figure 31: Co-translational assembly bacterial Lux operon subunits....................... 79 

Figure 32: An example of ribosome pausing during co-translational assembly from 

(Panasenko et al. 2019).. ......................................................................................... 81 

Figure 33: Possible mechanisms by which co-translationally assembling protein 

partners are brought near each other.. ..................................................................... 82 

Figure 34: Chaperones assisting co-translational assembly in 

yeast…………………………………………………………………………………………83 

Figure 35: Schematic representation of the different types of isoforms generated due 

to the usage of different poly(A) sites in a particular mRNA.. ................................... 86 

Figure 36: Schematic representation of cytoplasmic movement of mRNAs through 

P-body and stress granules.. .................................................................................... 91 

Figure 37: Schematic representation of TIGER domain cellular compartment.. ...... 92 

Figure 38: Schematic representation of co-translational assembly of Rpt1 and Rpt2 

in NCA.. .................................................................................................................... 93 

Figure 39: Mechanism of NMD pathway (EJC model).. ........................................... 96 

Figure 40: Mechanism of NGD pathway.. ................................................................ 98 

Figure 41: Mechanism of NSD pathway.. ................................................................ 99 

Figure 42: Cytoplasmic chaperone pathways in (a) bacteria and (c) eukarya.. ..... 101 

Figure 43: Composition of ribosome-associated chaperones from bacteria to 

human.. .................................................................................................................. 102 

Figure 44: Schematic representation of yeast and human (mRAC) RAC complex..

 ............................................................................................................................... 103 

Figure 45: Schematic representation of chaperone interactions with nascent 

polypeptide of cytosolic proteins (A) and secretory proteins (B) at ribosome exit site..

 ............................................................................................................................... 104 



7 
 

Figure 46: Schematic representation of PAQosome structure, Adaptors and 

Substrates/Clients.. ................................................................................................ 106 

Figure 47: Major steps of selective ribosome profiling (SeRP).. ............................ 111 

Figure 48: Co-translational assembly of TFIID heterotrimer TAF2-TAF8-TAF10.. 154 

Figure 49: Co-translational assembly of TFIID heterotrimer. ................................. 155 

Figure 50: Co-translational assembly of TBP and TAF1 in (A) HEK293T and (B) 

NIH3T3 cell lines. ................................................................................................... 156 

Figure 51: Co-translational assembly of (A) SAGA and (B) ATAC complex.. ........ 158 

Figure 52: Western Blot analysis of HeLa polysome extract.. ............................... 159 

Figure 53: Potential TAF10 and TBP interacting factors from HeLa polysome 

containing cell cytoplasmic extracts.. ..................................................................... 161 

Figure 54: Identification of TAF8 mRNA associated factors by TAF8-MS2-TRAP..

 ............................................................................................................................... 163 

Figure 55: Schematic representation of polysome RIP assay ............................... 181 

Figure 56: Schematic representation of working principle of smiFISH................... 186 

 

 

List of Tables 

Table 1: Different coactivator families and their functions ........................................ 38 

Table 2: General transcription factors (GTFs) involved in Pol II transcription. ......... 39 

Table 3: TAF paralogues and their sequence similarity ........................................... 50 

Table 4: Different clusters of AU-rich elements (ARE) and GU-rich elements (GRE).)

 ................................................................................................................................. 85 

 

 

 

 

 



8 
 

Abbreviations 

 

ADA2 : Adenosine deaminase 2 

ADA3 : Alteration/Deficiency in Activation 3 

ADP-ribosylation : Adenosine diphosphate-ribosylation 

ARE : AU-rich element 

Arp4 : Actin-related protein 4 

Ascl1 : Achaete-Scute Family BHLH Transcription Factor 1 

ATAC : Ada2a-containing complex 

ATRX : α-thalassaemia/mental retardation syndrome X-linked 

ATXN7L3 : Ataxin 7 like 3 

BAF : BRG1-Associated Factor 

BLOC-1 : biogenesis of lysosome-related organelles complex 1 

BORC : BLOC-one-related complex 

Bre : Brain and Reproductive organ-expressed protein 

BRF1 : B-related factor 1 

BTAF1 : B-TFIID TATA-Box Binding Protein Associated Factor 1 

CAF-1 : Chromatin Assembly Factor-1 

CARM1 : Coactivator Associated Arginine Methyltransferase 1 

CBP : CREB-binding protein 

Ccr4 : C-C Motif Chemokine Receptor 4 

CCT : Chaperonin Containing TCP1 or TriC-TCP-1 Ring Complex 

CHD : chromodomain helicase DNA-binding 

COMPASS : complex proteins associated with Set1p 

CPSF : cleavage and polyadenylation specificity factor 

cryo-EM : cryo-electron microscopy 

CSB : Cockayne syndrome group B 

CSTF : cleavage stimulation factor 

CTD : C-terminal domain 

DOT1L : Disruptor of telomeric silencing 1-like 

DP : Aspartic acid-Proline 

DSIF : DRB sensitivity inducing factor 



9 

DSS1 : deleted in split hand/split foot 

DUB module : Deubiquitination module 

Eaf3 : Esa1-associated factor 3 

ECDs : extracellular domains 

EGFR : epidermal growth factor receptor 

EJC : exon junction complex 

ENY2 : Enhancer of Yellow 2 

ER : Endoplasmic reticulum 

FACT : facilitates chromatin transcription 

FoxA : Forkhead box A 

GABAA : γ-aminobutyric acid 

GANP : Germinal-center Associated Nuclear Protein 

GAPDH : Glyceraldehyde 3-phosphate dehydrogenase 

Gata : (A/T)GATA(A/G) 

GCN5 : General Control Nondrepressible 5 

GDP : guanosine diphosphate 

GFP : green fluorescent protein 

GRE : GU-rich element 

GTFs : General Transcription Factors 

GTP : guanosine triphosphate 

HAT : Histone acetyltransferase 

HEAT :  Huntingtin-elongation factor 3 (EF3)- protein phosphatase 2A (PP2A)- yeast 

kinase TOR1 

hERG : human ether-à-go-go-related Gene 

HFD : histone fold domain 

Hsc70 : heat shock cognate70 

Hsp70 : heat shock protein 70kD 

Hsp70L1 : Hsp70-like protein 1 

HSPB1 : heat shock protein beta-1 

ICDs : intracellular domain 

IF  : Immunofluorescence 

IF : Intermediate filament 

IF-smFISH : Immunofluorescence single molecule fluorescent in situ hybridization 



10 
 

Ig : immunoglobulin 

INO80 : inositol requiring 80 

IP : Immunoprecipitation 

ISWI : imitation switch 

J protein : J domain protein 

KDM5 : lysine (K) demethylase 5 

Klf4 : Kruppel Like Factor 4 

KO : Knockout 

Lid : Little imaginal discs 

MCP : MS2-coat protein 

MERFISH : multiplexed error robust FISH 

mESCs : mouse embryonic stem cells 

miRNA : microRNA 

MLL : mixed lineage leukemia 

MPP11 : M phase phosphoprotein 11 

mRAC : mammalian RAC 

mRNA : messenger RNA 

mRNP : mRNA-ribonucleoprotein 

MS2-TRAP : MS2-tagged RNA affinity purification 

MYB : myeloblastosis 

NAC : nascent-chain-associated complex 

NC2beta : Negative co-factor 2 

NCA : Not1 containing assemblysomes 

NEFs : nucleotide exchange factors 

NELF : Negative elongation factor 

NGD : no-go decay 

NLS : Nuclear Localisation Signal 

NMD : nonsense-mediated decay 

Not : negative on TATA 

NPCs : Nuclear pore complexes 

NSD : non-stop decay 

NTD : N-terminal domain 

NTP : Nucleoside triphosphate 

NuA4 : Nucleosome acetyltransferase of H4 



11 

NuRD : nucleosome remodelling and deacetylase 

NURF : Nucleosome Remodeling Factor 

Oct3/4 : octamer-binding transcription factor 3/4 

ORF : Open reading frame 

P bodies : Processing bodies 

PAF1C : Polymerase associated factor-1 complex 

PAQosome : particle for arrangement of quaternary structure 

PAS : polyadenylation signal 

Pax7 : Paired box 7 

PCID2 : PCI domain containing 2 

PCNA : Proliferating Cell Nuclear Antigen 

Pfd : Prefoldin 

PHD : plant homeodomain 

PIC : pre-initiation complex 

PPIs : protein-protein interactions 

PRMT1 : Protein arginine N-methyltransferase 1 

PS1 : Presenilin-1 

PSII : Photosystem II 

PTC : premature stop codon 

P-TEFb : positive transcription elongation factor b 

R2TP : Rvb1–Rvb2–Tah1–Pih1 

RAC : ribosome-associated complex 

RAP30/74 : RNA polymerase II-associating protein 30/74 

RAPP : Ribosome-associated protein quality control 

RIP : RNA Immunoprecipitation 

RNA FISH : RNA Fluorescent in situ hybridization 

RNA-BP : RNA-binding protein 

RPBs : ribosome-bound protein biogenesis factors 

Rpd3 : Reduced potassium dependency-3 

Rpt : Proteasome Regulatory particle base subunit 

rRNA : ribosomal RNA 

SAGA : Spt-Ada-Gcn5 acetyltransferase 

SeRP : selective ribosome profiling 

SET1 : Su(var) 3-9, Enhancer of zeste (E(z)), Trx 1 



12 

SETD2 : SET Domain Containing 2 

SL1 : Selective factor 1 

SMAT : small TAF complex 

smFISH : single molecule fluoresencent in situ hybridization 

SMG1 : Serine-threonine protein kinase 

smiFISH : single molecule inexpensive fluorescent in situ hybridization 

snRNA : small nuclear RNA 

Sox2 : SRY-Box 2 

SPT : Suppressor of Ty 

SRα : signal recognition particle receptor α 

SUMOylation : Small Ubiquitin-like Modifier (SUMO) -ylation 

SURF : SMG1-UPF1-eRF 

SWI/SNF : switch/ sucrose non-fermentable 

SWR1 : SWI2/SNF2-Related 1 

TADs : topologically associating domains 

TAF : TBP associated factor 

TAFH : TAF4 homology domain 

TAND : TAF1 N-terminal domain 

TBP : TATA-box binding protein 

TCP-1 : tailless complex polypeptide-1 

TCR : T-cell receptor 

TF : Trigger Factor 

TFII : Transcription factor II 

TIGER : TIS Granules-ER 

Tip60 : Tat interactive protein 60-kDa 

TIS : TPA-induced 

TLF : TBP-like factor 

TLP : TBP-like protein 

TP53 : Tumor protein p53 

TRRAP : Transformation-transactivation domain-associated protein  

TREX-2 : TRanscription and EXport complex 2 

TRF : TBP-related factor 

tRNA : transfer RNA 



13 

TRP : TBP related protein 

UPF : Up-frameshift 

UPF1 : Regulator of nonsense transcripts 1 

USP22 : Ubiquitin Specific Peptidase 22 

UTR : Untranslated region 

WD-40 : Trp-Asp (W-D)-40 

XRN2 : 5′-3′ exoribonuclease 2 

YEATS2 : YEATS Domain Containing 2 

ZZZ3 : ZZ-type zinc finger-containing protein 3 



14 

Abstract

Biological processes in the cell are mainly are carried out by multisubunit protein 

complexes and a significant amount of energy is required by the cells to build these 

huge complexes. Unlike bacteria, genes encoding proteins are dispersed in the 

genome of eukaryotes and this makes the assembly of protein complexes more 

complicated. For many years, it was thought that protein complexes are formed by 

random collisions of their subunits diffusing freely in the cell cytoplasm. However, 

random collisions could also lead to non-specific interactions and aggregations in the 

extremely crowded cellular environment. In this respect, co-translational assembly of 
nuclear and cytoplasmic protein complexes has been put forward in bacteria and 

yeast that involves the association of nascent ribosome-associated proteins subunits 

with each other, thereby preventing unwanted interactions. It was shown earlier that 

operon organisation in bacteria facilitates co-translational assembly of their protein 

complexes due to proximity of the encoding genes. Additionally, several well-

characterised protein complexes in yeast were also reported to assemble co-

translationally. In this study, we show that the mammalian multisubunit transcription 

complexes assemble co-translationally by using several alternate approaches like 

RNA immunoprecipitation followed by genome-wide detection of mRNAs by 

microarray analysis, single molecule RNA FISH, immunofluoresence, knock-out 

mouse embryonic stem cells and domain swapping approaches. We also 

demonstrate that the dimerization domains and their positions in the interacting 

subunits determine the co-translational assembly pathway (simultaneous or 

sequential). Furthermore, cytoplasmic IF-smFISH and two-colour smFISH 

experiments indicate that the described co-translational assembly is clearly occurring 

in the cytoplasm of human cells. Identical results in yeast, mouse and human cells 

suggest that co-translational assembly is a general mechanism of protein complex 

assembly in eukaryotes.
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Thesis summary in English

Introduction 

Majority of the biological processes are carried out by multisubunit protein complexes 

in mammalian cells. Transcription is the process by which the information in the DNA 

is copied into RNA molecules. Eukaryotic RNA Polymerase II transcription is driven by 

six general transcription factors namely TFIID, TFIIA, TFIIB, TFIIF, TFIIE, TFIIH and 

the multisubunit mediator complex. In mammalian cells TFIID nucleates the assembly 

of other transcription factors in most of the expressed protein coding gene promoters 

and loss of TFIID was shown to be embryonic lethal. TFIID is composed of TBP 

(TATA-box binding protein) and 13 TAFs (TBP associated factors). Majority of the 

TAFs contain a common structural motif called the histone fold domain (HFD), which 

facilitates pairwise interaction between specific TAFs, specifically, TAF10-TAF8, 

TAF3-TAF10, TAF6-TAF9, TAF4-TAF12, TAF11-TAF13 heterodimers. The histone 

fold is not conserved at the level of sequence but is conserved structurally; it is 

composed of three α-helices connected by two loops, which allow heterodimeric 

interactions between specific TAFs. Moreover, the histone fold containing proteins are 

not soluble when they are expressed individually. In spite of extensive studies on the 

structure and function of the multisubunit transcription complexes, very few studies 

have focused on the assembly mechanism and pathways of the multisubunit protein 

complexes. It has been reported previously that the assembly of TFIID takes place in 

a stepwise manner before it embarks on its function in the nucleus. Several 

submodules of TFIID have been shown to assemble in the cytoplasm before it forms 

the holo-TFIID complex. Stable heterotrimers of TAF5-TAF6-TAF9, TAF2-TAF8-

TAF10 and TAF7-TAF11-TAF13 have been shown to form in the cytoplasm. In this 

context, the main aim of my project was to study the mechanism of assembly of TFIID 

submodules in the cytoplasm. A protein dimer can assemble in two possible ways: 

“posttranslational assembly”, where individual subunits are fully translated and 

released at random places in the cytoplasm eventually finding their interacting 

partners, or “co-translational assembly”, where protein-protein interactions form in the 

cytoplasm during the translation of the interacting protein partners. Co-translational 

assembly could be beneficial for the cell to prevent non-specific interactions in the very 

crowded cytoplasmic environment of the cell. One of the earliest evidences of co-
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translational protein assembly was reported in 2009 where the authors studied 31 

proteins lacking RNA-binding domains from Schizosaccharomyces pombe and among 

them ∼38% co-purified with mRNAs that encode interacting proteins. This observation 

was further supported by a very recent report which showed co-translational assembly 

in Saccharomyces cerevisiae by selective ribosome profiling. Taken together, various 

evidences point towards the fact that co-translational assembly could be a widespread 

mechanism for assembly of a large number of complexes in yeast. Here, we study the 

co-translational assembly mechanism of the general transcription factor TFIID in detail 

and further extend our observations to other multisubunit complexes in mammalian 

cells.   

Aims: 

1. Do TFIID histone-fold domain pairs assemble co-translationally?

2. What drives the co-translational assembly of TFIID HFD pairs?

3. Do non-HFD pairs also assemble co-translationally?

4. Do other multisubunit complexes also assemble co-translationally?

5. Study the co-localisation of co-translationally assembling proteins and RNAs?

6. Study the role of chaperones in co-translational assembly?

Results: 

To test whether HFD-containing TAFs assemble co-translationally, we used a 

monoclonal antibody against the N-terminus of the HFD containing TAF10 to 

immunoprecipitate (IP) endogenous TAF10 from human HeLa cell cytosolic polysome 

extracts. Immunoprecipitation of a protein followed by the study of its associated 

mRNAs is called RNA Immunoprecipitation (RIP) assay. Protein–protein interactions 

between nascent proteins still associated with translating ribosomes would be 

revealed by enrichment of mRNAs coding for the interacting partners in the IPs. Global 

microarray analysis of mRNAs precipitated by the anti-TAF10 RNA IPs (RIPs) 

revealed enrichment of TAF8 mRNA, suggesting that the well-characterised TAF8-10 

HFD dimer forms co-translationally. The microarray results were further supported by 

anti-TAF10 RIP coupled to RT-qPCR in both HeLa and mouse embryonic stem cells 

(mESCs). Puromycin treatment resulted in a significant loss of the enrichment of 

associated mRNAs thereby ruling out the possibility of direct interaction between TAF8 

mRNA and TAF10 protein. Next, we were interested in studying the underlying 
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mechanism of TAF10-TAF8 co-translational assembly. We generated expression 

vectors expressing TAF10 and TAF8 with either N-terminal or C-terminal tags. These 

constructs enabled us to pulldown either nascent (with N-terminal tag) or full-length 

protein (with C-terminal tag) and thereby determine the order of co-translational 

assembly of the proteins. In accordance with our endogenous immunoprecipitation 

(IP) results, nascent TAF10 RIP revealed the presence of its own mRNA, along with 

TAF8 mRNA. Interestingly, however, TAF10 mRNA was not co-immunoprecipitated 

with nascent TAF8 protein. This observation was further supported by pulldown 

experiments with C-terminal tagged TAF10 and TAF8 constructs. Fully translated 

mature TAF10 protein revealed the presence of only TAF8 mRNA, but not its own 

mRNA (as expected) but mature TAF8 protein did not yield TAF10 or TAF8 mRNA. In 

all cases, TAF8 protein was co-immunoprecipitated with TAF10 protein thereby ruling 

out the possibility of unsuccessful protein IP experiment. Together these results 

indicate that TAF10 protein is assembling co-translationally with TAF8 nascent protein 

unidirectionally by sequential assembly model. We hypothesised that this sequential 

binding is specific to the localisation of the dimerization domains of TAF10 and TAF8, 

HFD of TAF10 being towards C-terminus and HFD of TAF8 being towards N-terminus. 

To test this, we engineered a mutation in the HFD of TAF8 disrupting the interaction 

between TAF10 and TAF8. This mutation resulted in a nearly complete loss of the co-

precipitated TAF8 mRNA, as compared with the wild-type controls, indicating that the 

dimerization of TAF8 and TAF10 through their HFDs is crucial for co-translational 

assembly. In addition to that, IF-smiFISH co-localization experiments in fixed HeLa 

cells showed significant co-localisation between TAF10 protein and TAF8 mRNA in 

the cytoplasm by confocal microscopy. Importantly, the co-localisation between 

mutant TAF8 mRNA and TAF10 protein was lost. In addition, TAF8 protein detection 

by IF and TAF10 mRNA by smiFISH, showed no significant co-localisation, thereby 

further lending support to the sequential model of TAF10-TAF8 co-translational 

assembly. Next, we wanted to study if co-translational assembly is essential for the 

cell. To answer this question, we applied an indirect approach. We hypothesized that 

if nascent chains of a subunit cannot co-translationally interact with its partner, it may 

become prone to misfolding and degradation by the proteasome, but the fully 

translated partner should stay stable. By using these mouse ESCs we observed that 

the deletion of Taf10 not only ablated Taf10 mRNA and TAF10 protein levels, but 

significantly reduced both Taf8 mRNA and TAF8 protein expression. These results 
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were also confirmed in Taf10 KO mouse embryos. In contrast, the deletion of Taf8, 

decreased only its own mRNA and protein levels, without affecting the Taf10 mRNA 

expression and TAF10 protein levels. In both KO mouse ESCs, other tested TFIID 

subunits remained unchanged, thereby ruling out the possibility of a primary 

transcriptional response. Additionally, we also observed that TAF10 re-expression 

rescued TAF8 from degradation. Thus, the nascent TAF8 HFD, in the absence of its 

interaction partner TAF10, may serve as a signal for both protein and mRNA 

degradation, while TAF10 is stable in the absence of TAF8.  

Having shown the sequential co-translational assembly of TAF10 and TAF8, we next 

studied the assembly of a protein pair whose dimerization domains are localised 

towards the N-terminus. To test this, we studied the co-translational assembly of 

TAF6-TAF9 HFD pair as they interact through their N-terminal HFDs. Our nascent 

RIPs revealed that both TAF6 and TAF9 co-IP their partners' mRNA suggesting that 

they assemble in a bidirectional way, presumably as the neosynthesised interaction 

domains of both proteins are exposed early during their synthesis on the ribosomes. 

Further evidence from two colour smiFISH co-localization experiments showed a 

significantly higher co-localisation of the TAF6 and TAF9 mRNAs in the cytoplasm 

than several unrelated negative control mRNAs.  

In order to rule out the possibility that this form of assembly is specific to only HFD 

protein pairs, we wanted to study the co-translational assembly of a non-HFD 

interacting protein pair.  In TFIID, the evolutionary conserved core domain of TBP 

interacts with TAF1 via N-terminal TAND region of TAF1. Genome-wide microarray 

analysis of TBP-associated RNAs from HeLa cell polysome extracts revealed an 

enrichment of its own mRNA as well as 19 coding and non-coding RNAs. Among 

these, we found mRNAs coding for known TBP-interacting proteins: BRF1 coding for 

a factor important for Pol III transcription, BTAF1 coding for a B-TFIID subunit, as well 

as TAF1. RIP-qPCR analysis in human HeLa cells and mouse ESCs confirmed the 

microarray data and revealed a strong enrichment of the TAF1 mRNA. To further 

investigate the specificity of TBP-TAF1 interaction, we generated a ΔTAF1 expression 

vector, in which sequences coding for the first 168 residues containing the TAND 

region were deleted. Anti-TBP RIPs from cells expressing ΔTAF1 resulted in complete 

loss of TAF1 mRNA enrichment and a reduction of the co-immunoprecipitated protein. 

These results are consistent with a requirement of the N-terminal TAF1 domain to 
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recruit TBP to the nascent TAF1 polypeptide. As the protein interface is formed by the 

C-terminal portion of TBP and the very N-terminus of TAF1, we predicted that similar 

to TAF8-TAF10 assembly, a sequential assembly is also involved in the TBP-

TAF1interaction. Indeed, nascent anti-TAF1 RIP from an engineered GFP-TAF1 HeLa 

cell line resulted in the enrichment of TAF1 mRNA, but not that of TBP, thus supporting 

the sequential co-translational assembly model of TBP-TAF1 by the sequential 

pathway. 

To extend our findings beyond TFIID, we examined co-translational assembly of the 

ENY2 subunit with its respective partners. ENY2 is subunit of the TREX-2 mRNA 

export complex and the DUB module of the SAGA transcription coactivator. In TREX-

2, two ENY2 proteins wrap around the central portion of the large GANP helical 

scaffold. Similarly, human ENY2 wraps around the N-terminal helix of human 

ATXN7L3 in the highly intertwined SAGA DUB module. To test whether the co-

translational model is generally applicable to multisubunit complexes, we analysed 

ENY2- associated mRNAs from HeLa cells stably expressing ENY2 with an N-terminal 

GFP-tag. Interestingly, we found that an anti-GFP-ENY2 RIP co-immunoprecipitates 

predominantly endogenous GANP mRNA and protein (the partner of ENY2 in TREX-

2), and also endogenous ATXN7L3 mRNA and protein (the binding partner of ENY2 

in the SAGA DUB module).  

Conclusions: 

Together, our study demonstrates that co-translational assembly is involved in the 

assembly of mammalian transcription complexes of diverse architecture and function. 

We also show that the localisation of the interacting domains of a protein dimer 

determines the co-translational assembly pathway, sequential or simultaneous. We 

also demonstrate that the nascent protein partner and its mRNA prone are to 

degradation in the absence of the fully translated co-translationally assembling 

partner. 
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Thesis summary in French 

Introduction 

La majorité des processus biologiques sont réalisés par des complexes protéiques 

contenant plusieurs sous unités. La transcription est le processus par lequel 

l'information contenue dans l'ADN est copiée dans des molécules d'ARN. La 

transcription par l’ARN polymérase II chez les eucaryotes est régie par six facteurs 

généraux de transcription, à savoir TFIID, TFIIA, TFIIB, TFIIF, TFIIE, TFIIH et le 

complexe multi protéique médiateur. Dans les cellules de mammifère, TFIID génère 

l'assemblage d'autres facteurs de transcription sur les promoteurs des gènes codants 

pour des protéines et la perte de TFIID est létale à l’état embryonnaire. TFIID est 

composé de la protéine TBP (TATA-binding protein) et de 13 TAF (TBP associated 

factors). La majorité des TAF partagent un domaine structurel commun appelé Histone 

Fold Domain (HFD), qui permet l’hétérodimérisation entre certains TAF, en particulier 

TAF10-TAF8, TAF3-TAF10, TAF4-TAF12 et TAF11-TAF13. Le domaine HFD n'est 

pas conservé au niveau de la séquence mais est conservé d’un point de vue 

structurelle, il est composé de trois hélices α reliées par deux boucles, qui permettent 

des interactions entre les TAF spécifiques. De plus, les protéines contenant un HFD 

ne sont pas solubles lorsqu'elles sont exprimées individuellement. Malgré des études 

approfondies sur la structure et la fonction de complexes transcriptionnels multi-

protéiques, peu d’études se sont intéressées aux mécanismes d’assemblage de ces 

complexes. Il a déjà été montré que l’assemblage de TFIID se fait par étapes avant 

qu’il ne soit fonctionnel dans le noyau. Plusieurs sous-modules de TFIID ont été mis 

en évidence dans le cytoplasme avant la formation du complexe holo-TFIID. La 

présence d’hétérotrimères stables TAF5-TAF6-TAF9, TAF2-TAF8-TAF10 et TAF7-

TAF11-TAF13 a été démontrée dans le cytoplasme. Dans ce contexte, le principal 

objectif de mon projet était d’étudier le mécanisme d’assemblage des sous-modules 

TFIID dans le cytoplasme. Un dimère protéique peut s'assembler de deux manières : 

un assemblage post-traductionnel où des sous-unités individuelles sont entièrement 

traduites et distribuées de manière aléatoire dans le cytoplasme, ou un assemblage 

co-traductionnel, où des interactions protéine-protéine se produisent au cours de la 

traduction des partenaires protéiques. L'assemblage co-traductionnel pourrait être  
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bénéfique pour la cellule en permettant d'éviter des interactions non spécifiques dans 

l'environnement cytoplasmique très encombré de la cellule. Une des premières 

observations d’assemblage co-traductionnel a été obtenue en 2009 où les auteurs ont 

étudié 31 protéines ne contenant pas de domaine de liaison à l'ARN de 

Schizosaccharomyces pombe. Parmis ces protéines, ~ 38% co-purifient avec des 

ARNm codant pour des protéines partenaires. Cette observation a été corroborée par 

une publication très récente qui montre un assemblage co-traductionnel chez 

Saccharomyces cerevisiae par profilage sélectif des ribosomes. Pris ensemble, ces 

diverses évidences montrent que l’assemblage co-traductionnel pourrait être un 

mécanisme répandu pour l’assemblage d’un grand nombre de complexes multi-

protéiques dans la levure. Ici, nous avons étudié en détail le mécanisme d'assemblage 

co-traductionnel du facteur général de transcription TFIID et avons étendu nos 

observations à d'autres complexes multi-protéiques dans des cellules de mammifère. 

Objectifs: 

1. Est-ce que les hétérodimères TAFs contenant des HFD s'assemblent de manière

co-traductionnelle ? 

2. Qu'est-ce qui dirige l'assemblage co-traductionnelle de hétérodimères TAFs à

HFD ? 

3. Est-ce que les hétérodimères TAFs ne contenant pas d’HFD s'assemblent

également de manière co-traductionnelle ? 

4. Est-ce que d'autres complexes multi-protéiques s'assemblent également de

manière co-traductionnelle ? 

5. Étude de la co-localisation des ARN et des protéines assemblées de manière co-

traductionnelle. 

6. Étude du rôle des chaperons dans l’assemblage co-traductionnel.

Résultats: 

Afin de tester si les TAF contenant un HFD s'assemblent de manière co-

traductionnelle, nous avons utilisé un anticorps monoclonal dirigé contre l'extrémité N-

terminale de TAF10 contenant un HFD, pour immunoprécipiter la protéine TAF10 

endogène à partir d'extraits de polysomes cytosoliques de cellules HeLa. 

L’immunoprécipitation d’une protéine associée à l’étude des ARNm associés est 
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appelée RNA – ImmunoPrecipitation (RIP). Les interactions protéine-protéine entre 

les protéines naissantes encore associées aux ribosomes sont révélées par 

l'enrichissement de l'ARNm codant pour les partenaires en interaction dans les IP. 

L'analyse globale de puces à ADN des ARNms précipités par les IP anti-TAF10 (RIP) 

a révélé un enrichissement de l'ARNm codant pour TAF8, suggérant que le dimère 

HFD TAF8-TAF10 bien caractérisé, se forme de manière co-traductionnelle. Les 

résultats des puces ont également été corroborés par le RIP anti-TAF10 couplé à la 

RT-qPCR dans les cellules HeLa et les cellules souches embryonnaires de souris 

(ESCs). Le traitement à la puromycine entraîne une perte significative de 

l'enrichissement des ARNm associés, excluant ainsi la possibilité d'une interaction 

directe entre l'ARNm codant pour TAF8 et la protéine TAF10. Ensuite, nous nous 

sommes intéressés à l’étude du mécanisme sous-jacent de l’assemblage co-

traductionel de TAF10-TAF8. Nous avons généré des vecteurs d'expression 

exprimant TAF10 et TAF8 avec des étiquettes N-terminales ou C-terminales. Ces 

constructions nous ont permis d’immunoprécipiter la protéine naissante (étiquette N-

terminale) et la protéine complète (étiquette C-terminale) et de déterminer ainsi l'ordre 

d'assemblage co-traductionnel des protéines. Conformément à nos résultats 

d'immunoprécipitation endogène (IP), le RIP de TAF10 naissant a révélé la présence 

de son propre ARNm, ainsi que l'ARNm de TAF8. Cependant, l'ARNm de TAF10 n’a 

pas été co-immunoprécipité avec la protéine naissante de TAF8. Cette observation 

est corroborée également par des expériences d’immunoprécipitation avec des 

constructions TAF10 et TAF8 marqué à leurs extrémités C-terminale. La protéine 

mature complètement traduite de TAF10 a révélé la présence de seulement l'ARNm 

de TAF8, mais pas de son propre ARNm (comme attendu), mais la protéine mature 

de TAF8 ne donnait pas l'ARNm de TAF10 ou TAF8. Dans tous les cas, la protéine 

TAF8 a été co-immunoprécipitée avec la protéine TAF10, ce qui exclut la possibilité 

d'une expérience IP infructueuse. Dans l’ensemble, ces résultats indiquent que la 

protéine TAF10 s'assemble de manière co-traductionnelle avec la protéine naissante 

de TAF8 de manière unidirectionnelle par un modèle d'assemblage séquentiel. Nous 

avons émis l’hypothèse que cette liaison séquentielle est spécifique à la localisation 

des domaines de dimérisation de TAF10 et TAF8, le HFD de TAF10 étant vers 

l’extrémité C-terminale et le HFD de TAF8 étant vers l’extrémité N-terminale. Pour 

tester cela, nous avons réalisé une mutation dans le HFD de TAF8 perturbant 

l’interaction entre TAF10 et TAF8. Cette mutation a entraîné une perte presque 
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complète de l'ARNm de TAF8 co-précipitée par rapport à la condition contrôle, ce qui 

indique que la dimérisation de TAF8 et TAF10 via leurs HFD est cruciale pour 

l'assemblage co-traductionnel. En outre, des expériences de co-localisation IF-

smiFISH dans des cellules HeLa fixées ont montré une co-localisation significative 

entre la protéine TAF10 et l'ARNm de TAF8 dans le cytoplasme par microscopie 

confocale. Notablement, la co-localisation entre l'ARNm de TAF8 mutée et la protéine 

TAF10 a été perdue. En outre, la détection de la protéine TAF8 par IF et l’ARNm de 

TAF10 par smiFISH n'a montré aucune co-localisation significative, ce qui a permis 

de soutenir davantage le modèle séquentiel d'assemblage co-traductionnel de TAF10-

TAF8. Ensuite, nous voulions étudier si l’assemblage co-traductionnel est essentiel 

pour la cellule. Pour répondre à cette question, nous avons utilisé une approche 

indirecte. Nous avons supposé que si les chaînes naissantes d'une sous-unité ne 

peuvent pas interagir de manière co-traductionnelle avec son partenaire, elles peuvent 

devenir sujettes au mauvais repliement et à la dégradation par le protéasome, mais le 

partenaire entièrement traduit devrait rester stable. En utilisant ces cellules souche de 

souris, nous avons observé que la suppression de Taf10 non seulement supprimait 

les niveaux d'ARNm de Taf10 et de la protéine de TAF10, mais réduisait de manière 

significative l'expression de l’ARNm de Taf8 et la protéine de TAF8. Ces résultats ont 

également été confirmés chez des embryons de souris KO pour Taf10. En revanche, 

la suppression de Taf8 n'a entraîné que la diminution des niveaux de ses propres 

ARNm et protéines, sans affecter l'expression de l'ARNm de Taf10 ni les taux de 

protéines TAF10. Dans les deux lignes KO des cellules souches de souris, les autres 

sous-unités TFIID testées sont demeurées inchangées, excluant ainsi la possibilité 

d'une réponse transcriptionnelle primaire. De plus, nous avons également observé 

que la ré-expression de TAF10 a empêché la dégradation de TAF8. Ainsi, le HFD 

naissant de TAF8, en l'absence de son partenaire d'interaction TAF10, peut servir de 

signal pour la dégradation de ses protéines et ses ARNm, tandis que TAF10 est stable 

dans l'absence de TAF8. Après avoir montré l'assemblage séquentiel co-traductionnel 

de TAF10 et TAF8, nous avons ensuite étudié l'assemblage d'une paire de protéines 

dont les domaines de dimérisation sont localisés vers l'extrémité N-terminale. Pour 

tester cela, nous avons étudié l'assemblage co-traductionnel de la paire de HFD de 

TAF6-TAF9 lors de leur interaction par leurs HFD N-terminaux. Nos RIP naissants ont 

révélé que TAF6 et TAF9 co-immunoprécipitent les ARNm de leurs partenaires 

suggèrent qu'ils s'assemblent de manière bidirectionnelle, vraisemblablement au 
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moment où les domaines d'interaction néosynthétisés des deux protéines sont 

exposés tôt pendant leur synthèse par les ribosomes. D'autres preuves provenant 

d'expériences de co-localisation smiFISH à deux couleurs ont montré une co-

localisation significativement plus élevée des ARNm de TAF6 et TAF9 dans le 

cytoplasme que plusieurs ARNm de contrôle négatif non corrélatifs. Dans le but 

d’exclure la possibilité que cette forme d’assemblage protéique est spécifique aux 

sous-unités de TFIID contenant des HFDs, nous voulions étudier l’assemblage co-

traductionnel de pair de protéine ne contenant pas d’HFDs. Au sein de TFIID, 

l’interaction entre TBP et TAF1 se fait d’une part par un domaine central évolutivement 

conservé et le côté N-terminal contenant une région TAND respectivement. Une 

analyse sur micro-puce à l’échelle du génome global des ARNm associés à TBP, 

obtenus à partir d’extrait de polysome de cellules HeLa a révélé que la protéine TBP 

était majoritairement associée à ses propres ARNm ainsi qu’à 19 autres ARNs codant 

et non codant. Parmi eux se trouvent les ARNm codant pour des protéines connues 

pour interagir avec TBP comme BRF1 qui est important pour la transcription médiée 

par l’ARN polymérase III, BTAF1 présent dans le complexe B-TFIID ainsi que TAF1. 

Des analyses par RIP-qPCR à partir d’extrait de cellules HeLa et de cellules ES 

murines ont confirmé les résultats obtenus sur micro-puces, dont un fort 

enrichissement de l’ARNm TAF1. Afin d’étudier la spécificité de l’assemblage de 

TAF1-TBP, un vecteur exprimant une version mutée de TAF1 (noté ΔTAF1) a été 

généré dans laquelle 168 acide-aminés présent au sein de la région TAND ont été 

supprimés. Une expérience de RIPs contre TBP à partir des cellules exprimant ΔTAF1 

a montré une complète absence d’enrichissement en ARNm TAF1 et une réduction 

de la quantité de protéine TAF1 immunoprécipité. Ces résultats sont en accord avec 

le fait que le domaine en position N-terminal de TAF1 est requis pour recruter TBP au 

niveau de TAF1 en train d’être synthétisé. Comme l’interaction se fait par l’extrémité 

C-terminal de TBP et par l’extrémité N-terminal de TAF1, nous prédisons que 

similairement à l’assemblage de TAF8-TAF10, un assemblage séquentiel a aussi lieu 

pour l’interaction TBP-TAF1. En effet, une expérience de RIPs contre TAF1 naissant 

à partir d’une lignée cellulaire HeLa exprimant GFP-TAF1 a montré un enrichissement 

pour l’ARNm TAF1, mais pas de l’ARNm TBP, ce qui supporte cette hypothèse.  

Pour élargir ces découvertes au-delà de TFIID, nous avons examiné l’assemblage co-

traductionnel de ENY2 avec ses partenaires respectifs.  ENY2 est une sous-unité du 
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complexe d’export des ARNm nommé TREX-2 ainsi que du module DUB du co-

activateur de la transcription SAGA. Dans le complexe TREX-2, deux protéines ENY2 

s’enroulent au niveau du squelette hélicoïdal de la protéine GANP. De façon similaire, 

dans le module DUB, ENY2 humain s’enroule autour de l’hélice en position N-terminal 

d’ATXN7L3. Pour tester si le modèle d’assemblage co-traductionnel peut-être 

généralement appliqué à l’assemblage des complexes protéiques, nous avons 

analysé les ARNm associés à ENY2 au sein de cellules HeLa exprimant de façon 

stable ENY2 fusionné en N-terminal à un tag GFP. Nous avons trouvé que GFP-ENY2 

co-immunoprécipite principalement les ARNm de la protéine GANP endogène ainsi 

que GANP lui-même (le partenaire d’ENY2 dans TREX-2), et aussi les protéines et 

les ARNm de ATXN7L3 endogène (le partenaire d’ENY2 dans le module DUB). 

 

Conclusions : 

Notre étude démontre que l’assemblage co-traductionnel est impliqué dans 

l’assemblage de complexes de transcription de mammifères d’architecture et de 

fonctions diverses. Nous montrons également que la localisation des domaines en 

interaction d'un dimère de protéine détermine la voie d'assemblage co-traductionnel, 

séquentielle ou simultanée. Nous démontrons également que le partenaire protéique 

naissant et son ARNm sont susceptibles de se dégrader en l'absence du partenaire 

d'assemblage complètement traduit. 
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Introduction 

The cell uses a vast array of protein complexes to carry out important biological 

functions. Such protein complexes are made up of either multiple copies of same 

subunits (homomeric protein complexes) or different subunits (heteromeric protein 

complexes). The latter group includes various transcription regulatory and chromatin 

remodelling complexes. In order to achieve correct assembly of protein complexes, 

the genes encoding the subunits (dispersed in the genome) must be transcribed in the 

nucleus, transported to the cytoplasm, translated by the ribosomes and finally find their 

interacting partners. All these processes must be correctly orchestrated to achieve 

efficient assembly of protein complexes. Following translation in the cytoplasm the 

protein subunits can find their interacting partners either post-translationally by random 

collision in the cytoplasm. This can lead to non-specific interactions and the cell might 

end up spending more energy to assemble protein complexes by this method.  Co-

translational association of protein complexes can result in efficient formation of 

protein complexes preventing unwanted interactions. In fact, this model of protein 

assembly has been put forward in bacteria and yeast.  

The major step linking our genome and its final product, protein that carries out 

functions in the cell, is transcription (synthesis of RNA from DNA). One of the key 

regulatory steps is transcription initiation. The protein complexes involved in 

transcription initiation include general transcription factors (GTFs), activators, co-

activators, etc. As mentioned above, majority of these complexes are multisubunit. 

Though their functional aspects in vivo have been studied extensively, their assembly 

is not well-studied so far. Certain reports suggest the existence of submodules of 

transcription complexes including RNA Polymerases and TFIID but there has been no 

concrete report so far on their order of assembly. Another intriguing aspect that is still 

unanswered is how the cell allocates the common subunits to different complexes as 

many of these transcription complexes consist of common subunits.  

The first two sections of my introduction will focus on the various steps of transcription 

and the key protein complexes involved in it. The third section mainly deals with 

different types of protein complexes in the cell. The fourth, fifth and seventh sections 

describe the various aspects of co-translational protein assembly. Finally, the sixth 

section describes the various mRNA and protein quality control mechanisms.   
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1. Eukaryotic gene expression 

1.1 Chromatin organisation 

Living organisms store genetic information in the form of the nucleic acids DNA and 

RNA. The message in our genome is transferred to RNA by a process called 

transcription. These RNAs in turn act as messengers of protein synthesis or translation 

and it is the protein that carries out various functions in the cell. This sequential flow 

of information constitutes the central dogma of molecular biology (Crick 1970). 

Although this is the basis of molecular biology, certain discoveries also describe the 

backward flow of genetic information from RNA to DNA (Iwre 1970; Baltimore 1970). 

Our genetic material DNA is organised hierarchically in the form of chromatin in the 

cell (Figure 1). The first level of organisation is the wrapping of 145-147 bp DNA 

around a scaffold of core histone octamer (two copies each of histone H2A, H2B, H3, 

H4) forming a dynamic protein-DNA complex called the nucleosome core particle 

(NCP) (Arents et al. 1991; Fa 1973; Richmond et al. 2003; Woodcock et al. 1976; 

Richmond et al. 1997; Arents 1993). H2A-H2B and H3-H4 form heterodimeric protein 

pairs through a specific domain called the histone fold domain (HFD) and their long N-

terminal unstructured regions exist in the form histone tail extensions ( Richmond et 

al. 1997; Arents et al. 1991). The DNA is further packaged into chromatosome core 

particle which is a recurring structural unit consisting of linker histone H1 bound to the 

nucleosome core particle (Simpson 1978). The linker histone further aids in the 

formation of a chromatin fiber of diameter 30 nm (Finch and Klug 1976). In addition, 

chromatin can also form loops and topologically associating domains (TADs) (Sexton 

et al. 2012; Hou et al. 2012; Dixon et al. 2012). Several TADs can associate and form 

a chromatin superdomain (Pueschel et al. 2016). The chromatin structure finally gets 

condensed to a chromosome. (Figure 1)  (R. Kornberg 1974). The structure of 

chromatin is essential for the regulation of several DNA-related metabolic processes 

including transcription, recombination, DNA repair, replication, kinetochore, 

centromere formation, etc (Fyodorov et al. 2018). Over ten decades ago, it was 

established that some fractions of the chromosomes were stained very intensely with 

nuclear dyes, while other areas were only weakly stained (Passarge 1979). This 

finding formed the basis for defining “euchromatin” and “heterochromatin” 

respectively. Euchromatin is gene-rich and has open chromatin conformation whereas 
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heterochromatin is condensed and contains mainly repetitive elements (Huisinga et 

al. 2006; Grewal and Jia 2007).  

       

 

Figure 1: Multiple levels of chromatin folding. DNA is wrapped around the nucleosome 

and undergoes compaction to accommodate the DNA in the limited volume of the nucleus. 

Image is from (Zhou and Bai 2019). 
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1.2 Nucleosome remodelling  

Chromatin structure imposes significant obstacles upon the transcription machinery. 

The multiple interactions between histone and DNA makes the nucleosome one of the 

most stable protein-DNA complexes under physiological conditions (Richmond et al. 

1997). At the same time, chromatin is dynamic as well and is tightly regulated by 

various protein complexes involved in histone modification, chromatin remodelling, 

histone variant incorporation, and histone eviction. Both histone-modifying enzymes 

and chromatin remodelling complexes bind and make DNA accessible to 

transcription machinery.  

1.2.1 Histone-modifying enzymes 

Histone-modifying enzymes target both histone tails and globular domains for 

posttranslational modifications. Some of the main modifications and their functions are 

shown in Figure 2 and Figure 3. Modifications associated with active transcription 

include acetylation of H3 and H4, di- or trimethylation of H3K4 and are commonly 

referred to as euchromatin modifications. Modifications can also occur at specific 

amino acid residues, for example, methylation of arginine residues, phosphorylation 

of serine and threonine, lysine residues can undergo a wide range of modifications 

including methylation, acetylation, ubiquitination, ADP-ribosylation and SUMOylation. 

Other modifications like propionylation and butyrylation have also been described very 

recently (Kebede et al. 2015). A detailed description of all histone modifications and 

their functions are reviewed in (Lawrence et al .2016). 
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Figure 2: Schematic representation of post-translational modifications of histone tails. 

The amino acid modified is shown (K = lysine, R = arginine, S = serine, T = threonine) and the 

position of each modification is shown in black. Colours depict the nature of modification of 

each residue (green = methylated, pink = acetylated, turquoise = phosphorylated, beige = 

ubiquitinated). Image is from (Lawrence et al. 2016). 

     

Figure 3: Schematic representation of key post-translational modifications within 

globular domains of histones and their functions. Methyl marks are shown in light green, 

acetyl marks in pink, and phosphorylated residues in light blue. Image is from (Lawrence et 

al. 2016). 
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1.2.2 Chromatin remodelling complexes 

Chromatin remodelling complexes (also called chromatin remodellers, (Clapier et al. 

2017) are protein complexes that alter nucleosome structure in an ATP-dependent 

manner. Various subfamilies of chromatin remodelling complexes carry out diverse 

functions including transient unwrapping of DNA-histone octamers, forming DNA 

loops, and nucleosome sliding. Based on the subunit composition and their catalytic 

ATPases, chromatin remodellers can be classified into four subfamilies: 1) imitation 

switch (ISWI), 2) chromodomain helicase DNA-binding (CHD), 3) switch/ sucrose non-

fermentable (SWI/SNF) and 4) inositol requiring 80 (INO80). Higher eukaryotes 

contain multiple remodeller subtypes within each family that are specific to certain cell 

types or developmental stages (Lessard and Crabtree 2010; Bao and Shen 2007). In 

addition to this, other remodellers, which do not belong to the previously mentioned 

subfamilies (for example, α-thalassaemia/mental retardation syndrome X-linked 

(ATRX (Law et al. 2010; Lewis et al. 2010) and Cockayne syndrome group B (CSB) 

(Citterio et al. 2000)) also exist but are less well-characterized mechanistically. 

ISWI family of remodellers include ISWI complexes in yeast and NURF (Nucleosome 

Remodeling Factor) complex in humans. They are made up of 2 to 4 subunits and 

their functions include organising nucleosome spacing to facilitate chromatin assembly 

and therefore transcription repression. However, certain complexes in this family can 

also assist in RNA Polymerase II (RNA Pol II) activation, thereby suggesting that the 

functional diversity is mainly imparted by the presence of distinct subunits in each 

complex (Becker and Workman 2013). The CHD family of remodellers consists of 

complexes that can promote transcription by sliding or ejecting nucleosomes or they 

may also have transcription repressive roles. For example, the vertebrate NuRD 

(nucleosome remodelling and deacetylase) complex plays a role in chromatin 

compaction by its histone deacetylase activity (Fei et al. 2015). SWI/SNF family of 

chromatin remodellers include SWI/SNF complex in yeast and BAF (BRG1-

Associated Factor complex) complex in human, are composed of 8 to 14 subunits. 

This family of remodellers has a role in sliding and ejection of nucleosomes at many 

loci (Narlikar et al. 2013). INO80 group of remodellers include SWR1-related 

(SWI2/SNF2-Related 1) complexes, (which was first purified from yeast) and human 

Tip60/TRAPP (Tat interactive protein 60-kDa/ transformation-transactivation domain-

associated protein) complex. They are made up of more than 10 subunits and play 
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roles in diverse functions including transcriptional activation and DNA repair. Although 

belonging to INO80 group, SWR1 has the unique ability to replace H2A of canonical 

H2A-H2B dimer with histone variant H2AZ to form H2A.Z-H2B dimer. Due to functional 

differences among the various families of remodelling complexes, earlier models 

suggested the use of distinct enzymatic mechanisms to achieve their diverse 

functions. In contrast, a more unified model was proposed recently which puts forward 

the fact that all histone remodellers use a common ATP-dependent DNA translocation 

mechanism to move DNA along the histone surface (Clapier et al. 2017). These 

complex series of events finally result in the accessibility of nucleosome wrapped DNA 

to transcription factors. Following this, transcription is carried out on “naked” DNA by 

the transcription machinery. The basic mechanism of transcription is conserved 

between prokaryotes and eukaryotes even though the transcription machinery is more 

complex in eukaryotes (Hahn 2004).   

1.3 RNA Polymerases 

Dedicated transcription machinery exists in the cell that carries out transcription. The 

enzyme responsible for transcription is RNA Polymerase. The enzymatic activity of 

RNA Polymerase was first discovered decades ago in rat liver nuclei (Weiss and 

Gladstone 1959). It was later discovered in E.coli as well (Hurwitz et al. 1961; A. 

Kornberg 1961) . Five different RNA polymerases (named I to V) have been 

discovered so far in eukaryotes whereas only one RNA Polymerase has been 

identified so far in prokaryotes and Archaea. The archaeal RNA Polymerase and 

eukaryotic RNA Polymerase II are structurally and mechanistically closely related 

(Korkhin et al. 2009). In eukaryotes, different polymerases transcribe different classes 

of cellular RNAs (Kedinger et al. 1970; Weinmann et al. 1974; Warfel 1970; Zylber and 

Penman 1971). Pol I synthesizes 18S and 28S ribosomal RNAs (rRNA), Pol II 

synthesizes messenger RNAs (mRNAs), small nuclear RNAs (snRNAs) and 

microRNAs (miRNAs), Pol III synthesizes transfer RNAs (tRNAs) and 5S rRNAs and 

certain viral RNAs (Zylber and Penman 1971; Weil and Blatti 1976; Roeder and Rutter 

1970; Reinberg et al. 2004). The recently identified RNA Polymerase IV and V are 

required for the production of siRNAs (small interfering RNAs) in plants, mediating 

RNA-directed DNA methylation, transcriptional silencing and heterochromatin 

formation (Wierzbicki et al. 2009; Onodera et al. 2005; Kanno et al. 2005). 

Nevertheless, despite differences in functionality, all RNA Polymerases contain a 



 

35 
 

structurally and functionally conserved core (Vannini and Cramer 2012) and they 

require a set of general transcription factors, specific to each of them, to carry out their 

functions (Roeder 1996; Orphanides et al. 1996). Since RNA Pol I, III, IV and V are 

mainly involved in the transcription of non-coding RNAs, we will be mainly focusing on 

the mechanism of Pol II transcription and the various factors involved in it.  

1.4 RNA Polymerase II transcription 

The starting point for the study of the intricate details of RNA Pol II transcription was 

the isolation of a transcriptionally active form of Pol II from yeast (Kornberg 1987). Pol 

II is aided by many different transcription factors that allow the Pol II to gain access to 

the DNA and transcribe a gene efficiently. The DNA sequences necessary for 

transcription consist of the following sequence elements: the core promoter which 

drives the assembly of the pre-initiation complex (PIC), promoter-proximal regions and 

distant enhancer sequences that recruit transcription factors activating (activator) or 

repressing (repressor) transcription (Venter et al. 2001).   

The process of transcription can be carried out in eight distinct steps which begins with 

the remodelling of chromatin to allow the access of Pol II and GTFs to the DNA (Step 

1). The pre-initiation complex (PIC) then assembles on the core promoter (Step 2) 

followed by unwinding of DNA, transcription bubble formation and transcription 

initiation (Step 3). After clearing the promoter, Pol II proceeds to the promoter-proximal 

pause region (Step 4) where it is hyperphosphorylated and proceeds to elongation 

(Step 5). In case Pol II is unable to carry out elongation, it undergoes termination. 

Otherwise, it productively elongates the entire gene (Step 6). Following elongation, 

Pol II under goes termination (Step 7) and reinitiates a new round of transcription 

(Step 8). 
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Figure 4: Schematic representation of the different steps of RNA Pol II transcription 

(based on (Fuda, Ardehali, and Lis 2009)). 

1.4.1 Chromatin opening 

1.4.1.1 Activators 

Transcription is generally blocked due to chromatin structure formed by nucleosome 

bound DNA. Activators recruit co-activators which are nucleosome remodellers 

(described in section 1.2.1) and nucleosome-modifying enzymes (described in section 

1.2.2) that allow the transcription machinery to access the promoter. Activators bind 

to distal cis-regulatory elements called enhancers (Hu and Tee 2017; Jin et al. 2013). 

Enhancers can exist in three different states based on their histone modification: 

typically, the active state shows methylation of lysine 3 and acetylation of lysine 27 of 

histone H3 (H3K3me3 and H3K27ac), the silent or repressive state shows histone H3 

lysine 27 trimethylation (H3K27me3) (Tee and Reinberg 2014; Ernst and Kellis 2010). 

The third state called the ‘poised’ state harbour both repressive (H3K27me3) and 

active (H3K27me1) histone marks. These enhancers are associated with 
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developmental genes which are lowly expressed in embryonic stem cells (ESCs) but 

expression increases with the onset of differentiation (Rada-Iglesias et al. 2012; 

Bernstein et al. 2006). An activator is made up of a DNA binding domain that binds 

the DNA and an effector domain that carries out the activator function. Activators bind 

to DNA either by “DNA sequence” specificity (Rohs et al. 2010) or by “DNA shape” 

specificity (Stella et al. 2010) or by an interplay of both the mechanisms. Transcription 

factors (TFs) (both activators and repressors) can be classified into three groups: 

pioneers, settlers and migrants (Slattery et al. 2014). ‘Pioneer TFs’ can bind to the 

closed chromatin and make it accessible for gene activation (Cirillo et al. 2002). 

Pioneer factors belong to diverse structural classes like FoxA, Gata, Oct3/4, Sox2, 

Klf4, Pax7, Ascl1, p53 but they have common features that include binding to closed 

chromatin and leading to its opening (Iwafuchi-Doi and Zaret 2016). ‘Settler TFs’ can 

only bind to all of their specific DNA target sites in accessible chromatin regions but 

cannot bind to inaccessible regions. ‘Migrant TFs’ can only bind to a subset of their 

DNA target sites in accessible chromatin regions. Additional interactions with other 

cofactors are necessary to efficiently bind to their target sites (Sherwood et al. 2014; 

Slattery et al. 2014). 

                                              

Figure 5: Transcription factor binding models. A) Pioneer factor (in green) can bind to 

inaccessible, nucleosome bound DNA sites and create an open chromatin environment 

necessary for the binding of non-pioneer transcription factors. B) Settler transcription factor 

(in blue) can bind to all their specific DNA target sites in open chromatin. C) Migrant 

transcription factor (in orange) can bind to a subset of their DNA target sites. Image is from 

(Slattery et al. 2014).   
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1.4.1.2 Coactivators 

Recruitment of coactivators is triggered once activators bind to the promoter. 

Coactivators include chromatin remodelling complexes, histone-modifying enzymes, 

and mediators. They act by facilitating stronger binding of activators to DNA as well as 

facilitating the binding of general transcription factors (GTFs) to DNA (Thomas and 

Chiang 2006). Table 1 (Krasnov et al. 2016) is a list of different coactivators and their 

function in different steps of gene expression.  

Table 1: Different coactivator families and their functions (Adapted from (Krasnov 

et al. 2016)) 

Family Function  

Mediator Nucleosome removal, GTF and Pol II recruitment and 

stabilization. 

Chromatin remodelling 

complexes (SWI/SNF, 

ISWI, CHD, Ino80) 

Nucleosome removal, Activator and GTF recruitment, 

transcription initiation and productive elongation. 

Methyltransferase 

(Set1/MLL, CARM1 

PRMT1, Set2)  

Histone modification leading to nucleosome removal and 

productive elongation. 

Demethylase (KDM5/ 

Lid) 

Removal of H3K4me3 modification and initiation of RNA 

synthesis. 

Acetyltransferase 

(SAGA, CBP/p300) 

Activator and GTFs recruitment. 

Ubiquitin ligase (Bre) Productive elongation. 
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Deubiquitinase (SAGA 

DUB module) 

Repressor removal and productive elongation. 

 

1.4.2 Transcription preinitiation 

 

1.4.2.1 Preinitiation complex  

The necessity of accessory factors in RNA Pol II transcription was first observed by 

invitro transcription experiments, where crude subcellular fractions were 

supplemented to accurately transcribe adenovirus DNA template (Weil et al. 1979). 

Purification of several factors from this subcellular fraction led to the discovery of the 

general transcription factors (GTFs) and they were named TFIID, TFIIA, TFIIB, TFIIF, 

TFIIE, TFIIF. Apart from these, activators and coactivators are also necessary for 

transcription as mentioned above in section 1.4.1 (Thomas and Chiang 2006). 

The cooperative assembly of these basal/general transcription factors (GTFs) with 

RNA Polymerase II on the core promoter form the preinitiation complex (PIC) 

(Buratowski 1994; Orphanides et al. 1996; Roeder 1996). GTFs include TATA-binding 

protein (TBP), TFIIA, TFIIB, TFIIE, TFIIF, and TFIIH. Among them, TFIIA is 

dispensable and is only essential under certain conditions (Ozer et al. 1994; Yokomori 

et al. 1994; Sun et al. 1994). TFIIE, TFIIF and TFIIH are necessary for transcription 

from negatively supercoiled templates (Goodrich and Tjian 1994; Timmers 1994; 

Parvin et al. 1994; Parvin and Sharp 1993). Subunit composition and function of each 

GTF is written in Table 2.  

Table 2: General transcription factors (GTFs) involved in Pol II transcription. 

(Adapted from (Thomas and Chiang 2006)) 

Factor Composition Function 

TFIID TBP, TAFs (TAF1-13) Core-promoter binding factor; 

Coactivator; Many TAFs were 

suggested to bind activators 
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TFIIA 

 

p35 (α), p19 (β), p12 (γ) 

 

Antirepressor; stabilizes TBP-TATA 

complex; coactivator 

TFIIB p33 Transcription start site selection; 

stabilises TBP-TATA complex; Pol II/ 

TFIIF recruitment 

TFIIF RAP30 and RAP74 Binds Pol II and facilitates its 

recruitment to promoter; recruits TFIIE 

and TFIIH; functions with TFIIB and Pol 

II in start site selection; facilitates Pol II 

promoter escape; enhances efficiency 

of Pol II elongation 

 

TFIIE 
p56 (α) and p34 (β) Recruits TFIIH; facilitates formation of 

initiation-competent Pol II; involved in 

promoter clearance 

TFIIH P89/XPB, p80/XPD, 

p62, p52, p44, 

p40/CDK7, p38/Cyclin 

H, p34, p32/MAT1, 

p8/TFB5  

ATPase activity for transcription 

initiation and promoter clearance; 

helicase activity for promoter opening; 

transcription-coupled nucleotide 

excision repair; kinase activity for 

phosphorylating Pol II CTD; E3 ubiquitin 

ligase activity 

 

1.4.2.2 Preinitiation complex assembly 

General transcription factors TFIID, TFIIA and TFIIB help to position the RNA Pol II to 

the core promoter, thereby forming a “closed form” of the preinitiation complex (PIC). 

This form of PIC is in its inactive state. The ATP dependent helicase activity of TFIIH 
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then aids in the formation of an “open complex” by melting 11-15 bp of DNA and 

positioning the single-strand template DNA to initiate RNA synthesis (Wang et al 1992; 

Kim et al. 2000). This is followed by the phosphorylation of the carboxy-terminal 

domain (CTD) of RNA Pol II by TFIIH while transcribing the first 30 bp of template 

DNA. This leads to the loss of contact with other GTFs and RNA Pol II proceeds into 

the elongation stage and starts transcribing in a highly processive manner. The part 

of the complex that is still attached to the promoter acts as a complex for re-initiation 

of transcription following the addition of TFIIB and TFIIF/RNA Pol II (Hahn 2004; 

Yudkovsky et al. 2000). The phosphorylated CTD starts to recruit factors necessary 

for productive elongation and mRNA processing (Buratowski 2003; Li et al. 2007). 

Release of the newly synthesized RNA marks the termination of transcription 

(Saunders et al. 2006).  

Apart from the model described above, another model named as the RNA Pol II 

holoenzyme model has been put forward. Here, TFIID bound to the core promoter and 

stabilised by TFIIA, recruits preassembled RNA Pol II holoenzyme complex (RNA Pol 

II along with other GTFs) (Ossipow et al. 1995; Thomas and Chiang 2006). Although 

in vitro studies provide evidence for both the models, there has been no conclusive 

evidence of the in vivo prevalence of either models so far (Thomas and Chiang 2006).  

 

Figure 6: RNA Pol II transcription PIC assembly and transcription reinitiation. PIC is 

formed on the promoter by the recruitment of GTFs TFIIA, TFIIB, TFIID, TFIIE, TFIIF and 

TFIIH along with Mediator (Med) and Pol II. Following the start of elongation, Pol II is released 
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from the PIC and continues elongation. A scaffold complex made up of TFIIA, TFIID, TFIIE, 

TFIIH and Mediator remains bound to the core promoter and helps in the reinitiation of second 

round of transcription. Image is from (Hahn 2004). 

1.4.3 Transcription initiation 

The ATP-dependent helicase activity of bound TFIIH within the promoter bound PIC 

is essential for unwinding the promoter and forming a ‘transcription bubble’. This leads 

to the formation of an open PIC. TFIIB, TFIIE and TFIIF helps in the formation and 

stabilisation of the open promoter complex. Following this, Pol II starts synthesising 

RNA in the presence of NTPs. It dissociates from the promoter bound GTFs after being 

phosphorylated at Ser5 and Ser7 by TFIIH and continues transcription (Sainsbury et 

al. 2015).       

1.4.3.1 Promoter proximal pausing and escape 

Following promoter escape, many genes in metazoans undergo Pol II pausing, which 

typically happens after Pol II synthesises 30-50 nucleotides (Haberle and Stark 2018; 

Adelman and Lis 2012). Negative elongation factor (NELF) and DRB sensitivity 

inducing factor (DSIF) have been reported to interact with nascent RNA and mediate 

Pol II pausing independent of promoter sequence and chromatin structure (Yokoyama 

et al. 2017; Bernecky et al. 2017; Vos et al. 2018). Several hypotheses have been put 

forward to understand the functional aspect of promoter proximal pausing and include 

regulatory signals, checkpoint for transcription elongation-RNA processing coupling, 

establishing permissive chromatin and rapid gene activation (Adelman and Lis 2012). 

Escape from this pause is facilitated by factors like positive transcription elongation 

factor b (P-TEFb), which phosphorylates NELF, DSIF and Ser2 of Pol II CTD (Kwak 

2013). This phosphorylation leads to the release of NELF, conversion of DSIF to 

positive transcription elongation factor and release of Pol II pause (Jonkers and Lis 

2015).  

1.4.4 Transcription elongation 

Productive transcription elongation is tightly linked to chromatin structure through co-

transcriptional covalent modification of histones and DNA and nucleosome turnover. 

A fine balance between nucleosome disassembly and reassembly exists to facilitate 

the forward movement of RNA Pol II as well as preventing cryptic transcription from 

intergenic regions (Talbert and Henikoff 2017; Lai and Pugh 2017; Venkatesh and 
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Workman 2015). For instance, FACT (facilitates chromatin transcription) along with 

other chromatin remodellers such as CHD1 and ISWI plays role in the dynamic 

regulation of nucleosomes during transcription (Petesch and Lis 2012; Teves et al. 

2014). Polymerase associated factor-1 complex (PAF1C) travels with the elongating 

Pol II and facilitates co-transcriptional processing by acting as a scaffold to recruit 

various nucleosome remodellers CHD1 (Simic et al. 2003), histone chaperones SPT6 

(Kaplan et al. 2005) and FACT (Pavri et al. 2006; Pruneski et al. 2011) and histone 

modifiers (complex proteins associated with SET1 (COMPASS) (Dean et al. 2004), E3 

ubiquitin- protein ligase BRE1 (Wood et al. 2003) and histone- lysine N- 

methyltransferase, H3K79 specific (also known as DOT1L) (Wood et al. 2003; Dean 

et al. 2004).  

A variety of posttranslational modifications are also associated with transcription 

elongation. For instance, H3K36me3 is deposited in gene bodies by the histone 

methyltransferase SETD2 which was shown to be associated with the phosphorylated 

CTD of Pol II. H3K36me3 affects RNA splicing and prevents cryptic transcription 

(McDaniel and Strahl 2017; Venkatesh and Workman 2015). Other modifications like 

H3K79me2 and H3K79me3 have also been discovered but the significance of these 

modifications is not well understood (Zhu et al. 2005; Nakanishi et al. 2009; Lee et al. 

2007; Wang et al. 2013; Dean et al. 2004). Pol II elongation rate is not uniform within 

different regions of a gene and among different genes. In mammals, productive 

elongation ranges from around 0.5kb/min within the first few kilobases to 2-5kb/min 

after around 15 kilobases (Jonkers and Lis 2015). In addition, Pol II can be slowed by 

various co-transcriptional RNA processing events like splicing (Jonkers and Lis 2015).  

1.4.5 Transcription termination 

Transcription termination is not only essential for defining the boundaries of genetic 

information but also influences the fate and half-life of the newly synthesised mRNA 

since many RNA processing factors associate co-transcriptionally with the terminating 

RNA. Nevertheless the transition of elongating RNA Pol II  to transcription termination 

at the 3’ end of genes is coupled to RNA cleavage and polyadenylation carried out by 

various protein complexes like cleavage and polyadenylation specificity factor (CPSF) 

and cleavage stimulation factor (CSTF) (Kuehner et al. 2011; Porrua and Libri 2015). 

CSTF binds to the phosphorylated Ser-2 residue of Pol II CTD (Kuehner et al. 2011; 

Porrua and Libri 2015) and helps CPSF to recognise the polyadenylation signal 
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‘AAUAAA’ and cleave the nascent RNA downstream of it (Porrua and Libri 2015). Two 

different models for Pol II expulsion from DNA template following transcription 

termination have been put forward, namely, the torpedo model and the allosteric 

model. According to the torpedo model, cleavage of the nascent transcript is coupled 

with the access of 5′-3′ exoribonuclease 2 (XRN2) to the transcript, which then chases 

down and promotes the eviction of Pol II. The allosteric model on the other hand, 

proposes the release of Pol II from chromatin following poly (A) signal dependent 

conformational change of Pol II (Porrua and Libri 2015). Transcription is terminated 

following the release of Pol II from the chromatin and free Pol II can be recycled back 

to the promoter for a new round of transcription. It has been reported that a subset of 

GTFs remain associated to the promoter, acting as a platform for the assembly of a 

new PIC (Orphanides and Reinberg 2016; Sandaltzopoulos and Becker 1998).  

2.Transcription complexes and subunit sharing 

2.1 Subunit sharing 

A very interesting aspect of multisubunit complexes is that a protein subunit is often 

shared between different complexes, each of which carries out distinct function within 

the cell. For example, several Rpb subunits (Rpb5, 6, 8, 10, 12) are shared between 

the three RNA Polymerases (Yudkovsky et al. 2000). Apart from functionally related 

RNA Polymerases, several transcription complexes carrying out distinct functions in 

the process also share subunits amongst themselves. For instance, NuA4 histone 

acetyltransferase complex shares Eaf3 subunit with Rpd3 histone deacetylase 

complex, and Act1 and Arp4 subunits with chromatin remodelling complexes SWR1 

and IN080 (Van Attikum and Gasser 2005; Smith and Shilatifard 2010). TBP is shared 

between SL1, TFIID and TFIIIB complexes (Burley 1996). Moreover, TFIID shares 

several of its TAF subunits, TAF9, TAF10 and TAF12 with the coactivator SAGA (Spt–

Ada–Gcn5 acetyltransferase) complex. TAF5 and TAF6 are also present in the yeast 

SAGA complex but the human SAGA consists of the paralogues TAF5L and TAF6L 

(Spedale et al. 2012; Helmlinger and Tora 2017). SAGA in turn shares three of its 

subunits GCN5, ADA3, SGF29 with another HAT complex called ATAC (Ada2a-

containing complex) and its ENY2 subunit with TREX-2 (transcription and export 

complex 2) complex (Helmlinger and Tora 2017). Apart from the transcription-related 

complexes mentioned above, lysosome associated complexes BORC (BLOC-one-
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related complex) and BLOC-1 (biogenesis of lysosome-related organelles complex 1) 

also share three subunits between them (Pu et al. 2015; Langemeyer and Ungermann 

2015). This indicates that subunit sharing is quite common among large multisubunit 

complexes. Understanding the mechanism underlying the allocation of common 

resources to different complexes would be an interesting direction of inquiry. Due to 

the sharing, it is difficult to study the role of a common subunit separately in different 

complexes. Nakabayashi et al. 2014 developed a technique to study the function of a 

common subunit by genetically fusing the common subunit to a subunit that is specific 

to a complex and then point mutating it. In that way, the resulting phenotype would be 

specifically due to the function of the common subunit in that complex only. 

Transcription complexes relevant to our study, TFIID, SAGA and TREX-2 will be 

discussed below in section 2.2, 2.3 and 2.4.  
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Figure 7: Subunit sharing between different transcription complexes. Subunit 

composition of different transcription regulatory complexes and the subunits shared among 

them are shown. Image is from (Helmlinger and Tora 2017). 
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2.2 General transcription factor TFIID  

2.2.1 TFIID structure 

TFIID is the leading GTF that recognises the core promoter, thereby acting as a 

scaffold for the assembly of other general transcription factors to form the pre-initiation 

complex (PIC). Structurally, TFIID has a trilobed structure (Patel et al. 2018) consisting 

of TATA box binding protein (TBP) and 13 evolutionarily conserved TBP- associated 

factors or TAFs (TAF1 to TAF13). Six out of the 13 TAFs are present in two copies in 

TFIID structure. (Fig 8) The TAFs were identified across many different species 

including yeast, Drosophila, C. elegans and human and were named according to their 

predicted molecular weight in the species identified. A unified nomenclature was later 

proposed for TAFs and they were named in increasing order of their molecular weights 

from TAF13 to TAF1 respectively (Tora 2002) TAF4, TAF5, TAF6, TAF9, TAF10, 

TAF12 are present in two copies which impart a two-fold symmetry to the TFIID 

structure (Sanders et al. 2002; Leurent et al. 2002; Hoffmann and Roeder 2002).   

                       

 

Figure 8: Schematic representation of general transcription factor TFIID. TFIID consists 

of TBP and 13 TAFs (TAF1-13) as shown here. 8 out of 13 TAFs dimerise with their partners 

via a specific domain called the histone fold domain as shown above.  
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2.2.2 Domain organization of TAFs 

Majority of the TAFs dimerise via a specific domain called the histone fold domain 

(HFD). HFD is the key TAF-TAF interaction within TFIID (Gangloff et al. 2001) and is 

structurally conserved across different TAFs. The HFD is composed of three α helices 

connected by two loops, which allow heterodimeric interactions between specific 

TAFs. Structures of TAF HFD heterodimers TAF6/TAF9 from Drosophila, and 

TAF11/TAF13, TAF4/TAF12, TAF8/TAF10 from human were determined and reported 

to be structurally similar to histone heterodimers H3-H4 and H2A-H2B (Xie et al. 1996; 

Wertent et al. 2002; Trowitzsch et al. 2015; Birck et al. 1998). Moreover, the histone 

fold containing proteins are not soluble when they are expressed individually (Fribourg 

et al. 2001). Apart from histone fold domains, TAFs also consist of other domains as 

shown in the schematic below (Figure 9). The N-terminal TAND domain of TAF1 is 

essential for its interaction with TBP (Anandapadamanaban et al. 2013; Mal et al. 

2004; Liu et al. 1998). The C-terminal double bromo domain of TAF1 is essential for 

interaction with acetylated histones thereby facilitating the binding of TFIID to 

nucleosome bound DNA (Jacobson et al. 2000; Bhattacharya et al. 2014). TAF2 is 

reported to interact with the initiator sequence of the core promoter (Kaufmann et al. 

1996; Verrijzer et al. 1995). Two arginine and lysine rich loops of the aminopeptidase 

domain of TAF2 are essential for its association with promoter DNA (Kolesnikova et 

al. 2018). It was reported earlier that TAF3 binds to TAF10 through its HFD and 

facilitates the binding of NLS lacking TAF10 to importinβ in vitro and thus transport to 

the nucleus (Soutoglou et al. 2005). But structural information of TAF10/TAF3 HFD is 

still lacking. The plant homeodomain (PHD) finger of TAF3 binds to the H3K4me3 

mark of active promoters (van Ingen et al. 2008). TAF4 and TAF12 interact with each 

other through their HFD. Very recently it has been shown that TAF4-TAF12 

heterodimer regulates the transactivation of MYB and plays a role in leukemogenesis. 

Disrupting this interaction by ectopically overexpressing TAF4 histone-fold fragment 

and perturbing TAF4-TAF12 heterodimer formation prevents acute myeloid leukemia 

in mouse models (Xu et al. 2018). Apart from HFD, TAF4 homology domain (TAFH) 

of TAF4 has a role in gene activation through activator binding (Wright et al. 2006). 

Recent crystallization experiments have shown the importance of TAF5 domains. 

TAF6 and TAF9 interact with each other through their histone fold domains and are 

sandwiched between the NTD and WD-40 repeat domains of TAF5 (Antonova et al. 
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2018). In addition to HFD, TAF6 also contains five conserved C-terminal HEAT repeat 

domains which are important for TAF6-TAF9 binding (Scheer et al. 2012). TAF8 and 

TAF10 interact with each other through their HFD and this interaction is enhanced by 

the presence of proline rich domain of TAF8 (Demény et al. 2007).  

 

Figure 9: Domain organization of TAFs. Different domains present in all TAFs and their 

amino acid position. Image modified from (Müller and Tora 2004). 
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2.2.3 TAF paralogues and their functions  

Several TFIID paralogues were reported in different organisms which carried out 

diverse functions and also gave rise to different TFIID variants (Müller and Tora 2004). 

For example, various TBP paralogues have been identified over the years. Insect- 

specific TRF1 (also known as TRF), metazoan-specific TRF2 (also known as TBPL1, 

TLP, TRP and TLF) and vertebrate-specific TBP2 (also known as TBPL2 and TRF3) 

were discovered and suggested to function differently in different organisms. TRF1 

mainly functions in RNA Pol III transcription, although it has been shown to regulate 

Pol II transcription in vitro (Hansen et al. 1997; Verma et al. 2013; Takada et al. 2000; 

Holmes and Tjian 2000). TRF2 has been reported to function mainly in embryogenesis 

in most metazoans but only in spermatogenesis in mammals (Teichmann et al. 1999; 

Ohbayashi et al. 1999; Martianov et al. 2002). Previous work from our lab suggests 

the role of TBP2 in vertebrate ovary and oogenesis (Gazdag et al. 2007). Apart from 

TBP, some of the TAFs also have paralogues involved in various functions. A list of 

paralogues and their similarity to TAFs is shown in Table 4. TAF1L and TAF7L are 

paralogues of TAF1 and TAF7 respectively that are involved in male spermatogenesis 

(Pointud 2003; Wang 2002). TAF5L and TAF6L are paralogues which are part of the 

SAGA complex coactivator complex (described further in section 2.3). TAF4b was 

initially isolated from B lymphocytes (Dikstein et al. 1996) and was later reported to be 

present in mouse testis and ovary (Freiman et al 2001; Falender et al. 2005). TAF9b, 

a paralogue of TAF9 is a part of both TFIID and SAGA complex (Frontini et al. 2005). 

TAF9b has been reported to be essential in controlling neuronal differentiation where 

it is mainly a part of the SAGA complex (Herrera et al. 2014). 

Table 3: TAF paralogues and their sequence similarity 

Paralogue pair % Identity (Peptide sequence) 

TAF4 and TAF4b 59% 

TAF9 and TAF9b 81% 

TAF7 and TAF7L 56% 
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TAF1 and TAF1L 93% 

TAF6 and TAF6L 26% 

 

2.2.4 TFIID assembly 
 

Few reports suggest that TFIID assembly is a stepwise process and not a random 

assembly of all subunits before it is transported to the nucleus (Gupta et al 2017; 

Antonova et al. 2018; Trowitzsch et al. 2015). One of the very first reports of TFIID 

submodule was of a small TAF complex called SMAT consisting of TAF10, TAF8 and 

SPT7L, though the function of the complex is still unclear. TAF10 is a subunit of both 

general transcription factor TFIID and co-activator SAGA complex. The authors 

speculated that the SMAT complex is essential for maintaining TAF10 distribution 

equilibrium between TFIID and SAGA complex (Demény et al. 2007). Compositional 

variation in TFIID complexes, sometimes consisting of a subset of TAFs have also 

been reported and they also carry out unique roles in transcription regulation (Maston 

et al. 2012; Müller and Tora 2004). Five (TAF4, TAF5, TAF6, TAF9, TAF12) out of the 

fourteen TFIID subunits form the symmetric core-TFIID complex in two copies each 

(Figure 10). This core-TFIID was first identified in Drosophila nuclei (Wright et al. 

2006) and later its architecture was determined by cryo-EM (Bieniossek et al. 2013). 

A heterotrimeric TAF2-TAF8-TAF10 complex exists in the cytoplasm which binds to 

the symmetric core complex to form the 8TAF complex. This binding of the 

heterotrimer to the core-TFIID breaks its symmetry and facilitates the binding of the 

remaining TAFs (Trowitzsch et al. 2015). A similar TAF11-TAF13-TBP trimer could 

also be assembled in vitro but could not be detected in the cytoplasm. It has been 

hypothesized that TAF11-TAF13 HFD dimer plays role in the dynamics of TBP 

association within TFIID (Gupta et al. 2017). Additionally, a second heterotrimer, 

TAF5-TAF6-TAF9 was also observed in the cytoplasm of cells very recently (Antonova 

et al. 2018). However, its role with respect to stepwise TFIID assembly has not been 

studied so far.  

Another interesting aspect about the involvement of chaperones in TFIID assembly 

was shown very recently (Antonova et al. 2018). The authors argue that CCT 

(Chaperonin Containing TCP1 or TriC-TCP-1 Ring Complex) complex is involved in 
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the folding of WD40-repeat domain containing TAF5 and its subsequent handover to 

TAF6-TAF9 heterodimer, thereby facilitating orderly assembly of TFIID. Chaperones 

are described more in detail in Section 6. 

 

 

 

Figure 10: Stepwise assembly of TFIID complex. Schematic representation of the assembly 

of TFIID complex. Heterotrimeric submodule of TAF2-TAF8-TAF10 exists in the cytoplasm 

which gets imported to the nucleus by importin α/β and binds to the core TFIID complex, 

causes structural transitions and enables the binding of remaining TAFs. TAF5-TAF6-TAF9 

also exists in the cytoplasm, however it is not clear yet if it exists as a heterotrimer of one copy 

each of TAF5-TAF6-TAF9 or in two copies and how it is imported to the nucleus. Image 

modified from (Trowitzsch et al. 2015). 
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2.3 Coactivator SAGA complex  

The Spt–Ada–Gcn5 acetyltransferase (SAGA) complex is an evolutionarily conserved 

multisubunit coactivator complex in eukaryotes (Spedale et al. 2012). It is composed 

of 18-22 subunits organised in several functional modules namely activator-binding 

module, histone acetyltransferase (HAT) module, histone deubiquitinase (DUB) 

module, core structural module and a metazoan specific splicing module (Helmlinger 

and Tora 2017; Koutelou et al. 2010) (Figure 11). SAGA plays multiple roles in 

transcription regulation, as indicated by the module names. Activators are suggested 

to recruit SAGA to the promoter through its largest subunit, TRRAP (Tra1 in yeast). 

TRRAP interacts with different transcription factors and may serve as the target of 

major promoter bound activators thereby enabling the recruitment of SAGA to 

promoters (Weake and Workman 2012; Bhaumik et al. 2004; McMahon et al. 1998; 

Helmlinger et al. 2011). Other alternate mechanisms for SAGA recruitment include 

interactions with chromatin marks, TAF12 interactions with activator or interactions 

with TBP in yeast (Weake and Workman 2012). Following recruitment the histone 

acetyltransferase module of SAGA induces acetylation of lysine (K) 9 of histone H3 

(H3K9ac) and K14 of H3 (H3K14ac). This activity is catalyzed by the GCN5 enzyme 

(Grant et al. 1997). The deubiquitination module (DUBm) of SAGA removes ubiquitin 

modification from both H2Bub and H2Aub in gene bodies (Zhang et al. 2008; Zhao et 

al. 2008) as well as nonhistone substrates (Weake and Workman 2012). It has been 

shown recently that SAGA is required for the transcription of all active genes in both 

yeast and human cells (Baptista et al. 2017; Bonnet et al. 2014). As shown in Figure 

7 SAGA shares many of its subunits with different regulatory complexes thereby 

adding more complexity to its assembly mechanism. 
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Figure 11: Schematic representation of SAGA complex. SAGA complex is made up of ~20 

subunits, arranged in several modules each carrying out different functions. Image adapted 

from (Helmlinger and Tora 2017).  

 

2.4 TRanscription and EXport complex 2 (TREX-2) 

The presence of different subcellular compartments is one of the main features that 

distinguishes eukaryotes from prokaryotes. So, eukaryotic cells have to ensure 

appropriate targeting of various functional macromolecules into target organelles for 

efficient functioning of cells. While mRNAs are transcribed and processed in the 

nucleus, protein translation by ribosomes takes place in the cytoplasm. So, mRNAs 

must cross the nuclear membrane barrier and get transported to the cytoplasm by 

active and selective mechanisms. Nevertheless, this functional orchestration between 

nuclear export of mRNAs and different steps of gene expression is essential for the 

maintenance and fidelity of gene expression. Nuclear pore complexes (NPCs) act as 

passages for the trafficking of proteins and RNAs between nucleus and cytoplasm. 

The evolutionarily conserved TREX-2 multiprotein complex binds to the NPC basket 

structure (Fischer et al. 2004) and facilitates a variety of functions including 

transcription and mRNA export (Umlauf et al. 2013; Gallardo et al. 2003), as well as 

for genomic integrity (Evangelista et al. 2018; Kotani et al. 2009a). It has been reported 

that TREX-2 interacts directly with Mediator and it is the Mediator which established a 

connection between TREX-2 and Pol II (Schneider et al. 2015). Human TREX-2 has 

also been shown to stably associate with NPC in contrast to earlier reports which 
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pointed towards a rather transient interaction (Umlauf et al. 2013). Human TREX-2 is 

composed of five subunits, GANP, ENY2, PCID2, Centrin 2/3, and DSS1 (which in 

yeast are Sac3, Sus1, Thp1, Cdc31, and Sem1, respectively) as shown in Figure 12. 

TREX-2 shares its ENY2 subunit (Sus1 in yeast) with SAGA complex (as described 

above). In TREX-2, ySus1/hENY2 binds to the scaffold protein ySac3/hGANP in two 

copies (Jani et al., 2012) and in SAGA, hENY2 binds to ATXN7L3. hENY2, together 

with ATXN7 and USP22 forms the deubiquitination or DUB module (Zhang et al. 2008; 

Lang et al. 2011). 

Therefore, it would be interesting to understand how the cell distributes the common 

subunits to different complexes and the factors guiding it. 

 

                                        

Figure 12: Schematic representation of human TREX-2 complex. Two ENY2 subunits, 

one subunit each of PCID2, DSS1 and CEN2/3 wrap around the central scaffold of the huge 

GANP subunit to form the TREX-2 complex.  
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3. Protein complexes 

The structure of a protein is defined by four levels of complexity: primary, secondary, 

tertiary and quaternary. The primary structure of a protein is the sequence of amino 

acids synthesised by the ribosomes. The interaction between adjacent amino acids 

leads to a regular arrangement of the polypeptide chain into secondary structures like 

alpha helices, beta sheets, turns or loops. The next level of protein structure, the 

tertiary structure is a three-dimensional conformation of a polypeptide caused by 

numerous interactions between amino acid side chains and secondary structure 

elements. Monomeric proteins only have a single folded polypeptide chain. Quaternary 

structure exists for oligomeric proteins which are made up of multiple folded subunits. 

Majority of proteins in a cell assemble into complexes to carry out their function. It is 

therefore important as well as necessary to understand the physicochemical 

properties of protein interactions. Homomeric proteins are formed by the assembly of 

identical protein subunits, whereas heteromeric proteins are formed by the association 

of multiple distinct protein subunits.  
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Figure 13: Different levels of protein organization. The peptide sequence of a protein 

undergoes various levels of organisation to finally form the globular or tertiary structure which 

in turn binds to its partner proteins to form the quaternary structure. Image adapted from (Aziz 

2011).  

 

3.1 Homomeric complexes 

Many homomeric protein complex structures have been solved by X-ray 

crystallography. In fact, 87% of crystal structures available are of monomers and 

among them, 54% form homomers (Marsh and Teichmann 2014b). Despite the bias 

towards the number of available crystal structures for homomers, the fact that the 

formation of homomeric protein complexes is common in the cells cannot be ruled out. 

Homomeric complexes carry out various important functions in the cell. For example, 

the homo tetramer phosphoglycerate mutase plays important role in glycolysis (Winn 

et al. 1981). More examples are described next. 

Depending on the number of subunits, homomers can be classified into several 

categories, namely homodimer, homotrimer, homotetramer and so on. 

Homodimerization is an important event in cellular signalling pathways. One of the 

classic examples in this case is the homodimerization of epidermal growth factor 

receptor (EGFR) family protein ErBb2. The extracellular domains (ECDs) of ERBb2 

contribute to the direct binding of ERBb2 monomers. This dimerization activates the 

phosphorylation of the intracellular domains (ICDs) of ERBb2 which further leads to 

downstream signal transduction (Hu et al. 2015; Penuel et al. 2002; Chantry 1995). 

Nuclear hormone receptors like retinoid, thyroid, vitamin D receptors form homodimers 

under specific conditions, even though they mainly act as heterodimers (Mangelsdorf 

and Evans 1995). Depending on the type of ligand interacting, thyroid hormone 

receptor (TR) could exist in either homodimeric or heterodimeric forms (Lehmann et 

al. 1993). Individual proteins of a huge protein complex could also form homodimers 

amongst themselves before combining with the holo-protein. For example, Gamma-

secretase complex is comprised of four major components: PS1, nicastrin, Aph-1, and 

Pen-2. Among them, PS1, which is the catalytic component of the complex, forms 

homodimer during normal functioning in the cell (Herl et al. 2006). Homotrimers also 

perform important functions in the cell. Proliferating Cell Nuclear Antigen (PCNA) 

exists as a double homotrimer complex in the cell, which enables it to bind to both 
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DNA Polymerase and Chromatin Assembly Factor-1 (CAF-1) simultaneously thereby 

allowing DNA Replication coupled to chromatin remodelling.  The shape attributed by 

the trimeric ring enables PCNA to act as both sliding clamp and docking station for a 

number of proteins (Naryzhny et al. 2005). One of the primary gatekeepers of inhibitory 

neurotransmission of the central nervous system, GABAA receptors form a pentameric 

arrangement of five identical subunits (Claxton and Gouaux 2018). Thus, the 

functional role of homomers in the cell is mainly dependent on the shape attributed by 

the arrangements of the subunits in the complex. Symmetry is a common feature in 

the structure of most homomeric complexes. All homomers can be classified into 

different groups depending on their structure: Twofold dimeric complexes, Cyclic 

complexes, Dihedral complexes, Cubic complexes, Helical complexes and 

Asymmetric homomers (Bergendahl and Marsh 2017; Marsh and Teichmann 2014b). 

Each of these homomer groups is involved in specific functional aspects of a cell 

(Bergendahl and Marsh 2017). (Figure 14) For example, two-fold dimeric complexes 

are mainly associated with “biosynthetic processes” in the cell and also “DNA-

templated transcription”. Cyclic homomers are mainly associated with functions 

related to the cell membrane since it is important to form a well-defined channel 

structure through the two-dimensional cell membrane.  Most of the dihedral complexes 

are associated with metabolic processes. Dihedral symmetry could be an easy 

structure to form with four or more subunits, thereby bringing multiple enzymes 

together in a single complex to provide a higher number of active sites for catalysis. 

Cubic homomers form large hollow shells which are convenient for storage, thereby 

making it the ideal candidate for proteins involved in homeostasis and metal ion 

binding. Helical complexes on the other hand are well-suited for proteins involved in 

the formation of long fibres like microtubules and actin filaments. Asymmetric 

complexes although rare (Swapna et al. 2012) are mainly involved in signal 

transduction processes (Lee and Dominguez 2010; Birck et al. 2003). The fact that 

monomers are also essential for the cell cannot be ruled out. Most of the biological 

macromolecule modifying proteins in the cell are monomers. This is in accordance 

with the idea that monomers are more suitable to accommodate large macromolecular 

substrates.  
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Figure 14: Classification of homomeric protein complexes based on shape. Homomeric 

protein complexes can be grouped into several categories depending on the shape attributed 

by the arrangement of their subunits. Image is from (Marsh and Teichmann 2014b).  

Homomer formation attributes unique properties to the proteins which monomers do 

not have and is essential for diverse functions of a cell (Jones and Thornton 1995). 

However, aberrant homomer formation leads to diseased condition in the cell. For 

example, collagen I, the major extracellular fibrillar collagen exists in both heteromeric 
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and homomeric forms in the tissues. A naturally occurring missense mutation shifts 

the equilibria to homomer formation and this increased homomer formation of collagen 

I leads to various diseased conditions (Sharma et al. 2017).   

 

3.1.1 TBP-associated factor (TAF) homodimerization 

In the context of this thesis, it is important to note that the multisubunit heteromeric 

general transcription factor TFIID also consists of homodimers of specific subunits 

(TAF4, TAF12, TAF5, TAF6, TAF9). These five subunits in two copies form a two-fold 

symmetrical functional scaffold called the core TFIID complex (Figure 15) which was 

first revealed in Drosophila nuclei and is important for the assembly and integrity of 

holo-TFIID complex (Jones and Thornton 1995). In contrast, other TAFs bind to the 

core-TFIID as single copies and break the symmetry of TFIID-core complex 

(Bieniossek et al. 2013; Cler et al. 2009).   

 

                                                    

Figure 15: Schematic representation of core-TFIID complex. Two copies of each of TAF4, 

TAF5, TAF6, TAF9, TAF12 subunit form a symmetrical scaffold called the core-TFIID to which 

other subunits of TFIID bind to form the holo-TFIID complex. Image adapted from (Bieniossek 

et al. 2013). 

 

3.2 Heteromeric complexes  

Despite the presence of a vast majority of heteromeric protein complexes in cells, 

fewer structures for heteromers have been solved than homomeric protein complexes 

(Perica et al. 2012; Marsh and Teichmann 2014a). Based on the structure attributed 

by the arrangement of subunits in heteromeric protein complexes, they can be 

classified into the following types (Levy et al. 2006; Marsh and Teichmann 2014b): 1) 

Paralogous heteromers, 2) Symmetric heteromers, 3) Mixed-symmetry heteromers 
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and 4) Asymmetric heteromers. (Figure 16) Paralogous heteromers are formed by 

subunits which are paralogues of each other. They may or may not form a symmetrical 

structure. This group includes the human Rad9-Hus1-Rad1 heterotrimer which forms 

a cyclic trimer, the archaeal chaperonin thermosome consisting of only two paralogous 

subunits but forming a symmetric structure, etc. (Figure 16a) Non-paralogous 

subunits can form symmetric structures as well and these complexes form the 

symmetric heteromer family. Tryptophan synthase and formate dehydrogenase have 

two and three different subunits respectively, arranged in a symmetrical structure. 

Some complexes form a symmetric structure with both paralogous and non-

paralogous subunits, like the complex formed between the proteasome and the 

proteasome-activating nucleotidase (PAN) assembly. (Figure 16b) Some heteromers 

possess different types of symmetry together in the same structure which are made 

up of different numbers of each type of subunit. (Figure 16c) Another type includes 

asymmetric heteromers that have no symmetry at all such as transcription complexes 

like TFIID, SAGA, RNA Polymerase II and so on. Although the past decades have 

witnessed crystal structure of fewer heteromeric complexes than homomers, advent 

of newer techniques like cryo-EM opens new avenues for solving heteromeric protein 

complexes structures (Marsh and Teichmann 2014b).      
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Figure 16: Classification of heteromeric protein complexes based on shape. 

Heteromeric protein complexes can be grouped into several categories depending on the 

shape attributed by the arrangement of their subunits. Image is from (Marsh and Teichmann 

2014b).  
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3.3 Other types of protein complex classification 

3.3.1 Obligate and non-obligate protein complexes 

A protein that can fold and exist independently in vivo is called non-obligate protein. 

These proteins are also functionally independent. This group includes intracellular 

signalling complexes (like RhoA-RhoGAP), antibody-antigen, receptor-ligand and 

enzyme-inhibitor complexes. The components of these complexes are independently 

stable and are often not co-localising in the cell. On the other hand, proteins that 

cannot fold and form stable structures independently and exists as part of a complex 

(where each subunit is stabilised by its partner) are obligate proteins. Such complexes 

are also functionally obligate. For example, the Arc repressor dimer acts as obligate 

protein complex and is essential for DNA binding (Nooren and Thornton 2003).  

3.3.2 Transient and stable protein complexes 

Based on the lifetime of interactions between proteins, they can form transient or 

stable protein complexes. Stable complexes are formed by irreversible interactions 

between protein subunits. Transient protein complexes are reversible interactions that 

are formed and broken continuously. An example of both type of interactions is the 

heteromeric G protein. It dissociates into Gα and Gβγ subunits upon guanosine 

triphosphate (GTP) binding but forms a stable trimer with guanosine diphosphate 

GDP. Generally, obligate interactions (described in section 3.3.1) are stable and non-

obligate interactions may be transient or stable structurally and functionally (Nooren 

and Thornton 2003; Wall et al. 1995).  

3.4 Assembly of protein complexes  

Protein assembly pathways are mainly studied by mass spectrometry approaches 

which enables the detection of assembly intermediates of protein complexes (Hall et 

al. 2013; Hernández and Robinson 2007; Ruotolo et al. 2008). With this technique, 

nearly all dihedral and tetrahedral homomeric protein complexes were shown to have 

cyclic intermediates. No further subcomplex of cyclic intermediates were observed 

suggesting that most homomers assemble via a specific assembly pathway (Levy et 

al. 2008). Heteromeric protein complexes like membrane bound protein complexes 

and ribonucleoprotein complexes (ribosome and spliceosome) also assemble via 

intermediates. These assembly intermediates are built independently and then 
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assembled into a huge complex (Ackerman and Tzagoloff 2005; Pandit and Skolnick 

2008; Henras et al. 2008). Additionally, assembly intermediates of RNA Polymerases 

have also been described along with several factors mediating assembly (Van Nguyen 

et al. 1996; Forget et al. 2010; Boulon et al. 2010). Based on these observations, a 

model has been put forward which shows the formation of RNA Polymerase II from at 

least two major assembly intermediates and the intermediates are stabilised by 

assembly factors (Wild and Cramer 2012). Although the already mentioned studies 

suggest assembly of complexes in stepwise fashion, there has been no concrete 

evidence on the order of assembly of subunits so far. Nevertheless, an obvious way 

of subunit assembly is post-translational, following the release of fully translated 

protein from ribosomes. The crowded cytoplasm could be a challenging environment 

for the cell to find its correct interacting partner. An alternative method of assembly 

that the cell could employ is co-translational assembly where a protein assembles with 

its interacting partner protein while it is still associated with the translating ribosome 

(Figure 17). A number of studies have recently shown the occurrence of this type of 

assembly for multisubunit complexes which are described in detail in section 4.       

 

 

 

 

 

                   

 

 

 

Figure 17: Models of protein complex assembly. Two models have been put forward for 

pairwise protein subunit assembly, post-translational assembly involves the interaction of two 

protein subunits following their release from the ribosomes and co-translational assembly 

involves the association of proteins while still associated with the ribosome.       

 

Post-translational assembly Co-translational assembly 
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4. Co-translational assembly of protein complexes 

Proteins carrying out biological processes mostly act as macromolecular complexes. 

These complexes could be either homomeric like the homotetrameric GAPDH or 

heteromeric made up of many different subunits like the 26S proteasome (Voges, 

Zwickl, and Baumeister 1999) as described in section 3. Regardless of the nature of 

subunit composition, it is very important to understand their mechanism of assembly. 

A simple model of assembly is post-translational assembly where fully translated 

protein subunits find their interacting partners by random collision in the cytoplasm. 

Another possibility is co-translational assembly where protein partners start interacting 

with each other while still attached to the translating ribosome (Figure 17). This form 

of assembly would prevent unimportant aggregation in the crowded environment of 

the cell. There have been several reports on co-translational assembly of homomeric 

and heteromeric protein complexes as discussed below. 

4.1 Co-translational assembly of homomeric protein complexes 
 

4.1.1 Bacterial beta-galactosidase enzyme 

One of the first reports on co-translational assembly was in 1964 where the authors 

observed beta-galactosidase enzyme activity on the polyribosomes of the bacterium 

Escherichia coli. The authors postulated two possible models of polysome-associated 

assembly for β-galactosidase: 1) Each fully synthesised protein monomeric units are 

released from the ribosome followed by its association with the translating polypeptide 

chain on the polysomes. 2) Another alternate mechanism is the transfer of monomeric 

chains from the ribosome synthesising it to the next ribosome. So, a protein monomer 

is transferred to its adjacent translating monomer to form a dimer which is then 

transferred to its adjacent monomer forming a trimer and so on. The ribosome holds 

the intermediate multimers through the protein chain being synthesised (Kiho and Rich 

1964).  
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Figure 18: Models depicting β-galactosidase co-translational assembly. Model A shows 

the release of fully translated monomers and their co-translational association to form 

homotetramer, Model B shows the sequential transfer of monomers on the polysome to form 

the homotetramer co-translationally.     

    

4.1.2 Myosin heavy chain 

More than a decade after the first observation of bacterial co-translational assembly 

was made, more reports came out on the co-translational assembly of proteins in the 

cytoskeleton. Cytoskeleton is the backbone of a cell which gives shape to the cell. It 

is made up of microtubules, actin filaments and intermediate filaments. Myosin is a 

molecular motor protein that binds to actin and regulates muscle contraction and 

intracellular motility (Isaacs and Fulton 1987; Redick et al 1995). It was reported that 

the co-translational association of myosin heavy chain into the cytoskeleton takes 

place during development. By using an antibody to immunoprecipitate S35 

radiolabelled nascent chain, the authors showed that a significant fraction of heavy 

chain is co-translationally associated with the cytoskeleton (Isaacs and Fulton 1987). 

4.1.3 Tenascin intermediate filament 

Tenascin is an extracellular matrix protein which exists as a disulphide-bonded 

hexamer. Electron micrograph images show tenascin as a complex made up of two 

trimers attached to each other by a central knob (Erickson and Inglesias 1984). The 

neo-synthesized full-length tenascin exists as disulphide-bonded hexamers as soon 

as they are synthesised. The authors could not detect multimeric intermediates in the 

cell lysate. Several other extracellular matrix proteins with both N- and C-terminal 

assembly domains are formed post-translationally unlike tenascin (Yu et al 1983; Choi 
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and Hynes 1979; Counts et al 1978; Vuorio et al 1990). It is however not known clearly 

how the translating ribosomes are arranged close to each other to form this huge 

organised hexameric complex (Redick et al 1995). 

 

4.1.4 Reovirus cell attachment protein 

A very interesting case of two forms of assembly, post and co-translational was 

reported in a single protein complex. The reovirus cell attachment protein σ1 

undergoes N-terminal trimerization co-translationally and is ATP-independent but the 

C-terminal trimerization is post-translational and require ATP. Additionally, Hsp70 only 

associates with the already N-terminal trimerized but non-C terminal trimerized protein 

complex, which suggests that C-terminal post-translational trimerization requires both 

ATP and Hsp70 (Leone et al. 1996).  

 

 

 

Figure 19: Model for the biogenesis of reovirus σ1 trimer. Assembly of three σ1 nascent 

chains occur co-translationally at the N-terminus without the involvement of Hsp70 and ATP. 

As the triplex moves down the polysome, it associates with more Hsp70 thereby preventing 

misfolding and aggregation. The C-termini finally assembles post-translationally in the 

presence of ATP to form the mature σ1 trimer. Image is from (Leone et al. 1996).      
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4.1.5 NFKB  

NFKB1 gene encodes both p50 and the larger protein p105 (Kieran et al. 1990; Ghosh 

et al. 1990). Co-translational dimerization of the Rel homology domain of p50 coupled 

to proteasome capture and release is required for the efficient production of p50-p105 

heterodimer. In the absence of this interaction, only full-length p105 monomer is 

formed. Thus, co-translational dimerization is necessary to maintain the intracellular 

balance of both p50 and p105 proteins and imbalance might lead to various diseased 

conditions in the cell (Lin 2000).   

                                       

Figure 20: Models of p50 homodimer formation. Co-translational dimerization facilitates 

the formation of p50-p105 heterodimer (A) which is followed by the formation p50 homodimer 

by either selective cleavage (B) or by chaperone assisted p50 homodimer formation. Image is 

from (Lin 2000).  
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4.1.6 p53 

p53 is essential for its tumor suppressor activity. It induces cell cycle arrest and 

apoptosis in response to genotoxic stress. TP53 gene mutations, which reduce tumor 

suppressor activity of p53, are observed in more than 50% of the human tumors. Apart 

from this, p53 also plays a role in various other functions of the cell including 

autophagy, stem cell self-renewal, and reprogramming of differentiated cells into stem 

cells, immune system, and metastasis (Kamadaa et al. 2007). p53 acts as a 

homotetramer, with two dimers binding to two consensus DNA half sites in the form of 

a clamp which gives more stability to the p53-DNA complex (Kamadaa et al. 2007) 

(Kevin G.McLure 1998). It has been reported that p53 forms a homodimer co-

translationally on the polysome and it forms the tetramer post-translationally in 

solution. The authors carried out a series of mutant/ wild type co-expression and DNA-

binding assays to prove the assembly mechanism (Nicholls et al. 2002).  

 

 

Figure 21: Model for p53 homodimer formation. p53 nascent chains dimerize co-

translationally but the individual dimers form tetramers post-translationally. Image is from 

(Nicholls et al. 2002).   
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4.1.7 Peripherin  

Peripherin is a neuronal intermediate filament (IF) protein expressed mainly in the 

peripheral nervous system. It has been reported that peripherin mRNA-

ribonucleoprotein (mRNP) particles move along the microtubules. These particles are 

generally translationally inactive, but they become active when they stop their 

movement. The regulation of their motility is not known clearly and could involve 

inactivation of their associated motors. Once the peripherin proteins are synthesised, 

they are co-translationally assembled to non-filamentous IF precursor particles. 

Following synthesis of adequate amount of proteins, the mRNP IF precursor particles 

move away from the site of synthesis and assemble into IFs. The authors used a series 

of imaging techniques to show the dynamic cotranslation of peripherin (Chang et al. 

2006).   

    

                        

 

Figure 22: Model depicting dynamic co-translational assembly of intermediate 

filaments. mRNPs (red) containing multiple peripherin mRNAs move along the microtubule 

(blue) by molecular motors kinesin and dynein. The motile mRNPs are translationally silent. 

When these complexes stop moving, they engage in translation activity with ribosomes (in 

yellow). The mRNP particles contain multiple mRNAs and as the IF protein is synthesised 

from multiple mRNAs, the protein chains assemble co-translationally into higher order 

nonfilamentous particles (green). The newly synthesized IF particles could assemble into IF 

at their site of synthesis or recruit motors to begin their journey as IF precursors to different 

regions of the cytoplasm. Once they reach their targets, they assemble into short IF 

(squiggles) that link up in tandem to form longer filaments. Image is from (Chang et al. 2006). 
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Despite many reports on cotranslational assembly of homomeric proteins, the fact that 

the close proximity of two interacting nascent chains might lead to their premature 

assembly cannot be ruled out. In fact, a recent study across diverse proteomes 

showed the enrichment of the interaction domains of homomeric proteins towards their 

C-terminus, thereby enabling the folding of majority of the protein before initiating 

assembly (Natan et al. 2018).   

4.2 Co-translational assembly of heteromeric protein complexes 

4.2.1 Immunoglobulin 

The very first report on co-translational intrachain disulphide bond formation in 

heterodimers was published in 1979 (Lawrence et al. 1979). An immunoglobulin 

molecule consists of two heavy and two light chains linked by both intra and interchain 

disulphide bonds. Each light chain has two globular domains, each of these domains 

are made up of 110 amino acids and an intrachain disulphide bond. Using 

chromatography, the authors showed the formation of intrachain disulphide bond of 

the first domain co-translationally while the formation of the bond for the second 

domain was post-translational (Lawrence et al. 1979).  

                                                                       

Figure 23: Model showing the structure of a typical immunoglobulin molecule (A) and 

co-translational formation of intrachain disulphide bond of an immunoglobulin 

molecule (B). An immunoglobulin molecule consists of a heavy and light chain connected to 

each other by interchain disulphide bond. Each heavy and light chain consists of four and two 

domains respectively and each domain contains an intrachain disulphide bond (A). The 

intrachain disulphide bond in the variable region of light chain is formed co-translationally (B). 

VL and CL are variable and constant region of light chain respectively; VH and CH are variable 

and constant region of heavy chain respectively. Image adapted from (Lawrence et al. 1979).      
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4.2.2 Signal recognition particle receptor 

One of the earliest reports of co-translation assembly of proteins into membranes was 

that of signal recognition particle receptor (SRα). The authors discovered a translation 

pause site at nucleotide 507 of the mRNA encoding SRα which induces a brief 

ribosomal pause that enables the protein to insert itself into the endoplasmic reticulum 

(ER) membrane. Change in this nucleotide sequence without changing the protein 

sequence disrupts the co-translational association of SRα into ER membrane (Young 

and Andrews 1996).  

 

 

Figure 24: Model of SRα co-translational membrane assembly. Translation pause 

facilitates the folding of the N-terminal membrane-anchoring domain of SRα followed by 

targeting into the ER membrane and assembly on SRβ. Image is from (Young and Andrews 

1996).    
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4.2.3 D1 protein of photosystem II 

Photosystem II (PSII) is a large multiprotein complex located in the thylakoid 

membrane of plants, algae and cyanobacteria, and functions in oxygenic 

photosynthesis. The D1 protein of PSII has been shown to associate with the thylakoid 

membrane as well as assemble to the PSII complex co-translationally (Zhang et al. 

1999). As discussed above for SRα protein, membrane proteins contain a stretch of 

rare codons downstream of the region encoding hydrophobic amino acid stretch 

(required to attach to the membrane) which might cause ribosome pausing (Young 

and Andrews 1996; Képès 1996). This ribosomal pause following the translation of the 

membrane anchoring domain enables D1 protein to attach to the membrane as well 

as to PSII complex co-translationally (Kim et al. 1991; Zhang et al. 1999).  

                                         

 

Figure 25: Model showing stepwise co-translational assembly of D1 protein into PSII 

complex and thylakoid membrane. D1 protein co-translationally inserts itself into thylakoid 

membrane (I, II) and also simultaneously associates with PSII complex (II-V). Image is from 

(Zhang et al. 1999).  
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4.2.4 Membrane ion channel 

Co-translational assembly of membrane associated ion channels have also been 

reported. For instance, homo-oligomeric K+ ion channels assemble co-translationally 

through their N-terminal interaction domain (Tu et al. 2000; Robinson and Deutsch 

2005; Lu et al. 2001). In addition, heteromeric ion channel human ether-à-go-go-

related Gene (hERG), consisting of hERG 1a and 1b subunits also assemble co-

translationally (Liu et al. 2016; Phartiyal et al. 2007). The authors show that knocking 

down one of the subunits (hERG1a or hERG1b) reduces the level of both the target 

subunit as well as the partner subunit. In contrast, inhibition of hERG1b translation did 

not affect the association of hERG1a and 1b transcript. This suggests that the two 

mRNAs are associated with each other independent of their translation. Their 

association might be through RNA-binding protein which enables them to be in close 

proximity in the cell thereby promoting co-translational assembly (Liu et al. 2016).  

 

                           

 

Figure 26: Model for co-translational association of hERG subunit mRNAs. hERG1a and 

hERG2a mRNA transcripts associate with each other through an RNA-binding protein (RBP) 

(not known yet) that enable the nascent proteins encoded by them to assemble co-

translationally. Image is from (Liu et al. 2016).        
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4.2.5 IgE receptor (Fc€RI) 

Fc€RI is a cell surface high affinity receptor expressed as a tetramer (αβγ2) on 

basophils and mast cells and as a trimer (αγ2) on antigen-presenting cells. It has been 

shown by in vitro experiments that the α subunit acts as a core and the other subunits 

of the complex assemble co-translationally. Expressing the subunits (α and γ) 

separately and then mixing the lysate does not lead to complex formation, which 

proves that the subunits bind to each other solely co-translationally (Fiebiger et al. 

2005).  

 

                          

 

Figure 27: Schematic representation of Fc€RI receptor. A high affinity Fc€RI receptor 

consists of an α chain, a βchain and two γ chains. Lyn and Syk are two tyrosine kinases, P 

denotes phosphorylation and ITAM stands for immunoreceptor tyrosine-based activation 

motif. Image is from https://www.slideshare.net/MisHanif/immune-response-45935874. 
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4.2.6 Co-translation assembly of diverse heteromeric complexes in yeast  

One of the earliest studies on co-translational assembly of non-membrane 

multisubunit complexes was reported in yeast (Halbach et al. 2009). While trying to 

study the RNAs associated with RNA-binding domain containing SET1C protein, the 

authors observed co-translational assembly of four out of the eight subunits of SET1C 

complex on SET1C mRNA. The deletion of RNA-binding domain of SET1C protein did 

not abolish these interactions. In turn translation inhibition affected the interactions, 

thereby ruling out the possibility of direct interaction of the proteins with SET1C mRNA. 

This was the first evidence of co-translational assembly of a multisubunit complex that 

functions (methylates histone) in the nucleus of eukaryotes (Halbach et al. 2009).   

 

 

 

Figure 28: Model for co-translational assembly of the SET1C complex. Comparison of 

model for co-translational formation of the SET1RC (SET1 mRNA- associated complex) 

complex and maturation of SET1C in wildtype (A) and Δswd1 (B) strains. The absence of 

Swd1 protein did not abolish SET1RC formation but the protein SET1C was targeted for 

degradation. Nascent Set1 protein is indicated by a red line, SET1 mRNA is indicated by a 

black line, mature Set1 and other SET1C subunits are indicated as ovals, ribosomes are 

depicted in turquoise and proteins found in SET1RC are indicated in bold letters. Image is 

from (Halbach et al. 2009).    
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Following this, there was another report that showed the widespread occurrence of 

co-translational assembly (Duncan and Mata 2011). In this paper, the authors studied 

a set of 31 Schizosaccharomyces pombe proteins, which were known subunits of 

different protein complexes, but did not contain RNA-binding domains. Interestingly, 

approximately 38% of the proteins co-purified mRNAs of their interacting protein 

partners from their respective protein complexes (Duncan and Mata 2011). Thus, co-

translational association of two interacting protein partners was common in yeast. 

Note, however, that co-translational assembly of more than two mRNAs is also 

possible. Kassem et al. 2017 showed that three mRNAs of SAGA complex (SPT20, 

GCN5, ADA2) are tethered together by Ccr4-Not complex subunits and the glycolytic 

enzyme, glyceraldehyde-3-phosphate dehydrogenase (Tdh3), which aid their co-

translational assembly (Kassem et al. 2017).  

                                

 

Figure 29: Co-translational assembly of SAGA complex in yeast. The ADA2, SPT20 and 

GCN5 mRNAs are tethered together at the site of translation in the presence of several Not 

subunits and Tdh3 as indicated. Image is from (Kassem et al. 2017).   

 

The role of Ccr4-Not complex in co-translational assembly was furthered supported by 

another study from the group that showed the co-translational assembly of two 

subunits (Rpt1 and Rpt2) of the huge proteasome complex in a Ccr4-Not containing 

granule in the cytoplasm. In addition, their ribosome profiling data showed a brief 

ribosomal pause following the translation of the interaction domain of co-translationally 

assembling proteins, thereby enabling them to associate co-translationally 

(Panasenko et al. 2019).  
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Figure 30: Model for co-translational assembly of Rpt1 and Rpt2 in Not1 containing 

assemblysomes. Rpt1 and Rpt2 encoding mRNAs assemble co-translationally through their 

N-terminal domains in Not1 containing membrane less organelles called assemblysomes 

which ultimately leads to the formation of proteasome. Rpt1 and Rpt2 nascent chains are 

shown in blue and yellow respectively. Image is from (Panasenko et al. 2019).    

 

Finally, with the advent of newer high throughput techniques, Shiber et al studied the 

co-translational assembly of a group of well-characterised cytosolic protein complexes 

by selective ribosome profiling (described in Section 7 of Introduction). Nine out of the 

twelve complexes studied by them assembled co-translationally and the nascent 

proteins engaged in the assembly were prone to aggregation and degradation in the 

absence of their co-translationally assembled full-length partners. The authors also 

argued that the complexes that did not assemble co-translationally have dedicated 

chaperones or inhibitors (Tallec et al. 2007; Meurisse et al. 2014; Smardon et al. 2002) 

that might protect them from non-specific aggregations during assembly (Shiber et al. 

2018).  
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4.2.7 Bacterial Lux Operon 

Several decades after the initial report on bacterial co-translational assembly, another 

interesting study showed the importance of operon structure and polycistronic mRNAs 

in prokaryotes for spatial regulation of protein complex assembly. The authors argued 

that the gene arrangement in the form of operon is important for the proximity of 

interacting protein partners thereby facilitating their co-translational assembly. They 

studied the co-translational assembly of heterodimeric luciferase subunits LuxA and 

LuxB into complexes at the site of translation. Assembly of LuxA and LuxB initiates 

co-translationally on nascent LuxB protein and not vice versa, after the interaction 

domain of LuxB protein is synthesised by the ribosome. The ribosome associated 

chaperone trigger factor prevents premature co-translational interaction between them 

until the interaction domain of LuxB is fully exposed (Shieh et al. 2015). Therefore, the 

organization of genes into operon system in bacteria is essential for co-translational 

assembly of protein complexes.   

                                

Figure 31: Co-translational assembly bacterial Lux operon subunits. Full-length LuxA 

protein (shown in blue) assembles co-translationally to nascent LuxB protein (shown in green) 

at its site of translation.  

4.2.8 Co-translational assembly of protein complexes in mammalian 

cells 

In spite of several studies on co-translational assembly of membrane proteins in 

mammals, there were no reports so far on this form of assembly in multisubunit 

cytoplasmic or nuclear complexes. We showed for the first time that nuclear 

transcription complexes assemble co-translationally in mammalian cells and the 

position of the interaction domain guide the directionality of the assembly (Discussed 

more in the Results section, (Kamenova, Mukherjee et al. 2019)). In parallel, the 

authors of the study which showed the co-translational assembly of two subunits of 



 

80 
 

proteasome complex by ribosome pausing in yeast also reported the same in 

mammalian cells (Panasenko et al. 2019).   

4.3 Ribosomal pause associated with co-translational assembly 

In some of the earliest reports of co-translational membrane protein assembly, 

ribosomal pausing has been reported following the translation of the membrane 

targeting domain to facilitate its targeting into the membrane (Képès 1996; Chartron, 

Hunt, and Frydman 2016; Shen and Shan 2010). Bacterial and mitochondrial proteins 

are inserted post-translationally into the membranes unlike yeast membrane proteins. 

Sequence analysis of a cluster of membrane proteins in yeast revealed the presence 

of a stretch of approximately 17 rare codons 56-75 codons downstream of the 

hydrophobic amino acid stretch encoding codons in the mRNA. This pause also known 

as the “+70 pause” aids in the folding and interaction of the membrane targeting 

domain with targeting factors (Képès 1996). It has been reported in the same year that 

the signal recognition particle receptor subunit α (SRα) undergoes a pause in the 

ribosome at nucleotide position 507 for co-translational membrane anchoring. The 

authors generated ribosome footprints of invitro translated SRα protein and studied 

the regions by hybridization and primer extension methods (Shen and Shan 2010; 

Chartron et al. 2016). Finally, with the emergence of new high throughput sequencing 

methods, it is now possible to study ribosome footprints in vivo at single nucleotide 

resolution with much higher precision. Using ribosome profiling (described above) it 

was shown recently that both Rpt1 and Rpt2 (subunits of the proteasome complex) 

assemble co-translationally following a ribosome pause at a specific codon pair DP 

(Panasenko et al. 2019). We (Kamenova, Mukherjee et al. 2019) and (Shiber et al. 

2018) showed that the absence of co-translationally assembling full-length partner 

makes the nascent assembling partner prone to aggregation and degradation. Thus, 

summing up, ribosome pause might be essential to facilitate co-translation binding of 

partner proteins and essential factors and acts as a quality control checkpoint for 

translating mRNAs and nascent proteins. However, the pathway and the factors 

associated with co-translational assembly linked mRNA quality control is yet to be 

discovered. A general discussion on different mRNA quality control pathways is 

described in Section 6.1.     
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Figure 32: An example of ribosome pausing during co-translational assembly from 

(Panasenko et al. 2019). The interaction domains of RPT1 and RPT2 are shown in red and 

green respectively (a and c). Ribosome profiling data shows the presence of peaks following 

the synthesis of interaction domains of both RPT1 and RPT2, suggesting ribosome pause to 

facilitate co-translational assembly (a).   
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5. How are co-translationally assembling partners brought 

in close proximity to each other? 

There could be several mechanisms by which proteins assembling co-translationally 

are brought close to each other. The possible mechanisms include: 1) chaperone-

assisted co-translational assembly (Section 5-1), 2) cis-acting element driven co-

translational assembly: close proximity of translating mRNAs and physical linkage by 

a bridging protein (Figure 33a, Section 5-2), or 3’UTR guided co-translational 

association of interacting proteins (Figure 33c-d, Section 5-2). 3) close proximity of 

mRNAs without physical linkage in RNA granules (Figure 33b, Section 5-3). 

 

Figure 33: Possible mechanisms by which co-translationally assembling protein 

partners are brought near each other. a) An RNA-binding protein bridges two mRNAs either 

directly (not shown) or indirectly (shown) through another protein. Here, a fully folded subunit 

translated from one mRNA interacts with nascent protein on another mRNA. Thick regions of 

mRNAs represent translated region and thin regions are the untranslated regions. b) The 

mRNAs come into close proximity in RNA granules. c) 3’UTR of mRNAs might recruit the fully 

folded co-translationally assembling partner using an RNA-binding protein, bringing the 

subunit close to the mRNA’s nascent protein. d) The recruited subunit could be temporarily 

deposited on the ribosome before being transferred to the nascent protein. Image is from 

(Mayr 2018).   

 

5.1 Chaperones associated with co-translational assembly 

Very little is known about the role of chaperones in co-translational assembly and their 

mechanism of action. Bacterial chaperone Trigger Factor (TF) is a ribosome 

associated chaperone that is involved in the temporal regulation of co-translational 

assembly interactions of Lux heterodimer. The initial contact of nascent LuxB with 

LuxA is delayed in the presence of TF thereby preventing non-specific interactions 

(Shieh et al. 2015). In parallel, the same group also put forward the role of ribosome 

associated Hsp70 chaperone Ssb in co-translational assembly of protein complexes 
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in yeast. The protein Ssb engages with partially synthesized interaction domains and 

dissociates prior to the onset of interaction with its co-translationally assembling 

partner (Shiber et al. 2018). Another report also shed some light on the protein 

glyceraldehyde-3-phosphate dehydrogenase Tdh3 being the chaperone playing role 

of the subunits of SAGA complex in yeast (Kassem et al. 2017). A detailed discussion 

on the different groups of chaperones involved in protein folding is provided in the 

following Section 6.   

 

   

Figure 34: Chaperones assisting co-translational assembly in yeast. a) Schematic 

illustration of chaperones associated with ribosome bound nascent protein chain in yeast. The 

chaperones stay bound to the nascent chain until the interaction domain is ready to bind to 

the partner subunit. b) Tdh3 protein acts as a chaperone facilitating the co-translational 

association of Spt20, Gcn5 and Ada2 subunits of SAGA complex. Image is from (Shiber et al. 

2018; Kassem et al. 2017).       

                              

5.2 Cis-acting RNA sequence elements 

There has been no evidence so far on the involvement of cis-acting elements in co-

translational assembly. Our results with ectopically expressed proteins (from cDNA 

constructs without 3’UTR) rules out the role of 3’UTR in co-translational assembly of 

the protein complexes studied by us. But its involvement in the assembly of other 

complexes cannot be ruled out.  Nevertheless, a general discussion on the various 

mRNA cis elements is described.  

Cis-acting RNA regulatory elements play an important role in the posttranscriptional 

control of gene expression. These elements are sequences located in various regions 
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of pre-mRNAs, like 5’UTRs, 3’UTRs, introns, coding regions, etc. Trans-acting factors 

binding to these elements modulate specific functions driven by the elements. Trans-

acting factors include RNA-binding proteins (RNA-BPs) and microRNAs (miRNAs). 

This section describes the various types of cis-regulatory elements, their localization 

and function in the precursor or mature mRNA.  

5.2.1 AU-rich element (ARE)  

Repeating pentamer (AUUUA) with 1 or 2 A to U substitutions defines the structure of 

AU-rich elements. These elements are part of a group of genes whose expression 

requires fine regulation including cytokines, immune-regulatory genes and proto-

oncogenes (Barreau et al. 2005; Chen and Shyu 1995). In fact, the first elements 

discovered in the 3’UTRs were the AU rich elements which facilitated the rapid decay 

of mRNAs (Barreau et al. 2005; Chen and Shyu 1995). Approximately 5% of the 

transcriptome contains 3’UTRs with AU-rich elements (Bakheet 2001). Transcripts 

containing these elements generally have short half-lives, but it can also stabilise the 

transcript under certain conditions depending on the trans-acting factor binding to it 

(Vlasova et al. 2005; Tebo et al. 2003). Hence, the trans-acting factor binding to it 

determines the outcome of the transcript. The basic structure of ARE elements is 

generally a repeating pentamer (AUUUA) with 1 or 2 A to U substitutions (Chen et al. 

1995). AU-rich elements are clustered into five groups depending on their sequence 

content and position of A or U, as shown in the table below (Table 4).  AU-rich 

elements are also found in the introns of pre-mRNAs (Vogel et al. 2016; Yoon et al. 

2014; Mukherjee et al. 2011; Lebedeva et al. 2011). Majority of the trans-acting factors 

shuttle between nucleus and cytoplasm and so they can bind to the pre-mRNAs and 

carry out functions different from their function in the cytoplasm (Al-Ahmadi et al. 

2009).  

5.2.2 GU-rich element (GRE) 

8% of transcripts of human transcriptome contain GU-rich elements and they are 

essential regulators of mRNA processing and stability (Vlasova and Bohjanen 2008; 

Halees et al. 2011). 3’UTRs contain conserved GU-rich elements in the form of 

consensus U(GUUUG)n sequences or GU repeats and they confer instability to 

mRNAs when tested in vivo (Rattenbacher et al. 2010; Vlasova et al. 2008). Similar to 

AU-rich elements, depending on the family of proteins binding to it, GU-rich elements 
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can induce stability or degradation of mRNAs. For example, the CELF family of 

proteins binds GU-rich elements of mRNAs to promote their degradation and the 

ELAVL family of protein function as RNA stabilizers (Irina Vlasova-St. Louis and 

Calandra Sagarsky 2018). 

Table 4: Different clusters of AU-rich elements (ARE) and GU-rich elements 

(GRE). Adapted from (Irina Vlasova-St. Louis and Calandra Sagarsky 2018) 

Cluster ARE sequences GRE sequences 

I 

II 

III 

IV 

V 

AUUUAUUUAUUUAUUUAUUUA 

AUUUAUUUAUUUAUUUA 

WAUUUAUUUAUUUAW 

WWAUUUAUUUAWW 

WWWWAUUUAWWWW 

GUUUGUUUGUUUGUUUGUUUG 

GUUUGUUUGUUUGUUUG 

GUKUGUUUGUKUG 

KKGUUUGUUUGKK 

KKKU/GUKUG/UKKK 

 

5.2.3 Polyadenylation sequences 

One of the most important steps of pre-mRNA processing is poly(A) tail addition. All 

cellular mRNAs except replication dependent histone mRNAs are polyadenylated 

(Marzluff et al. 2008). It takes place in two tightly coupled reactions, cleavage and 

polyadenylation, carried out by many protein factors. These two reactions are 

controlled by cis elements located upstream and downstream of the actual pA site. In 

mammals, upstream elements include the polyadenylation signal (PAS) which is a 

hexamer of sequence AAUAAA/AUUAAA or close variants, U-rich elements and 

UGUA elements. Downstream elements include U-rich and GU-rich elements (Tian 

and Manley 2008). It has been reported that majority of mammalian mRNAs harbor a 

conserved AAUAAA or a close canonical variant, AUUAAA (Hoque et al. 2013; Xiao 

et al. 2016). A great diversity of PAS utilisation is observed in genome wide PAS 

analysis in mammalian cells (Wang et al. 2016; Tian et al. 2005). Alternate mRNA 

3’UTR isoforms are generated under different cellular conditions by differential usage 
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of alternate PASs that leads to the production of mRNAs with same coding sequence 

but different 3’UTR lengths (Figure 35; Mayr, 2016; Mayr & Bartel, 2009; Weng, Li, 

Xie, & Shi, 2016). More than half of the human and mouse genes generate alternative 

mRNA isoforms that differ in their 3’UTRs but encode proteins with identical amino 

acid sequences. For example, the protein CD47 exists in two different isoforms CD47-

Long UTR (CD47-LU) and CD47-Short UTR (CD47-SU). Due to the differences in the 

length of 3’UTR, CD47-LU and CD47-SU reside in different cellular compartments 

(Berkovits and Mayr 2015). The difference in the length of the 3’UTR is due to the 

presence of multiple poly(A) sites in the pre-mRNA as shown in Figure 35. 

 

                        

 

Figure 35: Schematic representation of the different types of isoforms generated due 

to the usage of different poly(A) sites in a particular mRNA. The arrows show the position 

of poly(A) site where the mRNA is cleaved. Three types of genes depending on the number 

of their poly(A) site are shown here. Type I gene has a single poly(A) site, type II gene has 

alternate poly(A) sites located in the 3’ most exon and type III gene has alternate poly(A) sites 

located in different exons. Exons are represented as boxes, introns as lines and poly(A) site 

as pA. Image is from (Tian et al. 2005).  

 

5.2.4 3’UTRs 

Although the coding region of an mRNA is considered to be the most important since 

it translates to protein which ultimately carries out all the functions in the cells, 

untranslated regions at the 5’ and 3’ ends are also very important regulatory elements 

(Proudfoot & Brownlee, 1976). The untranslated regions are more accessible to 
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regulatory factors since they are not coated by the ribosomes. It has been reported 

that the 3’ UTR sequence can mediate important protein-protein interactions that 

ultimately define the function of a protein without altering its coding sequence 

(Berkovits and Mayr 2015). The 3’UTR length varies across different species 

depending on the genome size and hence complexity of various organisms. It ranges 

from approximately 60 nucleotides in bacteria and archaea, 150 nucleotides in yeast, 

140 nucleotides in worms to 1200 nucleotides in human (Chen et al. 2012; Mayr 2016). 

It shows a high degree of sequence conservation across species (Xie et al. 2005; 

Siepel et al. 2005). Some of the most important functions of 3’UTR include 1) 

regulation of mRNA stability through AU rich elements and miRNAs, thereby affecting 

translation protein levels (Bartel 2009; Barreau et al. 2005; Chen and Shyu 1995), 2) 

regulation of mRNA localisation thereby enabling spatial regulation of translation 

(Niednery, Edelmanny, and Niessing 2014; Martin and Ephrussi 2009), 3) cleaving 

themselves and leading a separate life inside the cell as noncoding RNAs (Mercer et 

al. 2011; Kocabas et al. 2015; Chao and Vogel 2016), 4) driving protein-protein 

interactions (PPIs) that has widespread consequences starting from protein complex 

formation to protein localization (Chartron et al. 2016; Halbach et al. 2009; Duncan 

and Mata 2011; Berkovits and Mayr 2015). As mentioned in the previous section, 

alternative polyadenylation (APA) sites leads to mRNAs with short or long 3’UTRs. 

Around 51-79% of genes express alternate 3’UTRs (Derti et al. 2012; Mayr et al. 2013; 

Singh et al. 2018). It is expected that an RBP which binds a long 3’UTR isoform should 

also bind the short 3’UTR isoform as the sequence of the short UTR isoform is 

contained in the long UTR isoform. But this might not be the case necessarily as the 

long UTR can form secondary and tertiary structures thereby making the binding site 

of certain RNA binding proteins (RBPs) inaccessible unlike shorter UTRs (Pianka et 

al. 2007; Kristjánsdóttir et al. 2015). Additionally, RBPs also act in cooperation with 

each other and thus its functionality is also dependent on its neighbouring sequences 

and it might not act the same way in isolation (Wissink, Fogarty, and Grimson 2016; 

Jens and Rajewsky 2015; Campbell et al. 2012). Alternate 3’UTR ratios can vary 

across different tissues and cell types. Differentiated tissues tend to express longer 

3’UTRs than embryonic tissues (Shi et al., 2011; Tian et al., 2005; Ulitsky et al., 2012). 

Majority of the functions carried out by 3’UTRs depend on the effector proteins binding 

to it through RBPs. For example, the recruitment of deadenylase by RBPs for mRNA 

destabilization and recruitment of decapping enzymes by RBPs for repression of 
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translation (Zaessinger et al. 2006; Chen et al. 2014). 3’UTRs of membrane protein 

encoding mRNAs have been shown to recruit signal recognition particle so that it can 

co-translationally assemble with the nascent peptide containing the signal sequence 

exiting the ribosome (Chartron et al. 2016). Thus, mRNAs which are mostly considered 

as template for protein synthesis, can also function in regulation through their 

untranslated regions.   

5.2.5 5’UTRs 

The length of the 5’UTR did not change much during evolution unlike 3’UTRs (Lynch 

et al. 2005; Pesole et al. 2001; Ferreira et al. 2013). The median length of 5’UTRs 

ranges from approximately 53 nucleotides in yeast to 218 nucleotides in humans ( 

Hernández et al. 2010; Lingala and Ghany 2016). However, 5’UTR lengths may vary 

dramatically among individual genes in higher eukaryotes which points towards the 

possibility of fine regulation of a specific subset of mRNAs (Pot 2008; Mignone et al. 

2002). The 5’ cap and UTR act as the entry point for ribosomes for translation initiation. 

The ribosome scans the region for an AUG start codon to initiate translation (Kozak 

1978). Some mRNAs species lack 5’UTR like mammalian mitochondria mRNAs 

whereas some mRNAs have highly structured 5’UTRs. Regulation of translation by 5’ 

UTRs is mainly attributed by its structure. The secondary structures in the 5’ UTRs 

block the entry of ribosomes (Pelletier and Sonenberg 1985; Kozak 1986; Hentze et 

al. 1987; Haimov et al. 2015). G quadruplexes reported to form in the 5’UTR are 

involved in translational repression by affecting the pre-initiation complex binding or 

by slowing down scanning (Bugaut and Balasubramanian 2012; Song et al. 2016; 

Halder et al. 2009; Bolduc et al. 2016; Beaudoin and Perreault 2010). Tertiary structure 

formed by interactions between secondary structures are also common. This is 

exemplified by pseudoknot structures consisting of two intercalated stem loop 

structures and is proposed to form in the 5’UTR of human interferon gamma (IFNG) 

mRNA (Cohen-Chalamish et al. 2009; Ben-Asouli et al. 2002). Internal ribosome entry 

site (IRES) in viral genomes is one of the best studied examples of RNA structure and 

function. Viruses have evolved this site to avoid cap-dependent translation initiation 

and recruit ribosome machinery directly to this site (Leppek et al. 2018). Around 10 to 

15% of mammalian mRNAs are predicted to contain IRESs (Spriggs et al. 2008). 

Another example of 5’ cap independent translation initiation was reported recently 

where the authors studied the function of multisubunit translation initiation factor eIF3 
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in directly regulating a subset of mRNAs by binding to the stem loop structures in their 

5’UTRs (Lee et al. 2016).  

5.3 RNA granules 

Only one study (Panasenko et al. 2019) showed the presence of RNA granules in co-

translational assembly so far (mentioned in section 4.2.6 and Figure 30 and also 

described in this section). A general discussion on the evolution of RNA phase 

separation studies and RNA granule formation is described below.  

A transformation of one physical state to another, like freezing of water into ice (liquid 

to solid) or water to vapour (liquid to gas), is called phase separation. A special form 

of phase separation that exists in living organisms is liquid-liquid phase separation. 

Here a homogenous solution of molecules inside the cell spontaneously separates 

into two co-existing liquid phases, a dense phase that is enriched for these molecules 

and a liquid phase that is depleted (Alberti 2017).This gives rise to membrane-less 

organelles inside cells consisting of macromolecules like RNAs and proteins. 

Examples of these type of organelles have been described previously like centrosome, 

processing or P bodies and nucleolus in the nucleus but it has never been studied so 

extensively until recently (Woodruff et al., 2017, Mitrea & Kriwacki, 2016; Uversky, 

2017). Phase separation can be formed within one, two or multiple proteins and the 

factors that regulate their formation include protein concentration, solubility, affinity 

and valency of phase separating proteins (Li et al. 2012). Membrane-less organelles 

formed by phase separated proteins have been implicated in various cellular functions 

like stress response, gene expression regulation, control of signal transduction  (Li et 

al., 2012; Voigts et al., 2016; Wheeler et al. 2016). These organelles have also been 

implicated in age-related neurodegenerative disorders (Murakami et al. 2015; Molliex 

et al. 2015; Conicella et al. 2016; Burke et al. 2015; Boeynaems et al. 2017). Cellular 

RNAs along with RNA binding proteins (RBPs) have also been shown to play role in 

phase separation very recently (Maharana et al. 2018; Langdon et al. 2018). This is 

evident in stress granules (SGs) consisting of cytoplasmic RNAs associated with 

multiple RBPs with low complexity regions (LCRs) (Langdon et al. 2018; Maharana et 

al. 2018; Molliex et al. 2015; Murray et al. 2017). Further insight into the mechanistic 

details of RNA-protein interaction driven phase separation was shown by two recent 

papers. Maharana et al., 2018 argued that the sequence specificity of RBP has no role 



 

90 
 

in phase separation. Instead the abundance of RNA and proteins regulate its 

formation; high RNA:protein ratio, the situation which is mostly observed in the 

nucleus, prevent phase separation and low RNA:protein ratio which is typically 

observed in the cytoplasm, facilitate phase separation (Maharana et al. 2018). In 

addition, Langdon et al., 2018 showed that RNA secondary structure has a role in 

forming specific type of phase separated granules, either by exposing sequences to 

bind complementary RNAs or by masking them (Langdon et al. 2018). Some of the 

mRNP granules reported are described below. 

5.3.1 mRNP granules 

Following transcription, cellular mRNAs are coated with proteins and they exist as 

messenger ribonucleoprotein (mRNP) complexes. The mRNP composition regulates 

various aspects of an mRNA lifecycle starting from its processing to its eventual 

degradation. Depending on its fate, several mRNPs can assemble with each other 

forming an mRNP granule (Zeitelhofer et al. 2008; Anderson and Kedersha 2009; 

Arkov and Ramos 2010; Buchan and Parker 2009; Eulalio et al. 2007; Franks and 

Lykke-Andersen 2008). Some of them are described below:   

5.3.1.1 Stress granules and Processing bodies (P-bodies) 

One of the best characterised cytoplasmic mRNP granules are stress granules and P 

bodies. Stress granules are made up of translation initiation stalled mRNAs which are 

formed when translation initiation is inhibited by drugs or stress response (Anderson 

and Kedersha 2009). P-bodies are cytoplasmic mRNP granules consisting of factors 

related to translation repression and mRNA decay. The formation of this type of 

granule is reversible and mRNAs can recycle back to translating polysomes from P-

bodies (Parker et al. 2005). Moreover, P-bodies are not imperative for mRNA decay 

to occur (Huch and Nissan 2017; Decker et al. 2007; Eulalio et al. 2007) since mRNAs 

can be degraded outside P-bodies (Aizer et al. 2014). A recent model for P-body 

function has emerged which suggests that P-bodies act as storage sites for 

translationally repressed mRNAs and undergo liquid-liquid phase separation when the 

mRNA decay factors accumulate, thus decreasing RNA:protein ratio and promoting 

phase separation (Luo et al. 2018; Polymenidou 2018). Although stress granules and 

P-bodies share protein factors, come in contact with each other and are both induced 

by stress, they differ in molecular composition and function (Li et al. 2013). The 
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mRNAs within stress granules can also resume translation or can be targeted to 

lysosomes for autophagy (Protter and Parker 2016). 

 

 

Figure 36: Schematic representation of cytoplasmic movement of mRNAs through P-

body and stress granules. Stress granules are composed of translation initiation stalled 

polyadenylated mRNA transcripts, RNA-binding proteins, translation initiation factors and 

small ribosomal subunits. P-bodies consist of mRNA decapping and decay factor. Image is 

from (Harrison and Shorter 2017). 

5.3.1.2 TIS granule 

A more recently discovered membrane less organelle is the TIS granule formed by the 

broadly expressed RNA binding protein TIS11B. This granule is enriched in membrane 

protein encoding mRNAs with AU rich elements. It forms a subcellular compartment 

with endoplasmic reticulum (ER) called the TIGER domain (Ma and Mayr 2018). This 

compartment is essential for establishing specific protein-protein interactions between 

SET and membrane proteins, which are not possible outside. Although the concept of 
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biological phase transition has revolutionized our understanding of cellular 

compartmentalization, but this field is still in its infancy and a lot still needs to be 

uncovered. 

                                    

 

Figure 37: Schematic representation of TIGER domain cellular compartment. TIS 

granule (made up of TIS11B protein and membrane protein encoding mRNAs) and 

endoplasmic reticulum (ER) forms the cellular compartment TIGER domain. Image adapted 

from (Ma and Mayr 2018). 

 

5.3.1.3 Not1 containing assemblysomes 

Two subunits of the proteasome complex (Rpt1 and Rpt2) were shown to assemble 

co-translationally in heavy bodies in the cytoplasm by sucrose density gradient 

experiments (Panasenko et al., 2019). These bodies are different from polysomes as 

control experiments disrupting polysomes did not affect the assemblysomes. In 

addition to Rpt1 and Rpt2, the assemblysomes also contain the protein Not1, a subunit 

of the Ccr4-Not complex. Hence, the authors named the bodies as Not1 containing 

assemblysomes (NCA). Other than facilitating co-localization of mRNAs encoding co-

translationally assembling partners, NCA might be involved in temporal regulation of 

co-translational association of protein partners thereby preventing translation initiation 

and ribosome collision until the partners are associated. Thus several translation 

factors might be present in the NCA and the composition of NCA might evolve and 

vary in different steps of assembly. NCA might also be responsible for the degradation 
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of a protein subunit if it is translated and released in the absence of its partner. 

Nevertheless, it would be interesting to study the composition and function of all the 

components of NCA in detail and also identify other RNA granules associated with co-

translational assembly in the cytoplasm. 

          

Figure 38: Schematic representation of co-translational assembly of Rpt1 and Rpt2 in 

NCA. Translation of RPT1 and RPT2 mRNAs are induced under proteotoxic stress and the 

ribonucleoprotein complexes (RNCs) assemble into Not1-containing particles (shown here by 

the orange could-like structure). Productive interaction between Rpt1 and Rpt2 in NCA leads 

to the formation of proteasomes. In the absence of nascent Rpt1 and Rpt2 assembly, they will 

be ultimately degraded. Image is from (Panasenko et al. 2019). 

 

6. mRNA and protein surveillance in cells 

As mentioned in Introduction Section 4.3, ribosomal pause might be essential to 

facilitate co-translation binding of partner proteins and essential factors and might act 

as a quality control checkpoint for translating mRNAs and nascent proteins. However, 

the pathway and the factors associated with co-translational assembly linked mRNA 

quality control is yet to be discovered. Another intriguing aspect that is still unknown 

is how protein folding is co-ordinated temporally with co-translational assembly. 

Nevertheless, a general discussion on different mRNA quality control pathways and 

different protein folding chaperones is provided in the sub-sections below. 
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6.1 mRNA Quality Control pathways 

Most eukaryotic cellular mRNA transcripts undergo a number of quality control tests 

before being translated into functional proteins by ribosomes. Transcripts that fail to 

pass the quality checks are prevented from engaging in protein synthesis. The first 

level of mRNA quality control initiates in the nucleus and is generally coordinated with 

its synthesis. The second phase of surveillance is carried out by dedicated 

machineries in the cell cytoplasm. The different mRNA surveillance pathways in the 

cytoplasm include nonsense-mediated decay (NMD), no-go decay (NGD) and non-

stop decay (NSD). They recognise and eliminate mRNAs with premature stop codon 

(PTC), truncated and translation-stalled mRNAs and mRNAs without natural stop 

codon respectively (Doma and Parker 2007; Popp and Maquat 2013; Welch and 

Jacobson 1999).  

6.1.1 mRNA surveillance in the nucleus 

Transcription and mRNA processing are tightly coupled in the cell nucleus. mRNA 

processing includes splicing and poly(A) tail addition to the 3’ end and is facilitated by 

a series of RNA-binding proteins tightly bound to the mRNA forming the messenger 

ribonucleoproteins (mRNPs). Splicing factors are recruited during transcription by the 

general transcription factor TFIID and is transferred to the C-terminal domain of RNA 

Pol II (Maquat and Carmichael 2001). Splicing in turn is accurately coordinated with 

mRNA export. mRNA export factors are specifically recruited to the pre-mRNAs that 

have either engaged in or completed splicing (Maquat and Carmichael 2001). Finally, 

export-competent mRNPs are transferred to the cytoplasm through the nuclear pore. 

The faulty mRNPs are retained in the nucleus (Tutucci and Stutz 2011; Mital et al. 

2005; Galy et al. 2004). In case these faulty mRNPs reach the cytoplasm, they are 

degraded by the cytoplasmic mRNA quality control mechanisms described below.    

6.1.2 Nonsense- mediated decay (NMD) 

Nonsense-mediated decay (NMD) mRNA surveillance pathway recognizes and 

eliminates mRNAs with premature stop codons (PTCs) in eukaryotes. A cluster of 

proteins called the exon junction complex (EJC) are deposited at the junction of two 

exons on the pre-mRNA during splicing (Gehring et al. 2009). This EJC complex is 

removed from the mRNA during the first round of translation by the ribosomes. But the 

presence of PTC more than 50-55 nucleotides upstream of the EJC causes the 
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ribosome to stall. The stalled ribosome fails to evict the downstream EJC and this 

triggers the NMD pathway (Popp and Maquat 2013). Note, however that the 50-55 

nucleotide distance between PTC (i.e., stalled ribosome) and EJC is important; a 

distance shorter than that would enable the translating ribosome to advance enough 

distance to displace the EJC complex, thereby preventing the activation of the NMD 

pathway (Figure 39) (Dostie and Dreyfuss 2002; Alkalaeva et al. 2006).  

An interesting question is how PTCs are at all formed in the mRNAs. There could be 

several possible reasons: a) transcription initiation upstream of the proper start site 

could lead to an mRNA with a nonsense codon upstream of or within translation 

reading frame, b) incorrect pre-mRNA splicing  could result in an intron-derived 

premature nonsense codon, c) Programmed DNA rearrangements of T-cell receptor 

(TCR) and immunoglobulin (Ig) genes that generate diverse antigen receptors also 

leads to premature nonsense codons in approximately two out of three cases (Li and 

Wilkinson 1998). Additionally, natural NMD targets also exist in the cells, for example, 

selenocysteine codon UGA in selenoprotein mRNAs direct termination of translation 

in some situations (Wittmann et al. 2006; Sun et al. 2001; Moriarty et al. 1998).  
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6.1.2.1 Mechanism of NMD pathway  

NMD takes place in three steps:  1) detection of PTC containing NMD transcripts, 2) 

tagging of the substrates, and finally 3) degradation of the substrates. NMD substrate 

is detected during the first round of translation. After detection, the PTC is tagged by 

formation of a complex with serine/threonine kinase SMG1, UPF1, and eukaryotic 

release factors eRF1-eRF3 called the SURF complex at the terminating ribosome. The 

factors associated and there are described in Figure 39. (Hwang et al. 2010; Kashima 

et al. 2006). 

            

Figure 39: Mechanism of NMD pathway (EJC model).  The UPF1-SMG1 binds to EJC via 

interaction with UPF2, which in turn binds to the EJC through interaction with UPF3 or UPF3X. 

SMG1 phosphorylates UPF1 and this hyperphosphorylated UPF1 recruits SMG6 protein 

(Isken and Maquat 2007). SMG6 performs endonucleolytic cleavage of mRNA. This cleavage 

occurs between the PTC and EJC sites of the defective mRNA during the last stage of NMD 

(Eberle et al. 2009; Izaurralde et al. 2008). Activated UPF1 recruits further downstream factors 

to facilitate decapping and deadenylation of target mRNAs followed by their degradation 

(Kervestin and Jacobson 2012; Eberle et al. 2009). Image adapted from (Karamyshev and 

Karamysheva 2018) UPF1: Regulator of nonsense transcripts 1; SMG1: Serine-threonine 

protein kinase; UPF; Up-frameshift. 
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Apart from the EJC model, alternative models of NMD pathway based on 3’UTRs 

also exist: 1) UPF1 sensing/potentiation model and 2) the faux 3’UTR model. 

According to the sensing/potentiation model, UPF1 detects 3’UTR length and 

stimulates its degradation (Hogg and Goff 2010; Bühler et al. 2006). 3’UTR isoforms 

are quite common in mammalian cells (discussed in Introduction section 5.2.4), so it 

might be difficult to explain a fail-safe pathway just based on the length of the 3’UTR. 

However, it cannot be ruled out that the secondary structure of the 3’UTR and the 

factors binding to it might play a role in the NMD pathway. According to the faux model, 

efficient termination is prevented if the distance between PTC and poly (A) tail is large 

(Kervestin et al. 2004). Very little is known about the degradation of the truncated 

polypeptide that is generated before the PTC-containing mRNA degradation occurs. 

Some studies in yeast points towards the fact that UPF1 might have E3 ubiquitin ligase 

properties that promote the degradation of truncated polypeptide through proteasome 

(Kuroha et al. 2009; Takahashi et al. 2008). However, the mechanism of mRNA 

degradation in mammalian cells remains an open question. 

6.1.3 No-go decay (NGD) 

No-go decay pathway takes care of translation elongation stalled complexes. The 

ribosomes might stall on the mRNAs for reasons like encountering a rare codon or 

secondary structure in the mRNA which might physically block the movement of 

ribosomes or by specific features of the nascent peptide which might hinder the 

movement of the peptide through the ribosome exit tunnel (Tsuboi et al. 2012). The 

proteins that play central roles in NGD pathway are Pelota (mammals)/ Dom34(yeast) 

and HBS1 (Doma and Parker 2007; Karamyshev and Karamysheva 2018). 

Dom34/HBS1 mimics the elongation factor/tRNA complex and hence binds to the 

ribosome A site but they promote dissociation of elongation complex instead of 

terminating it (Shoemaker and Green 2012; Karamyshev and Karamysheva 2018). 

Following this, they facilitate the degradation of the substrate mRNA but the 

endonuclease involved in the process is not yet known. Recently, it was also reported 

that NGD pathway is triggered by ribosome collision on the mRNA, thereby leading to 

its degradation (Simms et al. 2017).  
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Figure 40: Mechanism of NGD pathway. Proteins Pelota (in mammals; Dom34 in yeast) and 

HBS1 are structurally related to termination factors eRF1 and eRF3 respectively (Atkinson, 

Baldauf, and Hauryliuk 2008). They also mimic translation elongation complex and hence bind 

to ribosome A site thereby promoting dissociation of ribosomes. Reports suggest 

endonucleolytic cleavage of the mRNA upstream of the stalled ribosome (Tsuboi et al. 2012). 

Image is from (Karamyshev and Karamysheva 2018). 

 

6.1.4 Non-stop decay (NSD) 

This type of decay pathway is activated when the cell has to degrade mRNAs that lack 

stop codons (non-stop mRNAs). Non-stop mRNAs are generated due to reasons like 

faulty polyadenylation within the ORF leading to the generation of aberrant mRNA 

without a stop codon or endonucleotytic cleavage of mRNA generating a non-stop 

mRNA lacking poly(A) tail (Graille and Séraphin 2012; Ozsolak et al. 2010). Due to the 

absence of a stop codon, the translation of poly(A) tail might lead to a protein with a 

poly-lysine stretch. This protein hinders translation elongation due to the interaction of 

the lysine stretch with the negatively charged ribosomal RNA in the ribosome exit 

tunnel (Dimitrova et al. 2009). For poly(A) tail lacking non-stop mRNAs, ribosome stalls 

at the end of the mRNA leading to translational repression and ultimately, degradation 

of mRNA. It has been shown that Ski7 protein plays a role in NSD pathway in yeast. 

In the absence of Ski7 protein, Hbs1 and Dom34 proteins function in both NGD and 

NSD pathways (Tsuboi et al. 2012). The exact mechanism and the endonuclease 

carrying out the mRNA degradation is not yet known. 
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Figure 41: Mechanism of NSD pathway. Ribosome stalls at the end of mRNAs lacking stop 

codon, leading to translational repression and ultimately, degradation of mRNA. The exact 

mechanism and the endonuclease carrying out the mRNA degradation is not yet known. It has 

been suggested that Ski7 protein in yeast or Hbs1 and Dom34 proteins function in both NGD 

and NSD pathways (Tsuboi et al. 2012). Image is from (Karamyshev and Karamysheva 2018). 

 

6.1.5 Ribosome-associated protein quality control (RAPP) 
 

Nascent chains translated by the ribosome initiates functional interactions with various 

factors co-translationally, for example chaperones or various organelle-targeting 

factors. The recent novel type of ribosome-associated protein quality control 

discovered (Karamyshev and Karamysheva 2018; Karamyshev et al. 2014) involves 

the identification of nascent chains that are unable to form these functional interactions 

and directs the mRNA and the nascent protein for degradation. For example, secretory 

proteins possess specific signal sequence which enable them to interact co-

translationally with the ribonucleoprotein complex, signal recognition particle (SRP) 

which in turn targets them to the ER membrane for translocation. In absence of this 

interaction with SRP due to either aberrant signal sequence or mutated SRP, 

degradation of the specific mRNA encoding secretory protein is triggered (Pinarbasi 

et al. 2018). 
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6.2 Chaperone, the key player assisting protein folding 

Following the exit of a nascent polypeptide chain from the ribosome exit tunnel, it 

encounters a plethora of molecular chaperones and other peptide chain modifying 

enzymes that act on the emerging protein (Buchner 2019). These proteins are together 

called ribosome-bound protein biogenesis factors (RPBs). Molecular chaperones are 

a dedicated group of protein factors that play important role in protein folding and 

maintenance of protein homeostasis in the cell. By definition, molecular chaperones 

are not part of the final protein structure but bind to the protein folding intermediates 

to aid in folding and assembly. They assist in the de novo folding of proteins and 

maintains pre-existing proteins in the native state thereby preventing non-specific 

aggregation in the very crowded cellular environment.  

Molecular chaperones are also essential to prevent aggregation under cellular stress 

conditions and play important in protein quality control processes by targeting 

misfolded proteins for proteolytic degradation. Protein aggregation caused by protein 

misfolding have been reported in several neurological diseases (Chiti and Dobson 

2006). Examples include aggregated α-synuclein in Parkinson’s disease, huntingtin in 

Huntington’s disease, as well as the extracellular β-amyloid plaques in Alzheimer’s 

disease (Chiti and Dobson 2006). In addition to that, there are reports of cellular 

homeostasis studies using model organisms demonstrating a gradual decline in 

cellular proteostasis capacity occurring with aging in several age-related diseases like 

type II diabetes, peripheral amyloidosis, cancer, and cardiovascular diseases 

(Morimoto, 2008). Chaperones are essential players in preventing these diseased 

conditions.  

In the following sections, we will be focussing mainly on the various chaperones 

localised in the cytoplasm and their functions. 
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6.2.1 Cytosolic Chaperones 

The first set of chaperones that start acting on the nascent polypeptides in the 

cytoplasm are ribosome binding chaperones, namely trigger factor (TF) in prokaryotes 

and nascent-chain-associated complex (NAC) and specialised Hsp70s (including 

yeast Ssb chaperone) in eukaryotes. A second set of chaperones act downstream 

without directly interacting with the ribosome. A comparative account of cytoplasmic 

chaperones in bacteria and eukarya are shown below in Figure 42. 

 

Figure 42: Cytoplasmic chaperone pathways in (a) bacteria and (c) eukarya. Folding of 

a nascent protein begins co-translationally and finish post-translationally following transfer to 

downstream chaperones. The different cytosolic chaperones, both ribosome-associated and 

acting downstream of ribosomes, across different domains of life are shown. NAC/RAC 

(Nascent chain associated complex/ Ribosome associated complex) are eukaryotic ribosome-

associated chaperones and functionally similar to bacterial trigger factor (TF). Prefoldin (Pfd) 

recruits TRiC to certain nascent chains. Like TRiC, Hsp90 chaperone system acts downstream 
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of Hsp70. Hop (Hsp70-90 organizing protein) mediates contacts between Hsp70 and Hsp90. 

Image is from (Hartl 2017). 

6.2.1.1 Ribosome-associated chaperones and their mechanism of action 

The ribosome-associated molecular chaperones include TF (in prokaryotes), 

ribosome-associated complex (RAC) and Ssb, the specialised Hsp70 chaperone (in 

Saccharomyces cerevisiae), MPP11 and Hsp70L1 (mRAC in mammals), and nascent 

chain-associated complex (NAC in archaea and eukaryotes) (Figure 42 and 43) 

((Hartl et al. 2011; Preissler and Deuerling 2012; Bukau et al. 2000).  

 

Figure 43: Composition of ribosome-associated chaperones from bacteria to human. 

The schematic depicts bacterial trigger factor, yeast Zuotin, Ssb and Ssz chaperones, human 

Mpp11 and Hsc70 chaperones in association with ribosomes and nascent chain associated 

complex (NAC) with eukaryotic ribosomes. Hsc70 mentioned here is referred to as Hsp70L1 

in majority of publications. Image is from (Bukau, 2005).  

 

TF is closely associated with the large ribosomal subunit at the ribosomal exit tunnel 

(Kramer et al 2002; Ferbitz et al 2004; Merz et al. 2008). This enables it to interact 

with the most newly synthesizing polypeptide chains thereby assisting in their folding. 

It has been reported that TF binds ribosomes following translation of at least first 100 

amino acids of a polypeptide chain, thus allowing the prior interactions of other 

ribosome-binding targeting factors and peptide modifying enzymes with the nascent 

chain (Eisner et al. 2003; Ullers et al. 2003; Bingel-Erlenmeyer et al. 2008). RAC and 

NAC are two such complexes in eukaryotes might carry out similar functions like TF 

in prokaryotes. The yeast version of RAC complex is comprised of the Hsp70-like 

protein Ssz1 and the Hsp70 cochaperone zuotin (Hsp40) (Koplin et al. 2010; Kotani 

et al. 2009b; Raue et al. 2007; Gautschi et al. 2002; Preissler and Deuerling 2012; 
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Bukau et al. 2000). In mammals, the J-domain protein MPP11 and the atypical Hsp70 

homolog Hsp70L1 forms the mammalian RAC (mRAC) complex (Jaiswal et al. 2011; 

Otto et al. 2005) (Figure 44). 

 

Figure 44: Schematic representation of yeast and human (mRAC) RAC complex. Human 

MPP11 is an Hsp40 homolog and the only similarity to the yeast apparatus is homology to the 

unusual N-terminal domain of zuotin (Shoji et al. 1995). Hsp70L1 is a distantly related homolog 

of yeast Ssz1. The 621 amino acid long C-terminal extension of MPP11 is a two-repeat domain 

similar to the SANT domain family (Resto et al. 2000; Shoji et al. 1995; Otto et al. 2005). 

 

Despite a low degree of homology on the amino acid level, it was shown by 

complementation experiments that mRAC is functional in yeast (Otto et al. 2005). So, 

the cooperation of ribosome-associated chaperones with the translational apparatus 

is well conserved from yeast to human.  

It has been shown that the binding of chaperone Ssb (specialised Hsp70 chaperone 

in yeast) to the ribosomes is multilayared and involves the co-chaperone RAC and two 

specific basic regions characterized by positively charged amino acids. The ribosome 

binding of Ssb is not essential for its functionality and is necessary only when RAC is 

absent, thereby suggesting a dual mode of Ssb interaction with the nascent chain. The 

interactions are necessary to position Ssb close to the ribosome exit tunnel for efficient 

interaction with the nascent polypeptide (Hanebuth et al. 2016).  

The second ribosome associated chaperone system is a heterodimer called nascent 

polypeptide-associated complex (NAC) (Genevaux et al. 2004). Unlike RAC, the 

structure of NAC is highly conserved from Archaea to human. However, in Archaea, it 

is a homodimer formed by two α-subunits and in yeast and higher eukaryotes, it is a 

heterodimer formed by α and β subunits (Preissler and Deuerling 2012). (Figure 45).  
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Figure 45: Schematic representation of chaperone interactions with nascent 

polypeptide of cytosolic proteins (A) and secretory proteins (B) at ribosome exit site.  

While nascent chains of cytosolic proteins (A) are synthesized in presence of RAC, NAC, Ssb 

(HSP70) and further folded with assistance of chaperones and chaperonins, the secretory 

proteins (B) briefly interact with NAC before full exposure of the signal sequence, and when 

signal sequence is emerged from the ribosome tunnel, SRP binds it leading to temporary 

elongation arrest and targeting to the ER membrane for further transport through translocon 

into ER lumen, then to Golgi, and finally outside of the cell. Mammalian proteins are shown, 

their yeast counterparts are in square brackets. Image is from (Karamyshev and Karamysheva 

2018). 

 

6.2.1.2 Chaperones acting downstream of ribosomes 

The classical Hsp70 family of chaperones binds to nascent polypeptide chains, but 

have no direct affinity for the ribosome, unlike ribosome-associated chaperones (Niwa 

et al. 2012; Calloni et al. 2012; Hartl et al. 2011; Frydman 2001), with the exception of 

Hsp70L1 which a part of the ribosome-associated RAC complex in mammals is (as 

mentioned above in section 6.1.1). The basic mechanism of action for this family of 

chaperones is conserved and it includes DnaK in bacteria and some archaea, Ssa1-4 

in yeast and the constitutively expressed heat shock cognate70 (Hsc70) in metazoan 

and mammalian cells (Reynaud 2010; Bukau et al. 2000). Hsp70 works together with 

cofactors J protein and nucleotide exchange factors (NEFs). J proteins, which are also 

sometimes referred to as Hsp40 class of cochaperones, play important role in 
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attributing functional diversity to the Hsp70 chaperone complex. Depending on the 

type J protein binding to the Hsp70, it might play role in diverse biological processes 

like modulating polypeptide folding, degradation and translocation across 

membranes, as well as protein–protein interactions. The basic function of J protein 

is to capture substrates for Hsp70 to act and it does so by localising itself to different 

cellular locations (for example, interaction with membranes or ribosomes) thereby 

bringing Hsp70 in close proximity to the substrate. Even though J proteins are primarily 

responsible for the functional diversity of Hsp70 machinery, NEFs play important part 

as well. Four different NEFs have been identified with no sequence similarity among 

them. Although they all interact with the ATPase domain of Hsp70, they differ in the 

mechanism by which destabilization of nucleotide binding is accomplished 

(Schuermann et al. 2008; Douglas 2016; Polier et al. 2008). It is not clear though how 

other domains of NEF play role in Hsp70 machinery (Kampinga and Craig 2010). The 

Hsp70 chaperone system is replaced by the chaperone prefoldin in most species of 

archaea. Prefoldin is a 200 kDa hexameric complex also termed as Gim complex 

(GimC) and is made up of two related classes of subunits giving the appearance of a 

jellyfish, body consisting of a double beta barrel assembly with long α-helical coiled 

coil structure protruding like tentacles. Prefoldin captures unfolded protein substrate 

through the tentacles and transfers it to chaperonins in the cytosol (Sahlan et al. 2018). 

It has been shown that prefoldin participates in chaperone-assisted folding of actin 

and tubulin in Saccharomyces cerevisiae (Hartl 2002; Frydman 2001). However, a 

prefoldin like complex has also been discovered in mammals and it is essential for 

maturation and assembly of multisubunit protein complexes. Recent discoveries about 

the complex are described below in section 6.2.2.  

6.2.2 PAQosome (particle for arrangement of quaternary structure)  

The R2TP (Rvb1–Rvb2–Tah1–Pih1) complex associates with the PFDL (prefoldin-

like) module in mammals to form the R2TP/PFDL complex (Figure 46), which has 

been recently named as the PAQosome because of its functional role in the assembly 

of quaternary structure. The R2TP complex was first discovered in Saccharomyces 

cerevisiae (Zhao et al. 2005) but it is conserved in eukaryotes (Boulon et al. 2008; 

Jeronimo et al. 2007). RTP2 consists of the AAA+ ATPases Rvb1 (RuvB-like protein 

1) and Rvb2 (RuvB-like protein 2), Pih1 (Protein interacting with Hsp90 1), Tah1 (TPR 

repeat containing protein associated with Hsp90) in yeast. Human R2TP contains 
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orthologous proteins, named RUVBL1 (RuvB-like AAA ATPases 1), RUVBL2 (RuvB-

like AAA ATPases 2), RPAP3 (RNA Polymerase II Associated Protein 3), and PIH1D1 

(PIH1 domain containing 1). PFDL consists of two α subunits and four β subunits and 

includes two additional components, the RNA polymerase subunit POLR2E (RNA 

Polymerase II subunit E) and WDR92 (WD Repeat domain 92). (Figure 46). The 

PAQosome complex has been suggested to play a role in the assembly of protein 

complexes related to protein synthesis, cell growth and metabolism, as well as gene 

expression and genome stability. Both direct binding and indirect binding of 

PAQosome complex is possible with its substrates; several adaptors have been 

identified that facilitate the binding of PAQosome complex to its substrates (Houry et 

al. 2018).  

       

Figure 46: Schematic representation of PAQosome structure, Adaptors and 

Substrates/Clients. The subunits forming PAQosome are shown in green (described more 

in text), associated chaperones are shown in red, adaptors are shown to the right and 

substrates or clients are shown towards far right. Note, however, that not all interactions are 

well characterised. Image is from (Houry, Bertrand, and Coulombe 2018).   
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6.2.3 Chaperonins 

Chaperonins are a subset of molecular chaperones that act on proteins that are utilize 

Hsp70 for folding (Kim et al. 2013). They are also referred to as Hsp60s. They have a 

large oligomeric ring-like structure with central cavity that allows them to fold proteins 

in an isolated hydrophobic environment protected from non-specific aggregation prone 

cytosol (Fenton and Horwich 1997). The chaperonins can be structurally classified into 

two groups: Type I and Type II (Tang et al. 2007; Ansari and Mande 2018; Horwich et 

al. 2007). Recently, a third group known as Type III chaperonins was reported which 

are structurally similar to Type II chaperonins but mechanistically and phylogenetically 

distinct from both the other groups (Techtmann and Robb 2010). Chaperonins are 

known to exist in almost all prokaryotes and eukaryotes; the only organisms that are 

shown to lack chaperonins are some parasites like microsporidia and mycoplasma 

(Glass et al. 2000; Katinka et al. 2001). 

6.2.3.1 Type I Chaperonins 

This group of chaperonins are found in the prokaryotes and in the mitochondrion and 

chloroplast of eukaryotic cells. The well-studied GroEL-GroES system is the Type I 

chaperonin in Escherichia coli. Its homologs are Cpn60/Cpn20 in chloroplasts, and 

mtHsp60/mtHsp10 in mitochondrion (Cheng et al. 1989; Hayer-hartl et al. 2009; 

Dickson et al. 2000). Type I chaperonins consist of two components: a tetradecameric 

Hsp60 and a heptameric co-chaperone Hsp10 which acts as a cap on the Hsp60 ring 

structure. GroEL is the Hsp60 of E. coli consisting of two 7-fold symmetric rings which 

a central cavity in which substrate proteins are caged for folding. GroES is the Hsp10 

of the E. coli, which acts as the lid of the structure to prevent the exit of the substrate 

(Jaenicke 1991; Frydman 2001).  

6.2.3.2 Type II Chaperonins 

Group II chaperonins are found in archaea and eukaryotes. The archaeal type II 

chaperonin α/β-thermosome was the first structural model of this family of chaperonins 

(Klumpp et al. 1997). Its eukaryotic homolog is the tailless complex polypeptide-1 

(TCP-1) ring complex (TRiC), also known as chaperonin-containing TCP-1 (CCT). 

This group of chaperonins also consists of two stacked rings but unlike type I 

chaperonins, they have a built-in lid and hence they do not have an obligate co-

chaperone. The built-in lid enables them to close the folding chamber and thus aid in 
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the folding of substrates. This does not mean that TRiC/CCT carries out its function 

independently of other chaperones. In fact, TRiC/CCT has been shown to cooperate 

with Hsp70 in the cotranslational folding of multidomain proteins (Cuéllar et al. 2008; 

Etchells et al. 2005). TRiC is absolutely required for the folding of many essential 

proteins (about 10% of proteome), like the cytoskeletal proteins, actin and tubulin, 

several proteins with ß-propellers/WD40 repeats as well as cell cycle regulators such 

as CDC20, CDH1 (Ho et al. 2002; Heng et al. 2001; Zhao and Fang 2005; Dekker et 

al. 2008; Yam et al. 2008). Additionally, TRiC/CCT facilitates the folding of the C-

terminal WD40-repeat domain of TAF5 and its subsequent binding to TAF6-TAF9 

heterodimer, thereby allowing the efficient formation of holo-TFIID complex (Antonova 

et al. 2018) . It has been reported that TRiC substrate selection is not solely based on 

intrinsic determinants in vivo, but specificity is dictated by factors present during 

protein biogenesis. Multidomain proteins, which are prone to aggregation, have been 

reported to be one of the substrates for TRiC by bioinformatic analysis. In fact two 

school of thoughts exist concerning the substrate specificity of TRiC. One of them 

believes the TRiC interacts with a broader range of substrates, around 10% of 

cytosolic proteins (Thulasiraman et al. 1999; Yam et al. 2008). The other group 

believes that TRiC has a highly restricted set of substrates, not more than 1% of the 

cytosolic proteins (Kramer et al 2002; Preissler and Deuerling 2012; Willison 2018). It 

would be interesting to unravel whether TRiC is a general cytosolic chaperone.  

6.2.4 Chaperone dysregulation under disease condition 

Various stress conditions like high temperature, oxidative stress or heavy metals 

causes protein to misfold or aggregate. These conditions shift the conformational 

equilibrium towards more aggregation-prone states where aberrant protein-protein 

interactions are formed between exposed hydrophobic regions of two proteins (Weids 

et al. 2016). Upregulation of chaperones under these conditions help the cell to 

prevent aggregation. Age-related neurodegenerative diseases involve protein 

aggregation (Chiti and Dobson 2006). Aggregation could be of two different types: 

amyloid and amorphous. Amyloid aggregation, which is associated with many 

neurodegenerative diseases like Alzheimer’s, Parkinson’s and Huntington’s disease, 

is a highly structured, insoluble, fibrillar deposit, usually consisting of many repeats of 

the same protein (Greenwald and Riek 2010; Tipping et al. 2015). On the other hand, 
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amorphous aggregation is the unordered aggregation of proteins where each protein 

is not generally associated with disease (Weids et al. 2016). 

Cells respond to the increase in the burden of misfolded or unfolded proteins by the 

activation of molecular chaperones through the cytosolic stress pathway, or heat 

shock response. Stress-activated chaperones play essential role as modulators of 

protein homeostasis and promote productive folding or degradation of misfolded 

proteins. Though actively involved in the task of refolding, Hsp70 is ultimately unable 

to refold disease proteins thereby affecting protein homeostasis under diseased 

conditions. This could be due the fact that the cellular system is overburdened by the 

increased amounts of misfolded proteins (Barral et al. 2004; Gidalevitz et al. 2006). 

Slowing the ageing process might prevent disease onset as shown by many studies 

in C. elegans models of Huntington’s and Alzheimer’s diseases (Parker et al. 2005; 

Morley et al. 2002). Hsp70 is sometimes assisted by its co-chaperone Hsp40 to 

prevent protein aggregation under diseased condition. For example, mutant huntingtin 

accumulates in benign amorphous aggregates by the action of Hsp70/Hsp40 

chaperones rather than toxic aggregates (Behrends et al. 2006; Wacker et al. 2004; 

Muchowski et al. 2000). Several studies also pointed towards the fact that the 

chaperonin TRiC/CCT in its fully assembled state modulates Huntington aggregates, 

thereby exerting neuroprotective effects in the cell (Kramer et al 2002; Young et al. 

2003; Haslberger et al. 2010). A very new approach to treat protein misfolding disease 

is “chaperone therapy”. Small molecule induction of heat shock proteins has been 

experimentally tried to resolve abnormally accumulated proteins. Apart from this, low 

molecular competitive inhibitors (chemical chaperones) as well as non-competitive 

chaperones without inhibitory bioactivity have also been developed (Suzuki 2014). 

 

 

 



 

110 
 

7. Overview of techniques used to study co-translational 
assembly  

7.1 Biochemical Approach 

7.1.1 Indirect Approach 

The earliest reports on co-translational assembly were mainly based on indirect 

approaches which enabled the authors to detect the fully translated functional version 

of the complex immediately after translation. For example, beta-galactosidase activity 

was observed in the polysome fractions (Kiho and Rich 1964), the protein tenascin 

was only observed in its hexameric form by pulse chase labelling followed by protein 

detection by non-denaturing polyacrylamide gel electrophoresis. No monomeric, 

dimeric or trimeric precursors were observed (Redick et al 1995). Co-translational 

assembly of a protein complex into any cellular structure could be followed by 

immunoprecipitating the nascent protein from the specific cellular structure by using 

an antibody specific to its N-terminal region, as observed for D1 protein insertion into 

membrane associated photosystem II or myosin heavy chain insertion into 

cytoskeleton (Zhang et al. 1999). These molecular mass-based indirect approaches 

of studying co-translational assembly is mainly useful for homomeric protein 

complexes, where the only difference between monomer and multimer is molecular 

mass and functional activity of the structure.    

7.1.2 Direct Approach 

A commonly used method to study RNA-protein interactions is RNA 

Imuunoprecipitation (RIP) followed by microarray (RIP-Chip) or qPCR (RIP-qPCR) 

(Keene et al. 2006). Though this method is mostly used to study direct interactions 

between RNA-binding proteins and RNA, co-translational assembly can also be 

studied with addition of proper negative controls. For co-translationally assembling 

protein partners, the interaction between a protein and its interaction partner’s mRNA 

is indirect and occurs through the interaction partner (Figure 17). In that case, though 

RIP-Chip/ RIP-qPCR would enable us to obtain information about the same, a 

negative control with puromycin treatment or a construct without a start codon would 

enable us to rule out the possibility of direct RNA-protein interaction (Duncan and Mata 

2011; Halbach et al. 2009; Kassem et al. 2017; Panasenko et al. 2019; Kamenova, 
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Mukherjee et al. 2019). RIP experiments can be carried out from cell extracts 

(Kamenova, Mukherjee et al. 2019) or polysome fractions (Kassem et al. 2017).  

Another approach to study co-translational assembly is selective ribosome profiling 

(SeRP) (Becker et al. 2013). This method is based on ribosome profiling developed 

by Ingolia et al., 2012 where mRNA fragments protected by translating ribosomes are 

sequenced. SeRP consists of immunoprecipitation of the factor of interest associated 

with ribosome-nascent chain complex followed by the sequencing of mRNA fragments 

by ribosome profiling (Shieh et al. 2015; Shiber et al. 2018). For instance, if protein A 

is co-translationally associating with its ribosome-associated nascent interacting 

partner B, immunoprecipitating protein A would pull down its ribosome-associated 

partner B and therefore, the mRNA region encoding protein B covered by the 

translating ribosome. Sequencing of this mRNA fragment covered by the ribosome 

would throw light on the region of protein B co-translationally associating with protein 

A as the mRNA region sequenced would be the region encoding protein sequence 

immediately downstream of the co-translational interacting region. (as shown Figure 

47). 
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Figure 47: Major steps of selective ribosome profiling (SeRP). A protein (in red) is 

associated co-translationally with its ribosome-associated translating interacting partner (in 

blue). Cells are lysed and crosslinked (Step 1), polysomes digested with MNase and yield 

footprint-containing monosomes (Step 2), digested monosomes are isolated by sucrose 

cushion and the protein of interest in affinity purified with an antibody against it (Step 3) and 

the mRNA footprint fragments derived from both total and affinity purified monosomes are 

cloned into cDNA libraries for deep sequencing (Step 4 and 5 respectively). Image adapted 

from (Becker et al. 2013).          

 

7.2 Imaging approaches   

With the advent of powerful single molecule imaging techniques, it has been possible 

to study co-translational assembly. The proximity of two mRNA molecules encoding 

two different genes can be studied by dual colour single molecule RNA FISH 

(Panasenko et al. 2019; Kamenova, Mukherjee et al. 2019) and the proximity of a 

protein and its interacting partner’s mRNA by immunofluorescence combined with 

single molecule RNA FISH (Kamenova, Mukherjee et al. 2019). It would be also 

interesting to follow co-translational assembly by endogenous labelling of mRNAs and 

carrying out live imaging (Haimovich et al. 2017).   
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Thesis Objectives 

Multisubunit protein complexes carrying out various biological processes form an 

integral part of our cells. Despite numerous reports on their structure and function, 

very few studies focussed on their order and mechanism of assembly so far. In this 

respect, two models of protein complex assembly have been put forward, post-

translational and co-translational. For many years, protein complexes were known to 

form post-translationally by random collision in the cytoplasm. However, the extreme 

crowded environment of the cell cytoplasm makes it impossible for the protein subunits 

to find their partners. Recently, co-translational formation of protein complexes has 

been put forward in bacteria and yeast to circumvent this limitation.  

Reports in mammals suggest the presence of subassemblies of multisubunit protein 

complexes in the cytoplasm including transcription complexes. The general 

transcription factor TFIID nucleates the assembly of other transcription factors in most 

of the expressed protein coding gene promoters and loss of TFIID was shown to be 

embryonic lethal. TFIID is composed of TBP (TATA-binding protein) and 13 TAFs 

(TBP associated factors). Majority of the TAFs contain a common structural motif 

called the histone fold domain (HFD), which facilitates pairwise interaction between 

specific TAFs, specifically, TAF10-TAF8, TAF3-TAF10, TAF6-TAF9, TAF4-TAF12, 

TAF11-TAF13 heterodimers. It has been reported previously that the assembly of 

TFIID takes place in a stepwise manner before it embarks on its function in the 

nucleus. Several submodules of TFIID have been shown to assemble in the cytoplasm 

before it forms the holo-TFIID complex. Stable heterotrimers of TAF5-TAF6-TAF9, 

TAF2-TAF8-TAF10 and TAF7-TAF11-TAF13 have been shown to form in the 

cytoplasm. In this context, the main aim of my thesis was to study the mechanism of 

assembly of TFIID submodules in the cytoplasm and specifically answer the following 

questions:  

 

1. Do TFIID histone-fold domain pairs assemble co-translationally? 

2. What drives the co-translational assembly of TFIID HFD pairs? 

3. Do non-HFD pairs also assemble co-translationally? 

4. Do other multisubunit complexes also assemble co-translationally? 

5. Study the co-localisation of co-translationally assembling proteins and RNAs? 

6. Study the role of chaperones in co-translational assembly? 
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Results 

1. Co-translational assembly of mammalian nuclear multisubunit complexes 

(Kamenova#, Mukherjee#, et al., Nature Communications, 2019, #equal first authors, 

names appear in alphabetical order) 

Authors’ contributions: 

Pooja Mukherjee: Designed the study, carried out molecular biology and imaging 

experiments (Figures 2a-d, 3a-b, 4e, 5a-d, 6a-d, 7c-e, Supplementary Figures 2a-d, 

3a-b, 4a,c, 5a-d, 6a-c, 7b-c), interpreted and analysed data, wrote manuscript. 

Ivanka Kamenova: Designed the study, carried out molecular biology and imaging 

experiments (Figures 1b-e, 7a,b,f, 8a-c, Supplementary Figures 1, 7a), interpreted and 

analysed data, wrote the manuscript. 

Sascha Conic: Helped in the confocal imaging and preparing imaging figure panels. 

Florian Mueller: Analysed imaging experiment data, IF-smiFISH and smiFISH.  

Farrah El-Saafin, Paul Bardot: Carried out mouse knockout experiments (Figure 4a-

d). 

Stéphane D. Vincent: Carried out mouse knockout experiments (Figure 4a-d) and 

helped in preparing figure panel with R.   

Jean-Marie Garnier: Performed all the cloning experiments. 

Doulaye Dembele: Analysed the microarray data.  

Simona Capponi: Generated a stable cell line. 

H.T.Marc Timmers: Generated a stable cell line and wrote the manuscript. 

László Tora: Conceived and designed the study, wrote the manuscript. 
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Cells dedicate significant energy to build proteins often organized in multiprotein assemblies

with tightly regulated stoichiometries. As genes encoding subunits assembling in a multi-

subunit complex are dispersed in the genome of eukaryotes, it is unclear how these protein

complexes assemble. Here, we show that mammalian nuclear transcription complexes

(TFIID, TREX-2 and SAGA) composed of a large number of subunits, but lacking precise

architectural details are built co-translationally. We demonstrate that dimerization domains

and their positions in the interacting subunits determine the co-translational assembly

pathway (simultaneous or sequential). The lack of co-translational interaction can lead to

degradation of the partner protein. Thus, protein synthesis and complex assembly are linked

in building mammalian multisubunit complexes, suggesting that co-translational assembly is

a general principle in mammalian cells to avoid non-specific interactions and protein

aggregation. These findings will also advance structural biology by defining endogenous

co-translational building blocks in the architecture of multisubunit complexes.
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Often proteins do not act alone, instead they function as
components of large multisubunit complexes in a cell. To
better understand cellular functions, investigating the

precise mechanism that guide the formation of these multisubunit
assemblies is of key importance. A cell uses hundreds of different
protein complexes that vary with respect to their complexity.
Some complexes require the association of multiple copies of the
same subunit, while others are constituted of many different
subunits. The latter group includes many transcription regulatory
and chromatin remodelling complexes (see below). In order to
achieve the efficient formation of protein complexes in eukar-
yotes, the genes coding for all the subunits (dispersed in the
eukaryotic genome) have to be transcribed in the nucleus, their
corresponding mRNAs transported to the cytoplasm, translated
into proteins, and the formation of correct interactions among
the subunits must be orchestrated. A polysome is a cluster of
ribosomes acting on a single mRNA to translate its information
into polypeptides. Appropriate translation-based mechanisms
may exist in the cell to regulate the interactions between specific
subunits in order to avoid incorrect non-specific interactions or
subunit aggregations in the absence of the correct partner. Cur-
rently, it is not well understood how functional subunit interac-
tions are regulated in eukaryotic cells. Protein complex formation
is often studied in vitro using purified subunits, assuming that
individually translated subunits assemble stochastically by diffu-
sion, and thus favouring the idea that these multisubunit com-
plexes assemble post-translationally1. However, in the crowded
environment of an eukaryotic cell such simple diffusion-
dependent models may not work, as subunits may engage in
non-specific interactions or form aggregates. Recent studies in
bacteria demonstrated that co-translational building of a func-
tional protein dimer is more efficient than the post-translational
assembly of its individual subunits2,3, and also in yeast co-
translation has been shown to be an efficient assembly pathway to
assemble multiprotein complexes4–8. Consequently, two co-
translational models have been put forward: (i) the simulta-
neous model which suggests that two polysomes in close physical
proximity synthesise subunits, which interact while being trans-
lated and (ii) the sequential model implies that a mature fully
translated subunit interacts co-translationally with its polysome-
bound nascent interaction partner9.

One of the key regulatory steps in the expression of mRNAs is
transcription initiation. Co-activators act together to establish a
chromatin structure favourable for transcription by facilitating
the formation of the preinitiation complex (PIC). PIC is com-
prised of RNA polymerase II (Pol II) and general transcription
factors (GTFs). Many GTFs and co-activators are multisubunit
complexes, in which individual subunits are organised into sev-
eral distinct modules carrying out specific functions. In mam-
malian cells the TFIID GTF nucleates the assembly of the Pol II
preinitiation complex on all protein-coding gene promoters [refs
10,11 and references therein]. Metazoan TFIID is composed of the
TATA-binding protein (TBP) and 13 TBP-associated factors
(TAFs) (Fig. 1a). SAGA (Spt Ada Gcn5 Acetyltrasferase) is a
multisubunit transcriptional coactivator complex, composed of
19 subunits (including a subset of TAFs), required for the tran-
scription of all active genes in yeast12. Moreover, the mammalian
Transcription and mRNA Export 2 complex (TREX-2) is com-
posed of five subunits, including the subunit ENY2, which is
shared with the SAGA complex13.

The majority of TAFs dimerise via their histone-fold domains
(HFDs), which are structurally homologous to histone pairs. In
TFIID, TAFs form five HF pairs (TAF4-12, TAF6-9, TAF8-10,
TAF3-10 and TAF11-13) [ref. 10 and references therein] (Fig. 1a).
Importantly, individual HFD-containing TAFs cannot be
expressed in a soluble form in bacteria. However, HFD-

containing TAFs become soluble when co-expressed with their
corresponding specific interaction partner14, suggesting that
individual HFD-containing TAFs aggregate without their specific
partners.

To test how mammalian cells can avoid the aggregation of
individual subunits following translation and whether co-
translational interactions guide the assembly of transcription
complexes, in this study, we investigate pairwise assembly of
TFIID subunits between TAF8 and TAF10, TAF6 and TAF9 and
TAF1 and TBP in polysome-containing mammalian cell extracts.
By using a large series of complementary experiments, we show
that TAF8-TAF10 and TAF1-TBP assemble co-translationally
according to the sequential assembly pathway, while TAF6-TAF9
assembles co-translationally according to the simultaneous
model. We also demonstrate that the ENY2 subunit assembles co-
translationally with its interaction partner, GANP, in TREX-2,
and with ATXN7L3 in the deubiquitination (DUB) module of
SAGA. Furthermore, our experiments show that the interaction
domain (ID) and the position of the ID in the given subunit solely
drives the co-translational assembly in these complexes. Thus, our
results uncover mechanistic principles in the understanding of
co-translational control of protein complex formation in mam-
malian cells.

Results
TAF10 and TAF8 assemble co-translationally. To test whether
HFD-containing TAFs assemble co-translationally, we used a
monoclonal antibody against the N-terminus of the HFD-
containing TAF10 to immunoprecipitate (IP) endogenous
TAF10 from human HeLa cell cytosolic polysome extracts
(Fig. 1b). Protein–protein interactions between nascent proteins
still associated with translating ribosomes would be revealed by
enrichment of mRNAs coding for the interacting partners in the
IPs. Global microarray analysis of mRNAs precipitated by the
anti-TAF10 RNA IPs (RIPs) revealed enrichment of TAF8
mRNA, suggesting that the well-characterised TAF8-10 HFD
dimer15 forms co-translationally (Fig. 1c). Anti-TAF10 RIP of
cytosolic polysome extracts coupled to RT-qPCR validation
confirmed our microarray results and showed strong enrichment
of the TAF8 mRNA (Fig. 1d). The absence of significant TAF10
mRNA signal in the microarray experiments was due to poor
quality and the high GC-content of the TAF10 probe sets present
on the commercial microarray. Nevertheless, RT-qPCR validation
also revealed the presence of TAF10 mRNA in the nascent anti-
TAF10 RIP. Importantly, cycloheximide, which freezes translat-
ing ribosomes on the mRNA16, stabilised the TAF10-TAF8-TAF8
mRNA interactions, while puromycin, which causes release of
nascent peptides from ribosomes17, resulted in the loss of co-
purified mRNA. Endogenous anti-TAF10 RIP-RT-qPCR from
polysome extracts prepared from mouse embryonic stem cells
(mESCs) gave nearly identical results, which emphasises the
generality of the co-translational pathway for assembly of the
mammalian TAF8-TAF10 heterodimer (Fig. 1e; Supplementary
Fig. 1). Quantification of the TAF8 mRNA in the anti-TAF10 RIP
normalised to the protein IP efficiency indicated that the
enrichment was between 7 and 25%, depending on the cell line
and the antibody used. In contrast, to TAF8, mRNAs encoding
other potential TAF10 dimerization partners, TAF3 and
SUPT7L18, were not enriched in the RT-qPCR validation
experiments, in good agreement with the microarray analysis and
indicating the specificity of the co-translational assembly of the
TA8-TAF10 heterodimer (Fig. 1d, e). Together these results
indicate that TAF10 protein is associated with ribosomes which
are actively translating TAF8 mRNA via the nascent TAF8
protein.
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HFD drives the co-translational assembly of TAF10-TAF8. The
fact that TAF8 has its dimerization HFD at an N-terminal posi-
tion, and that the TAF10 HFD is at the very C-terminus of the
protein, allows the direct testing of the sequential assembly
model, as TAF8 and TAF10 may be expected to only hetero-
dimerise if the TAF10 protein is fully synthesised and freed from
the ribosome. To examine the two assembly models (see Intro-
duction) and to distinguish between the nascent and mature
forms of the TAF8 and TAF10 proteins, we added FLAG-, or HA-

tags to either N- (to carry out nascent IPs) or C termini (to carry
out mature IPs) of these proteins, respectively. Importantly,
exogenous co-expression of N-terminally tagged TAF8 and
TAF10 in HeLa cells followed by nascent anti-HA-TAF10 RIP
from cytosolic polysome extracts recapitulated the findings
obtained with endogenous proteins (Fig. 2a). In contrast, nascent
anti-FLAG-TAF8 RIP resulted in high enrichment of its own
encoding mRNA, but not that of TAF10 (Fig. 2b). Immunopre-
cipitation of mature TAF10-HA protein resulted in TAF8 mRNA,
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but not TAF10 mRNA enrichment (Fig. 2c), supporting the
sequential co-assembly model of mature TAF10 interacting with
nascent TAF8 exiting from ribosomes translating TAF8 mRNA.
In addition, the mature TAF8-FLAG protein did not bring down
any of the tested mRNAs (Fig. 2d). In all cases, protein partners
were co-immunoprecipitated successfully (Supplementary Fig. 2).

Taken together, these results suggest that mature TAF10 binds to
the polysome-bound nascent TAF8 protein, and that the
respective N- (in TAF8) and C-terminal (in TAF10) HFDs are
driving co-translational dimerization.

To test whether the observed co-translational TAF8-TAF10
assembly is specific to the dimerization of their HFDs, we
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engineered a mutation disrupting the dimerization ability of the
TAF8 HFD (see Methods). Anti-TAF10 RIP from cells co-
transfected with TAF10 cDNA and mutant HFD expressing TAF8
cDNA (mtTAF8) resulted in a nearly complete loss of the co-
precipitated TAF8 mRNA and TAF8 protein, as compared with
the wild-type controls (Fig. 3a and Supplementary Fig. 3a),
indicating that the dimerization of TAF8 and TAF10 through
their HFDs is crucial for co-translational assembly.

Next, we tested whether the full exposure of the nascent HF
interaction domain at the ribosomal exit tunnel would be
necessary for co-translational assembly. The ribosome exit tunnel
can accommodate up to 60 amino acids [ref. 19 and references
therein]. Thus, we constructed two truncated versions of TAF8:
one encoding only the TAF8 HFD that would be partially buried
in the ribosome exit tunnel during translation, and a second
encoding the TAF8 HFD and an additional 60 amino acids of
TAF8 (TAF8 HFD+ 60) that would allow the appearance of the
nascent TAF8 HFD from the ribosomal tunnel. Next a TAF10
expressing plasmid was co-transfected either with TAF8 HFD, or
with TAF8 HFD+ 60 expressing plasmids and anti-TAF10 RIPs
were carried out. Importantly, our results show that the TAF8
HFD mRNA is not enriched in the anti-TAF10 RIP, indicating
that the minimal TAF8 HFD protein is released immediately
from translating polysomes without co-translational binding to
TAF10 protein. On the other hand, the TAF8 HFD+ 60 mRNA
was enriched in the anti-TAF10 RIP demonstrating that the
additional 60 amino acids in the longer TAF8 HFD+ 60 protein
kept the nascent protein anchored in polysomes allowing for co-
translational interaction with TAF10 (Fig. 3b and Supplementary
Fig. 3b). Together, our results indicate that TAF8-TAF10 co-
translational assembly is driven by dimerization with nascent
TAF8 protein upon emergence of its entire HFD from actively
translating polysomes. Consequently, these results together

demonstrate the sequential co-translational assembly pathway
where the fully synthesised TAF10 interacts uni-directionally with
the nascent TAF8 polypeptide.

TAF8 is prone to degradation in the absence of TAF10. In the
sequential assembly pathway, if nascent chains of a subunit
cannot co-translationally interact with its partner, it may become
prone to misfolding and degradation by the proteasome, but the
fully translated partner should stay stable. To test this hypothesis,
we used mouse embryonic stem cells (ESCs) in which either the
endogenous Taf10, or Taf8 genes can be conditionally knocked
out20,21. By using these mouse ESCs we observed that the deletion
of Taf10 not only ablated Taf10 mRNA and TAF10 protein levels,
but significantly reduced both Taf8 mRNA and TAF8 protein
expression (Fig. 4a, c). These results were also confirmed in Taf10
KO mouse embryos20. In contrast, the deletion of Taf8, decreased
only its own mRNA and protein levels, without affecting the
Taf10 mRNA expression and TAF10 protein levels (Fig. 4b, d).
Furthermore, in both KO mESCs other tested TFIID subunits
remained unchanged20.

Next we tested whether TAF10 re-expression would rescue
TAF8 from degradation. To this end we used our Taf10−/−:R
mouse F9 cells, where the endogenous Taf10 alleles are
inactivated and the cells are viable due to the doxycyclin (Dox)
inducible expression of the human TAF10 protein22. In this
system cells were grown for 5 days without Dox. As a result
TAF10 was completely depleted and consequently endogenous
TAF8 expression was also abolished (Fig. 4e), in agreement with
our above mESC results. Importantly, however, when after 5 days
Dox was re-added to the cells for 1 or 2 days, the neosynthesised
TAF10 expression re-stabilised the expression of endogenous
TAF8 as both TAF10 and TAF8 proteins could again be detected
by western blot analysis (Fig. 4e).
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Together, these results further indicate that TAF10 interacts
co-translationally with nascent TAF8 and when TAF10 is not
present both TAF8 protein and mRNA could be prone to
degradation. Thus, the nascent TAF8 HFD, in the absence of its
interaction partner TAF10, may serve as a signal for both protein
and mRNA degradation, while TAF10 is stable in the absence of
TAF8. However, the reduction of TAF8 mRNA in the absence of
TAF10 protein due to primary transcriptional response cannot be
ruled out.

TAF10 protein co-localises with TAF8mRNA in the cytoplasm.
To visualise the co-localisation of TAF10 protein with TAF8
mRNA in the cytoplasm, we set out to detect TAF10 protein and
TAF8 mRNA in the cytoplasm of fixed human HeLa cells. To this
end we combined protein detection by immunofluorescence (IF)
with RNA detection by single molecule inexpensive FISH (smi-
FISH)23. Co-localization of protein and mRNA was then
observed by confocal microscopy and quantified. Surprisingly, we
observed a large difference between the number of total (nuclear
and cytoplasmic) endogenous TAF8 and TAF10mRNAs, showing
that there are about four times less TAF8 mRNAs than those of
TAF10 (Supplementary Fig. 4a, b). In good agreement with our

above endogenous anti-TAF10 RIP results (Fig. 1d, e), these IF-
smiFISH experiments showed an about 10% co-localization
between TAF8 mRNA and TAF10 protein in the cytoplasm of
HeLa cells (Supplementary Fig. 4c). To increase the number of
TAF8 mRNA molecules in the cytoplasm of HeLa cells and to be
able to carry out analyses with-wild type (wt) and mutant (mt)
TAF8 proteins, we carried out IF-smiFISH detections in HeLa
cells exogenously expressing TAF8 protein. The IF-smiFISH co-
localization experiments in fixed HeLa cells showed significant
co-localisation between TAF10 protein and TAF8 mRNA in the
cytoplasm (Fig. 5a, e; note that to observe only the cytoplasmic IF
signals the nuclear signal in the green channel was removed).
Importantly, the co-localisation between mtTAF8 mRNA
(Fig. 3a) and TAF10 protein was lost (Fig. 5b, e). In addition,
TAF8 protein detection by IF and TAF10 mRNA by smiFISH,
showed no significant co-localisation (Fig. 5c, e). Moreover, we
could not detect any co-localisation between CTNNB1 (catenin
beta-1) mRNA and TAF10 protein (Fig. 5d, e), which further
rules out any non-specific co-localisation of TAF10 protein with
wt TAF8 mRNA. Importantly, the statistical analysis of the co-
localization enrichment ratio of TAF10 protein-wt TAF8 mRNA
measured in cells was significantly higher compared with all the
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other conditions tested (Fig. 5e). These imaging experiments
demonstrate the physical proximity of TAF10 protein to TAF8
mRNA in the cytoplasm. Moreover, this proximity is dependent
on the ability of the two proteins to interact, lending further
support to the sequential assembly model.

Position of IDs define the co-translational assembly pathway.
To further test whether domain position guides co-translational
assembly of HFD pairs in TFIID, TAF8 and TAF10 expression
vectors were constructed in which the respective HFDs were

exchanged. Our nascent RIP experiments from cells co-
transfected with these swapped cDNA constructs (TAF10-HFD8
and TAF8-HFD10) resulted in comparable TAF8-HFD10 mRNA
and protein enrichments (Fig. 6a, b and Supplementary Fig. 5a,
b); as observed with the corresponding wt constructs (Fig. 2a, b),
indicating that the origin of the HFD does not influence the
sequential order of co-translational assembly. This experiment
also suggested that the position of the HFD (N- or C-terminal),
but not its sequence, determines the co-translational pathway by
which the protein partners interact. Thus, next we tested whether
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antibody for TAF8 (c) and TAF10 (d) protein. A typical cell recorded in each case and after counterstaining the nucleus with DAPI (grey) is shown. The
nuclear signal in the green channel (TAF10 or TAF8 IF) was removed by masking the nucleus and using the “clear” option in ImageJ. Zoom-in regions
shown under every image are indicated with a white rectangle. Scale bar (5 μm). e Boxplot showing enrichment ratios of IF signal at each RNA position over
mean cytoplasmic intensity under all the conditions tested. Each grey dot represents one cell. Red horizontal lines are mean values, 95% confidence
interval is shown in pink, and standard deviation in blue
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the co-translational assembly of TAF6-TAF9 HFD pair would
follow the simultaneous pathway, as they interact through their
N-terminal HFDs (Fig. 6c, d). Our nascent RIPs revealed that
both TAF6 and TAF9 co-IP their partners' mRNA (Fig. 6c, d and
Supplementary Fig. 5c, d), suggesting that they assemble through
the simultaneous assembly pathway, presumably as the neo-
synthesised interaction domains of both proteins are exposed
early during their synthesis on the ribosomes. Such a model
would further suggest that TAF6 and TAF9 mRNAs could be
found in close vicinity in the cytoplasm. To test the simultaneous
co-translational assembly of TAF6-TAF9 HFD pair we have
carried two colour smiFISH co-localization experiments to detect
TAF6 or TAF9 mRNAs in fixed HeLa cells. These experiments
showed a significantly higher co-localisation of the TAF6 and
TAF9 mRNAs in the cytoplasm than several unrelated negative
control mRNAs (Supplementary Fig. 6). These results show that
the simultaneous co-translational assembly of TAF6-TAF9 HFD
is detectable in the cytoplasm, however, with a relatively low
frequency. This can be potentially explained by the fact that TAF6
can interact with TAF9b, and TAF9 with TAF6L13, but the cor-
responding TAF6L and TAF9b mRNA co-localization combina-
tions were not tested. Moreover, we cannot rule out the possibility
that the fully synthesised TAF6 or TAF9 could also find their
respective nascent partners still bound to the ribosomes through
the sequential assembly pathway. Thus, it seems that the position
of the dimerization domain may play a critical role in defining the
order of co-translational assembly pathway of the corresponding
interacting factors.

TBP and TAF1 interact also co-translationally. In TFIID, the
evolutionary conserved core domain of TBP interacts with TAF1
via N-terminal TAND region of TAF1 and this interaction
modulates the DNA-binding activity of TBP within TFIID24,25.
To investigate co-translational assembly of other non-HFD-
dependent interactions, we carried out genome-wide microarray
analysis of TBP-associated RNAs from HeLa cell polysome
extracts using a monoclonal antibody against the N-terminus of
endogenous human TBP. In addition to TBP mRNA, we detected
strong enrichment of 19 coding and non-coding RNAs. Among
these, we found mRNAs coding for known TBP-interacting
proteins: BRF1 coding for a factor important for Pol III tran-
scription26, BTAF1 coding for a B-TFIID subunit27, as well as
TAF1, whose enrichment on the microarray was somewhat
weaker (Fig. 7a). Nevertheless, RIP-qPCR analysis in human
HeLa cells (Fig. 7b) and mouse ESCs (Supplementary Fig. 7a)
confirmed the microarray data and revealed a strong enrichment
of the TAF1 mRNA. Quantification of the TAF1 mRNA in the
anti-TBP RIP normalised to the protein IP efficiency indicated
that the TAF1 mRNA enrichment was around 62%. Consistent
with the need for active translation, enrichment of all specific
mRNAs was lost, or greatly decreased, upon puromycin treatment
(Fig. 7b).

To further investigate the specificity of TBP-TAF1 interaction,
we co-transfected expression vectors coding for the full-length
human TBP with a ΔTAF1 expression vector, in which sequences
coding for the first 168 residues containing the TAND region
were deleted. Anti-TBP RIPs from cells expressing ΔTAF1
resulted in complete loss of TAF1 mRNA enrichment and a
reduction of the co-immunoprecipitated protein (Fig. 7c, d,
Supplementary Fig. 7b, c). These results are consistent with a
requirement of the N-terminal TAF1 domain to recruit TBP to
the nascent TAF1 polypeptide. As the protein interface is formed
by the C-terminal portion of TBP and the very N-terminus of
TAF125,28, we predicted that similarly to TAF8-TAF10 assembly,
a sequential assembly is also involved in the TBP-TAF1

interaction. Indeed, nascent anti-TAF1 RIP from an engineered
GFP-TAF1 HeLa cell line (Fig. 7e, f) resulted in the enrichment of
TAF1 mRNA, but not that of TBP, thus supporting the co-
translational assembly of TBP-TAF1 by the sequential pathway.

TREX-2 and SAGA DUB complexes assemble co-
translationally. To extend our findings beyond TFIID, we
examined co-translational assembly of ENY2 subunit with its
respective partners. ENY2 is subunit of the TREX-2 mRNA-
export complex and the DUB module of the SAGA transcription
coactivator13. In TREX-2, two ENY2 proteins wrap around the
central portion of the large GANP helical scaffold29. Similarly,
human ENY2 wraps around the N-terminal helix of human
ATXN7L3 in the highly intertwined SAGA DUB module30

(Fig. 8a). To test whether the co-translational model is generally
applicable to multisubunit complexes, we analysed ENY2-
associated mRNAs from HeLa cells stably expressing ENY2
with an N-terminal GFP-tag31. Interestingly, we found that an
anti-GFP-ENY2 RIP co-immunoprecipitates predominantly
endogenous GANP mRNA and protein (the partner of ENY2 in
TREX-2), and also endogenous ATXN7L3 mRNA and protein
(the binding partner of ENY2 in the SAGA DUB module)
(Fig. 8b, c). Together, these results demonstrate that co-
translational assembly is involved in the assembly of mamma-
lian transcription complexes of diverse architecture and function.

Discussion
A functional protein must fold, translocate to its site of action and
assemble with the right partners to carry out its function in the
cell. The folding and assembly should be a well-regulated process
in the cell to avoid non-specific interactions, and also because a
single protein might interact with various partners depending on
its interaction domain. Most eukaryotic proteins have more than
one domain, which enables them to associate with their interac-
tion partners. The building of multi-protein complexes in
eukaryotes necessitates co-translational protein folding, the
folding of a particular ID while still attached to translating
ribosomes, to increase the efficiency of protein synthesis and
prevent non-productive interactions32. Importantly, co-
translational folding is aided by the ribosome, which stabilises
specific folding intermediates of a protein33–35. Our results fur-
ther demonstrate that the co-translational dimerization of protein
interaction domains directs the assembly of mammalian nuclear
multisubunit complexes. The cytoplasmic IF-smiFISH experi-
ments indicate that the described co-translational assembly is
clearly occurring in the cytoplasm of human cells and together
with the mRNA enrichment calculations show that co-
translational assembly is not a minor event. We also show that
the position of the heterodimerization domain in a protein could
guide its co-translational assembly either by sequential or
simultaneous pathways. These mechanisms could play an
important role in maintaining cellular health as excess orphan
protein subunits can overburden protein folding and quality
control machineries36. There is a strong correlation between the
amino acid sequence of a protein, its translation rate and co-
translational folding37. Rare codons in the mRNAs decrease the
rate of translation, thereby allowing the protein to fold co-
translationally33. Interestingly, translation pause sites are located
downstream of the ID boundaries in order to regulate proper
folding of multi-domain proteins38, probably by assuring enough
time for the co-translational interaction between the interacting
subunits. In good agreement, our Taf10 and Taf8 KO mESCs, as
well as F9 TAF10 ablation/re-expression experiments suggest that
if the nascent ID exiting from the synthesizing ribosome cannot
bind with its partner, the lack of interaction will lead to its
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translational arrest and consequent degradation of both the
nascent protein and possibly the mRNA coding it. Note that the
translational pausing causing mRNA destabilization could be an
attractive model, however, primary transcriptional instead of
posttranscriptional response cannot be ruled out. Nevertheless, it
is conceivable that when nascent IDs are translated, the ribosome
may pause or slow down until the interaction partner would
arrive and bind, and thus stabilise the nascent ID. However,
further systematic studies need to be carried out in order to study
the role of translational pausing in co-translational protein
assembly.

Co-translational assembly in homomeric proteins can also
cause premature assembly of protein complexes, if two interacting
nascent chains are in close proximity. It has been suggested that
homomeric protein IDs are enriched toward the C termini of
polypeptide chains across diverse proteomes39 and this ID loca-
lisation is essential to prevent the assembly of homomeric pro-
teins before proper folding. In contrast, our preliminary
bioinformatics analyses using a limited curated interaction data-
base39 suggest that in heterodimeric proteins the N-terminal
interaction regions are enriched, further underlining the idea that
co-translational protein assembly in heterodimeric proteins is
beneficial for assembling cellular machineries.

The role of chaperones in ribosome-associated nascent protein
folding is well studied. Hsp70 family of proteins (such as, e.g.,
yeast Ssb) protects the nascent polypeptide from misfolding and
aggregation in eukaryotes39,40. In bacteria and yeast, the
ribosome-associated chaperones have been shown to interact with
the nascent polypeptide chain emerging from the ribosome aiding
in its folding8,41–43. Moreover, recently it has been suggested that
upon emergence of a complete ID, the nascent chain interacts
with its partner subunit and dissociates the chaperone complex
from the nascent chain8.

Our results reveal a systemic co-translational building of
complexes in mammalian cells, but a thorough proteomic
approach is necessary to identify chaperones necessary for these
assembly pathways. It is possible that some of the chromatin
regulatory complexes assemble through other chaperone-based
mechanisms in the cytoplasm or directly in the nucleus.

In summary, we show that building blocks of mammalian
nuclear transcription complexes, such as TFIID, SAGA and
TREX-2, are assembled during translation and the way in which
assembly occurs is consistent with the current knowledge of the
preliminary structural organization of the complexes. Similar
results from yeast, mouse, and human cells demonstrate that co-
translational assembly is a general mechanism in eukaryotes
[ref. 8 and this study]. Thus, the co-translational assembly of
multi-protein complexes pathways seems to be a common reg-
ulatory mechanism in all eukaryotic cells to ensure efficient
solutions to avoid non-specific protein interactions, protein
aggregation and probably also to control the correct stoichio-
metry of subunits belonging to distinct complexes. In addition,
our findings will significantly advance structural biology studies,
because in the future extensive screening experiments will not be
required to identify a real interaction partner(s) of a given subunit
in a multi-protein complex. It will be enough to make an anti-
subunit RIP from polysome extracts coupled to microarray ana-
lyses (or to RT-qPCRs) and the real endogenous interacting
partner(s) can be taken immediately with high confidence for
structural determinations and for building the architecture of
multi-protein complexes.

Methods
Antibodies. Sources, catalogue numbers and concentrations of antibodies used for
RIP, protein IP and western blotting are summarised in Supplementary Table 2.

Preparation of polysome-containing extracts and RIP. Polysome-containing
extracts were prepared from adherent cells harvested at ~90% confluence by
adapting a method for the isolation of ribosomes translating cell type-specific
RNAs44. Briefly, 10 cm plates were treated with cycloheximide (100 µg/ml final) or
puromycin (50 µg/ml final) and returned to the 37 °C incubator for 15 or 30 min,
respectively. Subsequently, plates were placed on ice, washed twice with ice-cold
PBS and scraped in 500 µl lysis buffer (20 mM HEPES KOH pH 7.5, 150 mM KCl,
10 mM MgCl2 and 0.5% (vol/vol) NP-40), supplemented with complete EDTA-free
protease inhibitor cocktail (Roche), 0.5 μM DTT, 40 U/ml RNasin (Promega), and
cycloheximide or puromycin as needed. Extracts were prepared by homogenizing
cells by 10 strokes of a B-type dounce and centrifugation at 17,000 × g. Clarified
extracts were used to start immunoprecipitations, after saving 10% total RNA for
input measurement. For TAF10 and TBP IPs, 20 µl of Protein G Dynabeads
(ThermoFisher Scientific) were equilibrated by washing three times in lysis buffer,
resuspended in 400 µl of lysis buffer and 2 µl of antibody, and incubated for 1 h at
room temperature with end-to-end mixing. Beads were washed twice with IP500
buffer (20 mM Tris-HCl, pH 7.5, 150 mM KCl, 10% glycerol (v/v) and 0.1% NP-40
(v/v)) and three times in lysis buffer. Antibody-bound beads were thus used to
perform RIP with polysome extracts overnight at 4 °C with end-over-end mixing.
Mock RIP was carried out with equal amount of anti-GST antibody. The next day,
beads were washed four times for 10 min at 4 °C with high salt-containing wash
buffer (20 mM HEPES-KOH pH 7.5, 350 mM KCl, 10 mM MgCl2 and 0.1% (vol/
vol) NP-40) and subsequently eluted in 350 µl RA1 Lysis buffer and 7 µl 1M DTT.
RNAs were purified according to the manufacturer’s instructions of the Macherey-
Nagel total RNA purification kit, including the optional on-column DNase
digestion step, and eluted twice in the same 60 µl of RNAse-free water. In the case
of FLAG, HA, or GFP RIPs, 50 µl packed anti-FLAG M2 affinity gel (Sigma), 50 µl
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packed EZviewTM Red Protein A affinity gel (Sigma) or 30 µl GFP-TRAP
(Chromotek) slurry were equilibrated in lysis buffer and used for RIP.

cDNA preparation and RT-qPCR. For cDNA synthesis, 5 µl of purified RIP-RNA
and 5 µl of 1:10 diluted input RNA samples were used. cDNA was synthesised
using random hexamers and SuperScript IV (ThermoFischer Scientific) according
to the manufacturer’s instructions. For RIP performed on transfected cells, RNA
was additionally treated with Turbo DNase (Ambion) according to the manu-
facturer’s instructions in order to ensure complete plasmid removal before cDNA
synthesis. Quantitative PCR was performed with primers (listed in Supplementary
Table 1) on a Roche LightCycler 480 instrument with 45 cycles. In all cases, control
cDNAs prepared without reverse transcriptase (−RT) were at least over 10 Cp
values of the +RT cDNAs. Enrichment relative to input RNA was calculated using
the formula 100 × 2[(Cp(Input)− 6.644)− Cp(IP)] and expressed as “% input RNA”. In
the case of RIPs performed on transfected cells, enrichment values were expressed
as “mRNA fold enrichment” relative to the mock IP using the formula ΔΔCp [IP/
mock], to account for the variability of transient transfections. “Relative mRNA
fold enrichment” is expressed as mRNA fold enrichment of TAF8 relative to
mRNA fold enrichment of TAF10 mRNA. All experiments were performed with a
minimum of two biological and two technical replicates and values are represented
as mean ±SD. Figures panels were prepared with taking in account all these data
points using R (RStudio version 1.1.456 and R version 3.5.1).

Microarray analysis and library preparation. Polysome extracts and RIP from
HeLa cells were performed as described above with mouse monoclonal antibodies
1H8 targeting the N-terminus of TAF10, 3G3 targeting the N terminus of TBP, and
1D10 targeting GST as a nonspecific control (see Supplementary Table 2). Protein
G Sepharose beads were used (100 µl beads coupled to 14 µl antibody). After
quantification and quality controls performed on Agilent’s Bioanalyzer, biotiny-
lated single strand cDNA targets were prepared, starting from 200 ng of total RNA,
using the Ambion WT Expression Kit (Cat # 4411974) and the Affymetrix Gen-
eChip® WT Terminal Labelling Kit (Cat # 900671) according to Affymetrix
recommendations. Following fragmentation and end-labelling, 3 μg of cDNAs were
hybridised for 16 h at 45 °C on GeneChip® Human Gene 2.0 ST arrays (Affyme-
trix) interrogating over 40000 RefSeq transcripts and ~11,000 LncRNAs repre-
sented by ~27 probes spread across the full-length of the transcript. The chips were
washed and stained in the GeneChip® Fluidics Station 450 (Affymetrix) and
scanned with the GeneChip® Scanner 3000 7 G (Affymetrix) at a resolution of 0.7
µm. Raw data (.CEL Intensity files) were extracted from the scanned images using
the Affymetrix GeneChip® Command Console (AGCC) version 4.0. CEL files were
further processed with Affymetrix Expression Console software version 1.3.1 to
calculate probe set signal intensities using Robust Multi-array Average (RMA)
algorithms with default settings (Sketch quantile normalization). Statistical analysis
was performed using the FCROS package version 1.5.445. Differences are con-
sidered significant for p value below 0.025. Volcano plots were performed using
RStudio software version 3.3.2. Ribosomal RNA transcripts were filtered out. The
microarray results reported in this paper are available in the Gene Expression
Omnibus (GEO) under accession number GSE106299.

Cell lines, cell culture and transfections. HeLa cells (ATCC® CCL-2TM) grown
on adherent plates were obtained from the IGBMC cell culture facility and cultured
in a 37 °C humidified/5% CO2 incubator. Culture media consisted of Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 1 g/l glucose, 5% fetal calf
serum (FCS), and 40 µg/ml Gentamycin. The GFP-TAF1 cell line was generated by
transferring full length human TAF1 fused at its N-terminus to EGFP into HeLa
Flp-In/T-REx cells following procedures described in ref. 46. E14 mouse embryonic
stem cells [mESCs, ES Parental cell line E14Tg2a.4, obtained from Mutant Mouse
Resource and Research Center (MMRRC), Citation ID:RRID:MMRRC_015890-
UCD] at passage 29-31 were obtained from the IGBMC cell culture facility and
cultured on gelatinised plates in feeder-free conditions in KnockOut DMEM
(Gibco) supplemented with the following: 20 mM L-glutamine, Pen/Strep, 100 µM
non-essential amino acids, 100 µM β-mercaptoethanol, N-2 supplement, B-27
supplement, 1000 U/ml LIF (Millipore), 15% ESQ FBS (Gibco) and 2i (3 µM
CHIR99021, 1 µM PD0325901, Axon MedChem). Cells were passaged approxi-
mately every 3 days. The EGFP-ENY2 HeLa cell line was generated in our
laboratory by D. Umlauf31 and maintained at 37 °C in DMEM (1 g/l glucose), 10%
FCS and 40 µg/ml Gentamycin31. The Dox-inducible hTAF10 expression system in
Taf10−/− mouse F9 embryonal carcinoma cells was generated in our laboratory by
E. Scheer22. Cells were cultured at 37 °C with 7% CO2 in gelatinised plates in a
culture media consisting of DMEM (4.5 g/l glucose), 10% FCS, 40 µg/ml Genta-
mycin in the presence of doxycycline (Sigma). The EGFP-ENY2 HeLa and the
Taf10−/− mouse F9 embryonal carcinoma cell lines are available upon request.

Transfections were performed on ~90% confluent cells in 10 cm plates in
antibiotic-free media using Lipofectamine 2000 (Thermo Fisher Scientific) and 3 µg
plasmid DNA, according to the manufacturer’s instructions. The medium was
replaced with fresh medium containing gentamycin ~5–6 h post transfection and
cells were harvested 24 h later. A descriptive summary of the plasmids used is
presented in Supplementary Table 3.

Protein IP and western blot. Antibodies used for RIP, protein IP and western
blotting are summarised in Supplementary Table 2. For protein IP, the procedure
was performed essentially as for RIP. Bound proteins were eluted in 2× Laemmli
buffer supplemented with 20 mM DTT and boiled for 5 min. Subsequently, sam-
ples were resolved on SDS-PAGE gels and transferred to nitrocellulose membranes
using either wet transfer or BioRad’s Trans-Turbo Blot semi-dry transfer method.
Secondary antibodies (goat anti-mouse or rabbit anti-mouse) coupled to HRP
(Jackson ImmunoResearch Laboratories) were used at 1:10,000 dilution. Signal was
revealed using chemiluminescence (Pierce) and detected on the ChemiDoc imaging
system (BioRad). For immunoprecipitation using whole cell extracts, 10 confluent
10 cm plates were scraped in PBS containing protease inhibitor (Roche) and
resuspended in ~1 packed cell volume lysis buffer (20 mM Tris-HCl, pH 7.5, 400
mM KCl, 2 mM DTT, 20% glycerol) supplemented with protease inhibitor and 0.5
mM final concentration of DTT. Extracts were prepared by four cycles of freezing
on liquid nitrogen followed by thawing on ice. The concentration of the clarified
extract was measured by Bradford assay and the extract was diluted ~1:3 using lysis
buffer without salt to achieve a final concentration of ~150 mM KCl. One-
milligram extract was added to mock- and antibody-bound beads each and IPs
were performed as described above. Proteins were eluted twice for 5 min at room
temperature in 50 µl 0.1 M Glycine, pH 2.8 and neutralised with 3.5 µl 1.8 M Tris-
HCl, pH 8.8. Ten percent of the pooled eluates were resolved on gels.

Plasmids. The eukaryotic expression plasmid pXJ41 used for all the constructs has
been previously described47. pXJ41-TAF10-Nter-2HA has been previously descri-
bed48. To generate N- and C-terminally Flag-tagged TAF8, the human TAF8
cDNA was PCR amplified from pACEMam1-CFP-TAF8 (kind gift from Imre
Berger, University of Bristol, UK) using primers cotaining EcoR I and Bgl II
restriction sites and tags incorporated at the N- or C-terminus, respectively, and
digestion by appropriate restriction enzymes. Similarly, C-terminal HA tagged
TAF10 was subcloned from pXJ41-TAF10-Nter-2HA by PCR amplification and
digestion via restriction enzymes Xho I and Kpn I. The TAF8 mutations, TAF8-
HFD and TAF8-HFD-60 amino acids were generated by site-directed mutagenesis
using PfuUltra High-Fidelity DNA polymerase (Agilent Technologies), according
to the manufacturer’s instructions. The histone fold domain swapped TAF10 and
TAF8 constructs were generated with several rounds of PCR amplification, using
the already-mentioned N-terminal tagged TAF10 and TAF8 constructs as a tem-
plate with specific primers and cloned into the vector via restriction enzymes EcoR
I and Bgl II. pXJ41-hTBP has been previously described49. The HA-TAF1 cDNA50

was inserted in pXJ41. TAF1 N-terminal deletion was carried out by site-directed
mutagenesis using PfuUltra High-Fidelity DNA polymerase (Agilent Technolo-
gies), according to the manufacturer’s instructions. HA tagged TAF9 was sub-
cloned from pSG5-TAF951 by PCR amplification and digestion by restriction
enzymes EcoR I and Bgl II. FLAG-tagged TAF6 was also subcloned in a similar
manner from pXJ41-TAF652 via restriction enzymes Xho I and Kpn I. All plasmids
have been verified by sequencing. Details on the cloning strategies are available
upon request. Plasmids are described in Supplementary Table 3.

Mouse Taf8 and Taf10 KO ESC lines. The Rosa26Cre-ERT2/+; Taf8flox/flox mouse
embryonic stem cells (mESCs) were generated previously by F. El Saafin21. Briefly,
mice carrying the Taf8lox allele were bred to mice carrying the Rosa26Cre-ERT2 allele
to produce Rosa26Cre-ERT2/+;Taf8flox/flox E3.5 blastocysts and to isolate Rosa26Cre-
ERT2/+;Taf8flox/flox mouse embryonic stem cells (mESCs)21. The Rosa26Cre-ERT2/R;
Taf10flox/flox mESCs were generated previously by P. Bardot20. Briefly, the ESCs
were derived from Rosa26Cre-ERT2/R;Taf10lox/lox E3.5 blastocysts20. mESCs were
cultured in DMEM (4.5 g/l glucose) with 2 mM Glutamax-I, 15% ESQ FBS (Gibco),
penicillin, streptomycine, 0.1 mM non-essential amino acids, 0.1% ß-mercap-
toethanol, 1500 U/mL LIF and two inhibitors (2i; 3 µM CHIR99021 and 1 µM
PD0325901, Axon MedChem) on gelatin-coated plates. To induce deletion of Taf8,
mESCs were treated with 0.5 µM 4-OH tamoxifen (Sigma) for 5–6 days, and to
induce deletion of Taf10, Rosa26Cre-ERT2/R;Taf10lox/lox mESCs were treated for
4 days with 0.1 µM 4-OH tamoxifen (Sigma). The above-described mESCs have
already been described20,21 and were derived according to animal welfare regula-
tions and guidelines of the French Ministry of Agriculture and French Ministry of
Higher Education and Research, and the Australian Animal Welfare Committee,
respectively.

smiFISH. smiFISH primary probes were designed with the R script Oligostan as
previously described23. Primary probes and secondary probes (Cy3 or digoxigenin
conjugated FLAPs) were synthesised and purchased from Integrated DNA Tech-
nologies (IDT). Primary probes were ordered at a final concentration of 100 μM,
wet and frozen in Tris-EDTA pH 8.0 (TE) buffer. Probe sequences are available in
Supplementary Table 4. An equimolar mixture of all the primary probes for a
particular RNA was prepared with a final concentration 0.833 μM of individual
probes. The secondary probes are resuspended in TE buffer at a final concentration
of 100 μM. A total of 10 μl of FLAP hybridization reaction was prepared with 2 μl
(for single colour smiFISH) or 4 μl (for dual colour smiFISH) of diluted (0.833 μM)
primary probe set, 1 μl of secondary probe, 1 μl of 10X NEB3 and 6 μl of water. The
reaction mix was then incubated in a cycler under the following conditions: 85 °C,
3 min, 65 °C, 3 min, 25 °C, 5 min. Two microliters of these FLAP hybridised probes
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are necessary for each smiFISH reaction. The volume of the reactions were scaled
up according to the number of smiFISH reactions carried out.

smiFISH was carried out as follows as per published protocol23. HeLa cells were
treated with 100 μg/ml cycloheximide (Merck) for 15 min at 37 °C, fixed with 4%
paraformaldehyde (Electron Microscopy Sciences) for 20 min at room temperature
(RT) followed by overnight incubation with 70% ethanol at 4 °C. Following
overnight incubation, cells were rinsed with 1× PBS twice and incubated with
Solution A (freshly prepared 15% formamide in 1× SSC buffer) for 15 min at RT.
During incubation, 50 μl Mix 1 (5 μl of 20× SSC, 1.7 μl of 20 μg/μl E. coli tRNA, 15
μl of 100% formamide, 2 or 4 μl of FLAP hybridised probes, required amount of
water) and 50 μl Mix 2 (1 μl of 20 mg/ml RNAse-free BSA, 1 μl of 200 mM VRC,
27 μl of 40% dextran sulfate, 21 μl of water) was prepared. Mix 1 was added to Mix
2 after proper vortexing. The total 100 μl of Mix1+Mix2 is sufficient for two
coverslips. Each coverslip was then incubated on a spot of 50 μl of the Mix in a 15
cm Petri dish with a proper hydration chamber (3.5 cm Petri dish containing 2 ml
of 15% formamide/1× SSC solution) overnight at 37 °C. Following overnight
incubation, coverslips were washed twice with Solution A at 37 °C for 30 min each
and with 1× PBS twice for 10 min each. Coverslips with only Cy3 conjugated
secondary probes are mounted with 5 μl of Vectashield containing DAPI at this
step. For DIG-labelled secondary probes, cells were further permeabilised with
0.1% Triton-X100 for 10 min at RT and incubated with 0.25 μg/ml anti-
digoxigenin-fluorescein Fab fragments (diluted in 1× PBS) (Roche) for 2 h at RT.
Following antibody incubation, cells were mounted as before.

IF-smiFISH. To visualise proteins and mRNA together, we first performed
immunofluorescence (IF) followed by smiFISH. Briefly, cells were treated with 100
μg/ml cycloheximide (Merck) for 15 min at 37 °C, fixed with 4% paraformaldehyde
(Electron Microscopy Sciences) for 10 min at room temperature (RT), blocked and
permeabilised with blocking buffer (10% BSA, 10% Triton-X-100, 200 mM VRC,
2X PBS) for 1 h at 40 °C, incubated for 2 h at RT with either anti-TAF8 (mouse
monoclonal antibody (mAb) 1FR-1B653; diluted 1:1000) or anti-TAF10 (mAb
6TA-2B1153; diluted 1:1000) antibody mix followed by incubation (RT, 1 h) with
secondary antibody mix Alexa-488-labelled goat anti-mouse mAb (Life Technol-
ogies, catalogue number A-11001, diluted 1:3000). Following immunofluorescence
described above, cells were fixed with 4% paraformaldehyde (Sigma) for 10 min at
RT. Cells were washed with 1× PBS and incubated with wash buffer [10% For-
mamide (Sigma) in 2× SSC] for 10 min at RT. smiFISH was carried out as
described above and see ref. 23. Cells were mounted using Vectashield mounting
medium with DAPI (Vector laboratories Inc.).

Imaging and image processing. Confocal imaging of smiFISH and IF-smiFISH
samples was performed on an SP8UV microscope (Leica) equipped with a 633-nm
HeNe laser, a 561-nm DPSS laser, a 488-nm argon laser and a 405-nm laser diode.
A ×63 oil immersion objective (NA 1.4) was used and images were taken by using
the hybrid detector photon-counting mode. The laser power for all acquisitions and
laser lines was set to 10%. All images acquired have a bit depth of 8 bit and a pixel
resolution of 70 nm. The z-stacks were taken with a z-spacing of 300 nm for a total
of 4–6 µm. Image processing was performed using the Fiji/Image J software. All
images were processed the same way. In detail, the channels of the different images
were split and grey values were adjusted to better visualise the spots in the cyto-
plasm. The nuclear signal in the green channel (TAF10 or TAF8 IF) was removed
by masking the nucleus and using the “clear” option. Finally, the processed
channels were merged again. For IF-smiFISH, one cell of an image was cropped
and one representing z-slice per cell was chosen. For smiFISH, maximum intensity
Z-projections of individual images were made and one cell per resulting image was
cropped as the representative image. In addition, one single IF or smiFISH spot
from the corresponding cells was cropped as well.

Image analysis of IF-smiFISH data. To measure the degree of spatial overlap of
smiFISH (mRNA) and IF (protein) signal, an enrichment ratio was calculated as
described below. Such quantification was chosen in order to take into account the
variability of IF signal between cells, making single object detection in this channel
difficult. Cells and nuclei were outlined manually in 2D based on the GFP and
DAPI image, respectively. Subsequent analyses were restricted to the cytoplasm.
mRNAs were detected in 3D with FISH-quant23. Identical detection settings were
used when different experimental conditions were compared with the same gene.
Each cell was post-processed separately. First, the median pixel intensity in the IF
image at the identified RNA positions was calculated. Second, a normalization
factor was estimated as the median IF intensity of the outlined cytoplasm within
the z-range of the detected mRNAs. The enrichment ratio of the cell was then
calculated as the ratio of the median IF intensity at the RNA positions divided by
the mean cytoplasmic intensity. Boxplots of enrichment ratios were generated with
the Matlab function notBoxPlot. Each dot corresponds to the estimation of one cell.
Horizontal lines are mean values, 95% confidence interval is shown in red, and
standard deviation in blue. Statistical comparison between different experimental
conditions was performed with two-sample Kolmogorov–Smirnov test (Matlab
function kstest2). The Matlab script is available upon request.

Image analysis of smiFISH co-localization data. Segmentation of nuclei and cells
was performed with the DAPI and smiFISH channel channels, respectively. 2D
images were obtained with a previously described projection approach based on
local and global focus measurements23. Segmentation was implemented with the
open-source software CellProfiler54 using a standard workflow: Otsu and water-
shed separation for nuclei in the DAPI channel. Each nucleus then serves as a seed
for a watershed segmentation to obtain the cells in the smiFISH channel. Individual
RNA molecules were localised with FISH-quant in 3D and can be treated as point
clouds55. Co-localization analysis between detected RNAs in two colours was
solved as a linear assignment problem (LAP) with the Hungarian algorithm
(Matlab function hungarianlinker and munkres from Matlab FileExchange). In
short, this algorithm finds the best possible global assignment between these two
points-clouds such that for each point in the first colour the closest point in the
second channel is found. We implemented a user interface for this analysis tool
(FQ_DualColor), which is distributed together with a dedicated user manual with
FISH-quant: https://bitbucket.org/muellerflorian/fish_quant

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The microarray data corresponding to Figs. 1a and 7a are available in the Gene
Expression Omnibus (GEO) under accession number GSE106299. The source data
corresponding to Figs. 1d–e, 2a–d, 3a–b, 4a–d, 6a–d, 7b–f, 8a–c and Supplementary
Figs. 1, 2a–d, 3a–b, 5a–d, 7a–c are provided as a Source Data file. A reporting summary
for this Article is available as a Supplementary Information file. Raw image files (~800),
their corresponding analyses, and all other data supporting the findings of the study are
available from the corresponding author upon request.

Code availability
The Matlab script (Kamenova_NatComm__rna_protein_coloc.m) concerning the RNA
co-localization and IF-smiFISH analyses is available on the FISH-quant repository
[https://bitbucket.org/muellerflorian/fish_quant]. The custom R scripts for dot plot
overlaid bar charts are available upon request.
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Supplementary Figure 1 

Western blot analysis of immunoprecipitations from E14 mESC whole cell extract using mock (anti-
GST) or anti-TAF10 (6TA 2B11) antibodies. 6TA 2B11 recognizes the N-terminal unstructured region 
of TAF10. Blots were probed with antibodies against the indicated proteins. In = input, FT = flow-
through, IP = eluate from IP. Molecular weight (MW) markers are shown in kDa. Source data provided 
as a Source Data File. 
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Supplementary Figure 2 

(a-d) Western blot analyses of RIPs analysed in Fig. 2. HeLa cells transfected with expression 
constructs for N terminal (a-b) or C terminal (c-d) tagged HA-TAF10 and FLAG-TAF8 proteins. Blots 
were probed with anti-FLAG M2 and anti-HA antibodies as indicated. Molecular weight (MW) 
markers are shown in kDa. In = input, FT = flow-through, IP = eluate from IP. Molecular weight (MW) 
markers are shown in kDa. Source data provided as a Source Data File. 
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Supplementary Figure 3 

Western blot analyses of RIPs analysed in Fig. 3. Blots were probed with anti-HA and anti-FLAG M2 
antibodies as indicated. Hela cells transfected with expression constructs coding for HA-TAF10 and 
mutant FLAG-TAF8 S57F L65F proteins (a) and coding for HA-TAF10 and minimal TAF8 HFD (left) 
or TAF8 HFD extended with 60 amino acids (TAF8 HFD+60, right) (b). Molecular weight (MW) 
markers are shown in kDa. In = input, FT = flow-through, IP = eluate from IP. Molecular weight (MW) 
markers are shown in kDa. Source data provided as a Source Data File. 
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Supplementary Figure 4 

(a) Representative single colour smiFISH images with Cy3-labelled probes recognizing the indicated 
mRNAs. Z projections of confocal images are shown. On the right, the cell boundaries are shown in 
green and the nuclei in blue. Scale bars are 10 µm in each case. RNAs were detected with FISH-quant. 
N indicates the number of mRNA molecules in the cytoplasm of each individual cell. (b) Boxplot 
showing the comparison of the number (N°) of mRNAs under the conditions tested (as indicated). Each 
grey dot represents one cell. Red horizontal lines are mean values, 95% confidence interval is shown 
in pink, and standard deviation in blue. N = number of cells counted. (c) IF-smiFISH images of HeLa 
cells expressing either endogenous (endo) TAF8 mRNA or TAF10 protein. Labels: red, Cy3-labelled 
TAF8 probes; green, Alexa-488 labelled secondary antibody for TAF10 protein; co-localizing spots 
are indicated with white arrows. A typical cell counterstained with DAPI (grey) is shown. The nuclear 
signal in the green channel (TAF10 IF) was removed by masking the nucleus and using the “clear” 
option in ImageJ. Zoom-in regions shown are indicated with a white rectangle. Scale bar (5 µm).  
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Supplementary Figure 5 

Western blot analyses of RIPs from polysome extracts corresponding to Fig. 6 (a-d). HeLa cells 
transfected with expression constructs coding for HFD domain-swapped TAF10 and TAF8 (a-b) and 
with expression constructs coding for TAF6 and TAF9 (c-d). Blots were probed with anti-FLAG M2 
and anti-HA antibodies as indicated. Molecular weight (MW) markers are shown in kDa. In = input, 
FT = flow-through, IP = eluate from IP. Source data provided as a Source Data File. 
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Supplementary Figure 6 

Representative dual colour smiFISH images with (a) Cy3-labelled TAF6 and digoxigenin (DIG)-
labelled TAF9 probes, (b) Cy3-labelled TAF6 and DIG-labelled CTNNB1 probes, (c) Cy3-labelled 
CTNNB1 and DIG-labelled TAF9 probes. The DIG labelled probes were then detected with 
fluorescein-labelled anti-digoxigenin antibodies. Co-localizing spots are indicated with white arrows. 
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A typical cell recorded in each case and after counterstaining the nucleus with DAPI (grey) is shown. 
The nuclear signal was masked using the “clear” option in ImageJ. Zoom-in regions shown under every 
image are indicated with a white rectangle. Scale bar: 5 µm. (d) Analysis to determine allowed distance 
threshold for two RNAs to be considered co-localized. Probe-pool for TAF9 was split in two and 
labelled with two different colours. Co-localization between these two channels was determined for 
different distance threshold. Co-localization reaches a plateau at around 200 nm, with co-localization 
percentage of 85%. Both, distance threshold and co-localization percentage are in similar to earlier 
studies (Tsanov et al. 2016). (e) Comparison of RNA expression levels per cell for TAF6 and TAF9 in 
either the respective negative control experiments (against CTNNB1), or the TAF6-TAF9 co-
localization experiment. Plot shows that detected expression levels are similar. (f) Number of co-
localized RNAs per cell. Shows significant increase of co-localization in TAF6-TAF9 experiments 
compared to negative controls. In panels (e-f), each grey dot represents one cell. Red horizontal lines 
are mean values, 95% confidence interval is shown in pink, and standard deviation in blue. (g) Same 
data as in (f) but shown as a histogram. Only in the TAF6-TAF9 experiments a substantial number of 
cells have more than 2 co-localized RNAs per cell. 
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Supplementary Figure 7 

(a) RIP-qPCR using TBP antibody from mESC polysome extracts. Values are expressed mean ±S.D. 
from 2 biological replicates and two technical replicates (represented by blue dots). (b-c) Western blot 
analyses of RIPs with TBP antibody from polysome extracts corresponding to Fig. 7(c-d). (b) HeLa 
cells transfected with expression constructs coding for TBP and wild type HA-TAF1, (c) HeLa cells 
transfected with expression constructs coding for TBP and HA-TAF1 with N-terminal deletion of the 
first 168 amino acids. Molecular weight (MW) markers are shown in kDa. In = input, FT = flow-
through, IP = eluate from IP. Source data provided as a Source Data File. 
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Supplementary Tables 

 
Supplementary Table 1: primers used in this study  
gene organism name sequence 
TBP human hTBP1-F TCATACCGTGCTGCTATCT 
    hTBP1-R CTCCCTCAAACCAACTTGTC 
TAF1 human hTAF1-F TTTGTACCTGCCTTGTTCC 
    hTAF1-R GCCCATCTTTCAGTCTCATC 
TAF2 human hTAF2-F CATGTGTACCGCCAAAGT 
    hTAF2-R GCAGTTGCTTCTGTGTAAATC 
TAF3 human hTAF3-2F GACGACTGCGATGACTGGTA 
    hTAF3-2R CTTCTTGTTCGCACACTTGG 
TAF5 human hTAF5_F_558 AGTTGGAAGTGTTGCTGTGG 
    hTAF5_R_627 TCCTTGTTGGTTGTAGGCTGAC 
TAF6 human hTAF6_264_352_F CCAGGAGTTCATTCCTTTCC 
  hTAF6_264_352_R TGATGTCGCTCAGATCAACC 
TAF7 human hTAF7_F_76 TCTACTGTGAGAAGGGCAGTAC 
    hTAF7_R_164 ATTCCATGACGCCCATCAGG 
TAF8 human hTAF8-3F ACAGAGGCAGGGTTTGAGAGT 
    hTAF8-3R AGACTTGGCACTTCTCCCAAT 
TAF9 human hTAF9_F GGAGTTTGCCTTCCGATATG 
    hTAF9_R CGCACATCATCTGCATCAAC 
TAF10 human/mouse TAF10s TGCCAATGATGCCCTACAGC 
    TAF10as AGGGCAGGGGTCAAGTCCTC 
SPT7L human hSPT7L-3F AGAATCCCAATGCACCATTC 
    hSPT7L-3R GCCAGCTGAGTTCAGTCACA 
BRF1 human BRF1-2F GAGGTGCAGTTCGTGGAGAG 
    BRF1-2R CTCTCGACTCCTTCCCCAGA 
BTAF1 human BTAF1-1F CCCTCAGGTCCAACAATGCA 
    BTAF1-1R GGCCAGACACGTGGAACTAA 
TAF8_deletion human FLAG_F GACATCGATTACAAGGATG 
    TAF8_HFD_R AGGGTTAGTGGACTGTTTA 
TAF1_deletion human TAF1_HA_F CTACGACGTGCCCGACTAC 
    TAF1_HA_R GGCAATGATGGAGGGCAAGA 
PPIB human Cyclopillin B s CCGAACGCAACATGAAGGTG 
    Cyclopillin B as ACCAAAGATCACCCGGCCTA 
GAPDH human GAPDH-2F TCGACAGTCAGCCGCATCTTCTTT 
    GAPDH-2R ACCAAATCCGTTGACTCCGACCTT 
ENY2 human ENY2_fw GGAGAAAGAGAACGCCTCAAA 
    ENY2_rev AGTGATTTCAGCCACCAAGTCA 

GANP human GANP_fw CACGAGCCAGCAGCAGAAGTTC 
    GANP_rev CATCCTGTATCGTCCGACCA 
CETN2 human CENTR2_fw GGACAGGAAAAATGAACTTTGGTGA 
    CENTR2_rev GGCCACGCGTTTCAGATTTT 
CETN3 human CENTR3_fw AGAGCCTTGGGGTTTCATGTAA 
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    CENTR3_rev TTCTTCATGGGGATCTCTCTTTCC 
ATXN7L3 human ATXN7L3_fw CTGGGAATGGGTCGGAACAG 
    ATXN7L3_rev CCGAGCCATAGGACCAGTCG 
ATXN7 human ATXN7_fw GCGAAGTCATGGGGCTCTGT 
    ATXN7_rev TTGAAATGCCTGCGGTTTGA 
USP22 human USP22_fw  TTGCAGATGCCTTTCTGTTG 
    USP22_rev TAGAAAACCGCGAGATGCTT 
Tbp mouse TBP_mouse_F1 AGCAACAAAGACAGCAGCAG 
    TBP_mouse_R1 CTGTGTGGGTTGCTGAGATG 
Taf1 mouse TAF1_mouse_F1 TGGAGATGGTGATCTTGCAG 
    TAF1_mouse_R1 TCCTCATCATCTTCGCCTTC 
Taf3 mouse TAF3_mouse_F1 TGCTGGCTCCATTTGCAAAG 
    TAF3_mouse_R1 TTTTCTGACCTGGAGAGCTAGC 
Taf8 mouse TAF8_mouse_F1 ATATCAGCACGGACGATTCC 
    TAF8_mouse_R1 GGTTATCGATGACGCTCTCC 
Taf10 human/mouse TAF10s TGCCAATGATGCCCTACAGC 
    TAF10as AGGGCAGGGGTCAAGTCCTC 
Spt7l mouse Spt7 NMD F GGAGCATTGGGATTTTTACAGT 
    Spt7 NMD R TGTGAAGGCTGAAGAGAGTGAA 
Brf1 mouse BRF1_mouse_F1 AGTATCCATGACAGCCTTGAGG 
    BRF1_mouse_R1 TGCAACCAAAAGTGCTGCTC 
Rplp01 mouse RPLP0_mouse_F1 TTCTGAGTGATGTGCAGCTG 
   RPLP0_mouse_R1 GGAGATGTTCAGCATGTTCAGC 
Gapdh mouse mGapdh_F TTCACCACCATGGAGAAGGC 
    mGapdh_R CCCTTTTGGCTCCACCCT 
Taf8_2 mouse mTaf8_F GAGCTCCTTGCTGACAGAGG 
    mTaf8_R GCACTTCTCCCGATTTCTGA 
Taf10_21 mouse mTaf10_F CCACGCATAATTCGGCTCAT 
   mTaf10_R CCTCCATGGTTAGGTGTACT 
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Supplementary Table 2: antibodies used in this study 

Name Type Antigen Purpose Dilution Source 

23TA-1H8 

mouse  
monoclonal,  
ascites 

hTAF10  
aa 1-20 RIP (human) 

2 µl ascites  
for 20 µl  
Protein G 
Dynabeads Wieczorek et al, 19982 

6TA-2B11 

mouse  
monoclonal,  
ascites 

hTAF10  
aa 89-100 

RIP (mouse), 
protein 
IP, western 
blot 

2 µl ascites  
for 20 µl  
Protein G 
Dynabeads 
(RIP, protein 
 IP)  
1:1000  
(WB) 

Mohan et al, MCB, 
20033 

3TF1-3G3 

mouse  
monoclonal,  
ascites 

hTBP  
aa 1-18 

RIP (human, 
mouse),  
western blot 

2 µl ascites  
for 20 µl  
Protein G 
Dynabeads 
(RIP) 
1:1000 (WB) 

Brou et al, EMBO J,  
19934 

3F10 
rat  
monoclonal HA western blot 

 
1:500 

Roche (Sigma) cat #:  
11867423001 

anti-FLAG 
M2 

mouse monoclonal, 
 affinity purified FLAG western blot 

 
1:2000 

Sigma, F1804 

#2440 

rabbit polyclonal,  
antigen affinity  
purified hTAF1 western blot 

 
1:1000 

Choukrallah et al, 
20115 

#2325 

rabbit polyclonal,  
antigen affinity  
purified ATXN7L3 western blot 

 
 
 
1:1000 Zhao et al 20086 

ab113295 rabbit polyclonal hGANP western blot 
 
1:500 Abcam 

SUPT7L 

rabbit polyclonal,  
antigen affinity  
purified SUPT7L western blot 

 
 
 
1:5000 Bethyl, A302-803A 

#3478 

rabbit polyclonal,  
antigen affinity  
purified TAF8 western blot 

1:1000 

Bardot et al, 20171 

15-TF2-
1D10 

mouse monoclonal, 
ascites GST 

RIP (human, 
mouse),  
protein IP 

2 µl ascites  
for 20 µl  
Protein G 
Dynabeads Nagy et al., 20107 

TUBULIN mouse monoclonal TUBULIN western blot 

 
1:20000 

SIGMA-T6557 
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Supplementary Table 3: plasmids used in this study  
Plasmid Description Source 
pXJ41-TAF10-Nter-
2HA Eukaryotic expression plasmid containing  Jacq et al,19948 

  
2HA-hTAF10 for N-terminal tagging of 
hTAF10  

pXJ41-TAF8-Nter-
3FLAG Eukaryotic expression plasmid containing  This study 

  
3FLAG-hTAF8 for N-terminal tagging of 
hTAF8  

pXJ41-TAF10-Cter-
2HA Eukaryotic expression plasmid  This study 
  containing 2HA-hTAF10 for C-terminal    
  tagging of hTAF10   
pXJ41-TAF8-Cter-
3FLAG Eukaryotic expression plasmid containing  This study 

  
3FLAG-hTAF8 for C-terminal tagging of 
hTAF8   

pXJ41-TAF9-Nter-
2HA Eukaryotic expression plasmid containing  This study 

  
2HA-hTAF9 for N-terminal tagging of 
hTAF9   

pXJ41-TAF6-Nter-
3FLAG Eukaryotic expression plasmid containing  This study 

  
3FLAG-hTAF6 for N-terminal tagging of 
hTAF6   

pXJ41-TAF8-L65F-
S57F- Eukaryotic expression plasmid containing  This study 
Nter-2HA N-terminally 3FLAG tagged hTAF8 with two   
  point mutations L65F S57F    
pXJ41-TAF8HFD-
Nter- Eukaryotic expression plasmid containing  This study 
3FLAG N-terminally 3FLAG tagged histone fold    
  domain of hTAF8   
pXJ41-
TAF8HFD60aa- Eukaryotic expression plasmid containing  This study 

Nter-3FLAG 
N-terminally 3FLAG tagged hTAF8 histone 
fold domain with its 60 aa extension   

pXJ41-
TAF10(HFD)TAF8- Eukaryotic expression plasmid containing  This study 
Nter-2HA N-terminally 2HA tagged hTAF10 with the    

  
histone fold domain replaced with that of 
hTAF8   

pXJ41-
TAF8(HFD)TAF10- Eukaryotic expression plasmid containing  This study 
Nter-3FLAG N-terminally 3FLAG tagged hTAF8 with the    

  
histone fold domain replaced with that of 
hTAF10   

pXJ41-TBP 
Eukaryotic expression plasmid containing 
hTBP May et al,19969 

pXJ41-TAF1-Nter-
HA Eukaryotic expression plasmid containing This study 
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 1HA-hTAF1 for N-terminal tagging of 
hTAF1   

pXJ41-ΔTAF1-Nter-
HA Eukaryotic expression plasmid containing  This study 
  N-terminally tagged 1HA-hTAF1, amino acid    
  2-168 deleted   

 

Supplementary Table 4: smiFISH probes 

TAF8 probes 

Name Probe Sequence (including FLAPY Sequence) 

hTAF8_YDG30_001 TCAGGAGAGGGACTTCTTCCTGCGGATTACACTCGGACCTCGTC
GACATGCATT 

hTAF8_YDG30_002 TGCAGGACAGAGGTGTTCTCCTTCTCTTACACTCGGACCTCGTCG
ACATGCATT 

hTAF8_YDG30_003 CTCCAGAATCCTCCATGCTGATATGATTACACTCGGACCTCGTCG  
ACATGCATT 

hTAF8_YDG30_004 AGCAAGGTTCTCTGTGTCTGTCTGTTCATTACACTCGGACCTCGT  
CGACATGCATT 

hTAF8_YDG30_005 CTGCTCCGAGGAATCTGTCTCTTCCATTACACTCGGACCTCGTCG  
ACATGCATT 

hTAF8_YDG30_006 TGTTGCATCTCCAGTTCAGACGGAAGAAGTTACACTCGGACCTC
GTCGACATGCATT 

hTAF8_YDG30_007 CTGTCAGGTAGGGGATGGTGAAAGGTCTGTTACACTCGGACCTC
GTCGACATGCATT 

hTAF8_YDG30_008 AGCAATCAATGGAAATGTGCTGACGTCATTTACACTCGGACCTC
GTCGACATGCATT 

hTAF8_YDG30_009 TTGGGCTTCTTCACCGGCCGCAGATATTACACTCGGACCTCGTCG  
ACATGCATT 

hTAF8_YDG30_010 TTGAAAAGACTCTGAGTCTCGCCTGTCTTTACACTCGGACCTCGT  
CGACATGCATT 

hTAF8_YDG30_011 ACGGGCTCACGGTACGTCGGAGTTTTGTTACACTCGGACCTCGT
CGACATGCATT 

hTAF8_YDG30_012 GTAGGTGTGGGGATCAGGGAACTCAGGATTACACTCGGACCTCG
TCGACATGCATT 

hTAF8_YDG30_013 TGATTGGTCACCGGAGGAGCAGTGATGTTACACTCGGACCTCGT
CGACATGCATT 

hTAF8_YDG30_014 GGTTATCGATGATGTTCTCCTCCCCATTACACTCGGACCTCGTCG  
ACATGCATT 

hTAF8_YDG30_015 CATCCTCTGAGACCGTTTTGCATAAGCTTACACTCGGACCTCGTC  
GACATGCATT 

hTAF8_YDG30_016 GGAGAGTGTCCACATTGAAACCCATCTTTACACTCGGACCTCGT
CGACATGCATT 

hTAF8_YDG30_017 ACAAGTGTGACCACGATATCGGACAGTGTTTACACTCGGACCTC
GTCGACATGCATT 

hTAF8_YDG30_018 TGGGTCCTGGCTGTGTGCTCACAGTATTACACTCGGACCTCGTCG  
ACATGCATT 

hTAF8_YDG30_019 GCTCTGCAGCATCTCTGTCAGCGTTTTTACACTCGGACCTCGTCG  
ACATGCATT 

hTAF8_YDG30_020 ACGGATGCTTTCTCGGCACTCTCAAATTACACTCGGACCTCGTCG  
ACATGCATT 
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hTAF8_YDG30_021 TGCCTCTGTCAGCAAGGAGCTCACAATTACACTCGGACCTCGTC
GACATGCATT 

hTAF8_YDG30_022 AGGGTTCTCCTCCGGGCCAGATGATATTACACTCGGACCTCGTC
GACATGCATT 

hTAF8_YDG30_023 TATCGGCAGGGTTAGTGGACTGTTTACTTCTTACACTCGGACCTC  
GTCGACATGCATT 

hTAF8_YDG30_024 GAAAGTGGGTGATGGGTACATAGGATCTCTTTACACTCGGACCT
CGTCGACATGCATT 

 

TAF10 probes 

Name Probe Sequence (including FLAPY Sequence) 

hTAF10_YDG32_001 CCATACTCGCTGAGGGCAGGGGTCAATTACACTCGGACCTCGT
CGACATGCATT 

hTAF10_YDG32_002 AAGTTTATTATGAAAACAGGCTGGTGTGGGGATTACACTCGGA
CCTCGTCGACATGCATT 

hTAF10_YDG32_003 CCTCCATGGTTAGAGTGTACTTGCGGTCTTACACTCGGACCTCG
TCGACATGCATT 

hTAF10_YDG32_004 CTGCCGGAGGCCGTGCCCTTCATTTTTTACACTCGGACCTCGTC
GACATGCATT 

hTAF10_YDG32_005 AGTGCTGTAGGGCATCATTGGCAATATCTTTACACTCGGACCTC
GTCGACATGCATT 

hTAF10_YDG32_006 GATGAATTTCTGGGCAGCTAAGGAGATGAGCTTACACTCGGAC
CTCGTCGACATGCATT 

hTAF10_YDG32_007 AATTATGCGTGGGTCTGAGGCCTCAAAGCTTACACTCGGACC 

TCGTCGACATGCATT 

hTAF10_YDG32_008 GCACGGTTCAGGTAGTAACCAGTCACTGCTTACACTCGGACC 

TCGTCGACATGCATT 

hTAF10_YDG32_009 CTGGGATCGTAGGCGTGTAATCTTCCAGCTTACACTCGGACCTC
GTCGACATGCATT 

hTAF10_YDG32_010 CATCAAGAAGTCCACCAAAGGCGTGCTGGTTACACTCGGACCT
CGTCGACATGCATT 

hTAF10_YDG32_011 ACCACGGGCTTCACGTCTCCGTTGGCTTACACTCGGACCTCGTC
GACATGCATT 

hTAF10_YDG32_012 CGCTCGGCAGTACGTAAACCCCGTTAGATTACACTCGGACCTC
GTCGACATGCATT 

hTAF10_YDG32_013 TGGGGACAGATAAGTACATTTAGGTTGGGTGGTTACACTCGGA
CCTCGTCGACATGCATT 

hTAF10_YDG32_014 CCTTGTTCTCCGCGGCGGTGCTGGAGTTACACTCGGACCTCGTC
GACATGCATT 
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hTAF10_YDG32_015 CAGGTGAAGTAGTGCGGCTTCTTCACATTGATTACACTCGGACC
TCGTCGACATGCATT 

 

TAF6 probes 

Name Probe Sequence (including FLAPY Sequence) 

TAF6_1 
ATGTACTTCTGGACACTCCCAGGACCTTACACTCGGACCT
CGTCGACATGCATT 

TAF6_2 
CCAAGGGACCCGAATTCTGCCCGATATTACACTCGGACCT
CGTCGACATGCATT 

TAF6_3 
CACATGGTCTGCTCCAATCCGGTCAATTTACACTCGGACC
TCGTCGACATGCATT 

TAF6_4 
TGATAACATCGTGTCCCAGCTCAGCCTTACACTCGGACCT
CGTCGACATGCATT 

TAF6_5 
AACTGTCTGCTCACGATGCAGGTCATCTTACACTCGGACC
TCGTCGACATGCATT 

TAF6_6 
AGCTGGAATCAGCTCATGGACGTATTTTTCTTTACACTCG
GACCTCGTCGACATGCATT 

TAF6_7 
AGGTTGTTCTGAACCACGTTCACACGGACTTACACTCGGACCTCGTCGACA
TGCATT 

TAF6_8 
CTGCTGCTCCACAGACAACTCGTGGATTACACTCGGACCTCGTCGACATGC
ATT 

TAF6_9 
CTCAGATCAACCTCCTTCTCCTCATAGTTACACTCGGACCTCGTCGACATGC
ATT 

TAF6_10 
TGAACTCCTGGGCGTGGAAGCCATAGATTACACTCGGACCTCGTCGACATG
CATT 

TAF6_11 
GCTGGGAGCCATTGGCTTTTGGAGTCCTTACACTCGGACCTCGTCGACATG
CATT 

TAF6_12 
TTCTCGTCCACCCAGCTCTTGGTGAATTACACTCGGACCTCGTCGACATGCA
TT 

TAF6_13 
TCTTGGTGATCCGGGACTGGATGTTGTTAGTTTACACTCGGACCTCGTCGAC
ATGCATT 

TAF6_14 
AGTGATTGTCCACATCTGGTCGCAGGCTTACACTCGGACCTCGTCGACATG
CATT 

TAF6_15 
ATAGAGCGTGGGGTTGTCCATCAGCGCTTACACTCGGACCTCGTCGACATG
CATT 

TAF6_16 
CCTCCGAGATAAAGGTACTGAACCGTGGCTTACACTCGGACCTCGTCGACA
TGCATT 

TAF6_17 
CATCTGATACAGTCCAGGGTCCGTGGCTTACACTCGGACCTCGTCGACATG
CATT 
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TAF6_18 
GGCTTGGCTGACTTCAGGGGTTCTGTGTTACACTCGGACCTCGTCGACATG
CATT 

TAF6_19 
TTCAGCCTTCTGTTGCTCTTTGGGAGCTTACACTCGGACCTCGTCGACATGC
ATT 

TAF6_20 
CTCGATGCTCAGCCAATGAGCTTTGAGGTTACACTCGGACCTCGTCGACAT
GCATT 

TAF6_21 
GGCTCGACATTCTTTAGCTTCAAGGCGTATTACACTCGGACCTCGTCGACA
TGCATT 

TAF6_22 
CAATGTCACTGGTGGTGAGCTTCTGCCTTACACTCGGACCTCGTCGACATG
CATT 

TAF6_23 
CTGTGCGATCTCTTTGATGCGGTAGCTGTTACACTCGGACCTCGTCGACATG
CATT 

TAF6_24 
CTCATCCGTTAGCAGCTGGCAGGTCTTTACACTCGGACCTCGTCGACATGC
ATT 

 

TAF9 probes 

Name Probe Sequence (including FLAPY Sequence) 

TAF9_1 CCAACACTTAACCGCGGGACTGTTATTCTTTACACTCGGACCTCGTCGACA
TGCATT 

TAF9_2 CGGCACTGGATTGCCAATCGCACATCTTACACTCGGACCTCGTCGACATGC
ATT 

TAF9_3 CTGCATCAACAGTAGCTTTCTTAGCATGGTTACACTCGGACCTCGTCGACA
TGCATT 

TAF9_4 TTTGCATCATCTAGAATTGTGGTCACATATCGTTACACTCGGACCTCGTCG
ACATGCATT 

TAF9_5 ACTCCATGATATCCGATGATCAGACTTCTTTACACTCGGACCTCGTCGACA
TGCATT 

TAF9_6 TGAGGGACATGGGAGTCCCTACTTTAGTTGTTACACTCGGACCTCGTCGAC
ATGCATT 

TAF9_7 ACAGACATGGTCTGTGGGGTTGGTGTGCTTACACTCGGACCTCGTCGACAT
GCATT 

TAF9_8 AGTGTGGGAGTACTTGGTCTGCTAGTAACTGTTACACTCGGACCTCGTCGA
CATGCATT 

TAF9_9 GTTGATGCCTTTTTCTGTAAAGATTTCAGCCTTTACACTCGGACCTCGTCGA
CATGCATT 

TAF9_10 AAGGGGTTTGATTTCTTTGCCTTGCAATATCTTTACACTCGGACCTCGTCG
ACATGCATT 

TAF9_11 ATTTGTGCCATCATCTGTGCATCTTTCGTTACACTCGGACCTCGTCGACATG
CATT 



17 

TAF9_12 ATGCTCTTGGGAGAAGCCGTCTTGCCTTACACTCGGACCTCGTCGACATGC
ATT 

TAF9_13 GATTTTGACGCAAGTTCTTTGCCTAGTGTGGTTTACACTCGGACCTCGTCG
ACATGCATT 

TAF9_14 AGACCAAGTATACATGTTACATTCAGCAAGGCTTACACTCGGACCTCGTCG
ACATGCATT 

TAF9_15 TGGATTAATCAGAACATTCTGAACTGCTGAGGTTACACTCGGACCTCGTCG
ACATGCATT 

TAF9_16 GCAGGAATTGAAGCTTTTACAGCTGGAGACTTTACACTCGGACCTCGTCGA
CATGCATT 

TAF9_17 GAAGTAGGCATCTGTACTGTAAACCTTTGACCTTACACTCGGACCTCGTCG
ACATGCATT 

TAF9_18 CAACCTAGGACCTGAATATGGCTTGATCAATTTACACTCGGACCTCGTCGA
CATGCATT 

TAF9_19 AGGCAAACTCCAACATCTGATTTATAACTCTTTTACACTCGGACCTCGTCG
ACATGCATT 

TAF9_20 AGCTAAATCACCCACATTAATGTATTTCAGTCTTACACTCGGACCTCGTCG
ACATGCATT 

TAF9_21 ACTGTTTGTGAAATACTACTTATCACACTGCGTTACACTCGGACCTCGTCG
ACATGCATT 

TAF9_22 CCACCTTCTGCCTTTCCTTTTATTTTTGAGATTACACTCGGACCTCGTCGAC
ATGCATT 

 

CTNNB1 probes10 

 

Name Probe Sequence (including FLAPY Sequence) 

CTNNB1_
P01 

CTCATGTTCCATCATGGGGTCCATACCTTACACTCGGACCTCGTCGA
CATGCATT 

CTNNB1_
P02 

GCATCCTGGCCATATCCACCAGAGTGTTACACTCGGACCTCGTCGAC
ATGCATT 

CTNNB1_
P03 

TGTTCTGAAGAGAGAGCTGGTCAGCTCAACTTTACACTCGGACCTCG
TCGACATGCATT 

CTNNB1_
P04 

GCCGTTTCTTGTAATCTTGTGGCTTGTCCTTTACACTCGGACCTCGTC
GACATGCATT 

CTNNB1_
P05 

AGCTGTGGCTCCCTCAGCTTCAATAGTTACACTCGGACCTCGTCGAC
ATGCATT 

CTNNB1_
P06 

TGCAGCTTCCTTGTCCTGAGCAAGTTCATTACACTCGGACCTCGTCG
ACATGCATT 
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CTNNB1_
P07 

GAGCTAGGATGTGAAGGGCTCCGGTACAACTTACACTCGGACCTCG
TCGACATGCATT 

CTNNB1_
P08 

AAATTGCTGCTGTGTCCCACCCATGGTTACACTCGGACCTCGTCGAC
ATGCATT 

CTNNB1_
P09 

GGCCAGTGGGATGGTGGGTGTAAGAGCTTACACTCGGACCTCGTCG
ACATGCATT 

CTNNB1_
P10 

TGGGCCATCTCTGCTTCTTGGTGTCGTTACACTCGGACCTCGTCGAC
ATGCATT 

CTNNB1_
P11 

TGATGTCTTCCCTGTCACCAGCCCGATTACACTCGGACCTCGTCGAC
ATGCATT 

CTNNB1_
P12 

GTCCCAAGGAGACCTTCCATCCCTTCTTACACTCGGACCTCGTCGAC
ATGCATT 

CTNNB1_
P13 

AGCACCTTCAGCACTCTGCTTGTGGTTTACACTCGGACCTCGTCGAC
ATGCATT 

CTNNB1_
P14 

ACCACTAGCCAGTATGATGAGCTTGCTTTTTACACTCGGACCTCGTC
GACATGCATT 

CTNNB1_
P15 

TTGTTTTGTTGAGCAAGGCAACCATTTTCTGCTTACACTCGGACCTC
GTCGACATGCATT 

CTNNB1_
P16 

TGGGAAAGGTTATGCAAGGTCCCAGCGGTATTACACTCGGACCTCG
TCGACATGCATT 

CTNNB1_
P17 

ATAGCGTGTCTGGAAGCTTCCTTTTTAGAAAGTTACACTCGGACCTC
GTCGACATGCATT 

CTNNB1_
P18 

TGGTCCTCGTCATTTAGCAGTTTTGTCAGTTCTTACACTCGGACCTCG
TCGACATGCATT 

CTNNB1_
P19 

ATTGCACGTGTGGCAAGTTCTGCATCATCTTACACTCGGACCTCGTC
GACATGCATT 

CTNNB1_
P20 

ATGGTTCAGCCAAACGCTGGACATTAGTGGTTACACTCGGACCTCGT
CGACATGCATT 

CTNNB1_
P21 

GTCCATCAATATCAGCTACTTGTTCTTGAGTGTTACACTCGGACCTC
GTCGACATGCATT 

CTNNB1_
P22 

CTTGGGAGGTATCCACATCCTCTTCCTTTACACTCGGACCTCGTCGA
CATGCATT 

CTNNB1_
P23 

ATTGCCTTTACCACTCAGAGAAGGAGCTGTTTACACTCGGACCTCGT
CGACATGCATT 

CTNNB1_
P24 

GTGGCACCAGAATGGATTCCAGAGTCCAGTTACACTCGGACCTCGTC
GACATGCATT 
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2. Unpublished Results 

2.1 Co-translational assembly of TFIID submodules 

2.1.1 TAF2-TAF8-TAF10 co-translational assembly 

Quantitative mass spectrometry analysis revealed the presence of TAF2-TAF8-TAF10 

heterotrimer in the cytoplasm of mammalian cells (Trowitzsch et al. 2015, unpublished 

data of our laboratory). This heterotrimer was shown to regulate the incorporation of 

TAF2 into TFIID complex. It was previously reported that TAF8 transports NLS-lacking 

TAF10 to the nucleus via Importin α/β (Soutoglou et al. 2005). Along the same lines a 

co-import mechanism was put forward for TAF2-TAF8-TAF10 with Importin α/β by in 

vitro studies and in vivo knockdown studies (Soutoglou et al. 2005). It was also 

proposed that the incorporation of this heterotrimer to the already assembled 

symmetric TFIID-core complex breaks its symmetry, thereby facilitating the 

incorporation of the remaining TAFs to the complex (Trowitzsch et al. 2015 

Introduction section 2.2.4). Thus, we studied the co-translational assembly of TAF2-

TAF8-TAF10 heterotrimer by RIP assay (described in Methods section 4). To this end, 

we carried out RIP assays in TAF2 and TAF8 overexpressing cell lines obtained from 

Marc Timmer’s lab (described in methods section 1.2.4). We observed enrichment of 

TAF8 mRNA with TAF2 protein and enrichment of TAF2 mRNA with TAF8 protein, 

compared with negative controls tested. Note, however, in both the cases we did not 

observe any enrichment of TAF10 mRNA. We also showed that TAF8 but not TAF2 

mRNA was enriched in TAF10 RIPs (Kamenova, Mukherjee et al. 2019) and full-length 

TAF10 protein interacts with ribosome-associated nascent TAF8 protein. This order of 

assembly is established by the localisation of the interaction domains of TAF10 and 

TAF8. The interaction between TAF10 and TAF8 are structurally and functionally well-

characterised unlike that of TAF2-TAF8. It has been put forward that TAF2 binds to 

several motifs in the C-terminal region of TAF8 (Trowitzsch et al. 2015). But the N-

terminal protein interaction between TAF2 and TAF8 cannot be ruled out because our 

RIP assays reveal a simultaneous co-translational assembly model between TAF2 

and TAF8 (Figure 48 A-B). In this scenario, it would be interesting to understand the 

temporal and spatial regulation of full-length TAF10 protein co-translational assembly 

to nascent TAF8. A model for TAF2-TAF8-TAF10 co-translational assembly is shown 

in figure 43C.             



 

154 
 

 

 

 

 

 

 

 

 

 

 

        

 

 

 

 

 

 

 

Figure 48: Co-translational assembly of TFIID heterotrimer TAF2-TAF8-TAF10. (A-B) 

Anti-GFP RIP-qPCR from polysomes of HeLa cells stably expressing GFP-TAF2 (A) and GFP-

TAF8 (B). Error bars are ±SD from two technical replicates (represented in black dots). CycB 

and GAPDH were used as unrelated control mRNAs. #-doxy and #+doxy indicates without or 

with doxycycline treatment of cells respectively. (C) Schematic representation of TAF2-TAF8-

TAF10 co-translation assembly model. Green-TAF2, Blue-TAF8, Brown-TAF10.  
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2.1.2 Co-translational assembly of TAF5-TAF6-TAF9 

Another TFIID heterotrimeric module that exists in the cytoplasm is TAF5-TAF6-TAF9 

(Antonova et al. 2018). We showed that TAF6 and TAF9 assemble with each other 

co-translationally by simultaneous assembly pathway and this is guided by their 

interaction domain at the N-terminus. However, we did not test the enrichment of TAF5 

mRNA in the above case. Instead, we carried out RIP assay with N-terminally GFP-

tagged TAF5 (ectopically expressing) cell line and observed the enrichment of TAF6 

mRNA but not TAF9 mRNA (Figure 49). Recent cryo-EM data has shown TAF6-TAF9 

heterodimer sandwiched between NTD and WD-40 domains of TAF5 (Antonova et al. 

2018). It would be interesting to study the temporal and spatial regulation of 

association of TAF5 to TAF6-TAF9 co-translationally assembling unit, which forms an 

essential part of the core-TFIID complex.   

 

  

 

 

 

      

                  

 

 

Figure 49: Co-translational assembly of TFIID heterotrimer TAF5-TAF6-TAF9. Anti-GFP 

RIP-qPCR from polysomes of HeLa cells stably expressing GFP-TAF5. Error bars are ±SD 

from two technical replicates (represented by black dots). CycB is used as unrelated control 

mRNA. #-doxy and #+doxy indicate without or with doxycycline treatment of cells respectively.  
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2.1.3 Co-translational assembly of TBP and its interacting partners in mouse         

and human cell lines 

We showed co-translational assembly of TBP and TAF1 by sequential assembly 

pathway in HeLa and mES cells (Kamenova, Mukherjee et al. 2019). Next, we wanted 

to study if co-translational assembly of multisubunit complexes occurs across diverse 

cell types. So we set out to detect co-translational assembly of TBP (we selected TBP 

as an example to study TFIID complex) by carrying out TBP RIP assay in HEK293T 

(human) and NIH3T3 (mouse) cell lines. The data observed in HeLa and mES cells 

were recapitulated perfectly in both HEK293T and NIH3T3 cell lines. We observed 

enrichment of TAF1, BRF1 and BTAF1 mRNAs in TBP RIPs. Hence co-translational 

assembly is conserved across different cell types.  

 

         

 

 

 

 

 

 

 

 

 

Figure 50: Co-translational assembly of TBP and TAF1 in (A) HEK293T and (B) NIH3T3 

cell lines. RIP-qPCR using anti-TBP antibody in HEK293T (A) and NIH3T3 (B) polysome 

containing extracts. Error bars are ±SD from two technical replicates (represented by black 

dots). GAPDH is used as unrelated control mRNA.   
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2.2 Co-translational assembly of SAGA and ATAC complex 

Coactivators SAGA complex is organized into separate functional modules: a 

histoneacetyltransferase (HAT) module, a histone deubiquitinase module (DUB), an 

activator-binding module and a structural core module. Among them it shares the HAT 

module with another coactivator ATAC complex. Having studied TFIID co-translational 

assembly, we set out to study the mechanism in SAGA and ATAC complexes. We 

carried out RIP assay with one subunit specific to each of the two complexes, TAF6L 

of SAGA complex and YEATS2 of ATAC complex. TAF6L is a paralogue of TAF6 

subunit of TFIID complex and is a subunit of SAGA core structural module. It interacts 

directly with TAF5L, TADA, TAF9 and TAF10. However, our RIP assay with N-

terminally GFP tagged TAF6L did not show significant enrichment of any of the 

interacting subunits except TAF9 mRNA, which was also not very high as compared 

with negative control and other genes tested (Figure 51A). YEATS2 RIP did not yield 

NC2beta or ZZZ3 mRNAs (Figure 51B). Note, however we did not study enrichment 

of any HAT module subunits. Although the two subunits studied of each of the two 

complexes did not yield any of the expected mRNAs, a thorough study needs to be 

carried out on other subunits to rule out the possibility of only post-translational 

interaction of the subunits of the complexes.  
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Figure 51: Co-translational assembly of (A) SAGA and (B) ATAC complex. (A) Anti-GFP 

RIP-qPCR from polysomes of HeLa cells stably expressing GFP-TAF6L. (B) RIP-qPCR using 

anti-YEATS2 antibody in polysome containing extracts of Hela cells. Error bars are ±SD from 

two technical replicates (represented by black dots). CycB and GAPDH are used as unrelated 

control mRNA (A and B respectively). #-doxy and #+doxy indicate without or with doxycycline 

treatment of cells respectively (A).  
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2.3 Identification of chaperones guiding co-translational assembly of 

TFIID complex 

In order to identify any chaperone associated with TFIID co-translational assembly, 

we investigated the proteins associated with TBP and TAF10 polysome extracts from 

Hela cells by mass spectrometry analysis. Alternatively, we also designed strategies 

to carry out pulldown of translating TAF8 mRNA polysomes by MS2-TRAP (MS2-

tagged RNA affinity purification) (Yoon and Gorospe 2016) and study the proteins 

associated with it.      

2.3.1 Polysome extract analysis by Western blot  

In order to study the nature of the polysome extract (nuclear or cytoplasmic), we 

compared it with nuclear and cytoplasmic extracts prepared from HeLa cells by 

established protocols in our laboratory. The detection of more alpha-tubulin and less 

H3 suggests that our polysome extract is cytoplasmic (Figure 52). 

 

 

 

 

 

 

 

 

 

 

 

 

 

                      

Figure 52: Western Blot analysis of HeLa polysome extract. Western blot analysis of HeLa 

polysome extract in comparison to HeLa nuclear and cytoplasmic extracts. Blots were probed 

with anti α-tubulin, anti-GAPDH and anti-H3 antibodies as indicated. Molecular weight (MW) 

markers are shown in kDa.   
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2.3.2 Mass spectrometric analysis of TAF10 and TBP-polysome associated 

factors 

Next, we set out to analyse the proteins associated with TAF10 and TBP polysome 

extracts by mass spectrometry. To purify these complexes, we prepared polysome 

extract from HeLa after treatment with cycloheximide and immunoprecipitated TAF10 

and TBP with antibodies specific to its N-terminal region. GST was used as mock. 

After elution, the samples were submitted to Orbitrap mass spectrometry. Successful 

polysome-IP was assessed by Western blot and qPCR analysis (data not shown). The 

workflow for data analysis is described in (Methods section 16). We argued that a 

common chaperone might be involved in both TAF10-TAF8 and TBP-TAF1 co-

translational assembly and hence for TFIID co-translational assembly. So, we 

considered only the common proteins enriched in both the IPs. Interestingly only one 

chaperone, heat shock protein beta-1 or Hsp27 was enriched in both TAF10 and TBP 

IPs. Several mRNA processing factors were enriched (Figure 53). The presence of 

mRNA processing factors could be because mRNAs are normally coated with proteins 

to form the mRNP particles and the factors are removed during the first round of 

translation (Katahira 2015; Maquat et al. 2010). Nevertheless any specific role of the 

factors in co-translational assembly cannot be ruled out. Further knockdown and 

depletion studies are necessary to assess the processing factors’ and chaperones’ 

role in TFIID co-translational assembly.  
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Figure 53: Potential TAF10 and TBP interacting factors from HeLa polysome containing 

cell cytoplasmic extracts. Common interactors of TAF10 and TBP in cytoplasmic polysome 

extracts are shown. TAF10 interactors are shown in blue, TBP interactors are shown in 

orange. X-axis shows the NSAF values (calculation described in methods section). Red dots 

denote proteins common to HeLa cytoplasmic extract mass spectrometry data.   
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2.3.3 TAF8 MS2-TRAP and identification of associated factors 

The MS2 hairpin sequences of bacteriophage MS2 and its affinity to its binding protein 

MCP (MS2-coat protein) have long been utilized for studying mRNAs in eukaryotic 

cells. Tagging an mRNA of interest with MS2 and expressing MCP have been used to 

visualise and purify ribonucleoprotein (RNP) complexes without introducing purified 

proteins and RNAs into cells. MS2-TRAP is a technique by which the proteins 

associated with our mRNA of interest can be studied (Yoon and Gorospe 2016). We 

introduced 24 MS2 repeats in the 3’UTR of N-terminally FLAG-tagged TAF8 mRNA 

and transiently expressed the construct in stably integrated MCP expressing cells 

(Figure 54A). Next, we studied the proteins associated with it by pulling down MCP 

bound to MS2-tagged TAF8 mRNA. Although we could successfully pull-down HA and 

GFP tagged MCP and TAF8 mRNA associated with it (Figure 54B-C) but we could not 

detect nascent TAF8 protein and full-length TAF10 protein by western blot analysis 

(Figure 54C). Note, however that we could detect FLAG-tagged TAF8 protein in our 

input sample which rules out the possibility of TAF8 protein expression inhibition by 

the introduction of MS2 repeats in its 3’UTRs. Nevertheless, a more sensitive detection 

method like mass spectrometry analysis could be useful to study proteins associated 

in lower amounts which are not possible by western blot detection.  

 

  

 

 

 

 

 

 

 

 

 



 

163 
 

  

                                                

                                                

  

 

Figure 54: Identification of TAF8 mRNA associated factors by TAF8-MS2-TRAP. (A) 

Schematic representation of TAF8-MS2-TRAP experiment. Green arrow indicates the factors 

successfully detected in our experiments and red arrows indicates the factors that were not 

detected. (B) qPCR analysis of FLAG-TAF8-MS2 mRNA. TAF8_endo represents primers 

designed endogenous TAF8 mRNA and FLAG_TAF8 represents primers designed against 

FLAG-TAF8-MS2 mRNA. GAPDH is used as negative control. (C) Western blot analysis of 

GFP immunoprecipitates from HeLa polysome extract transfected with FLAG-TAF8-MS2 

construct. Blots were probed with anti TAF10, anti-FLAG and anti-GFP antibodies as 

indicated. Molecular weight (MW) markers are shown in kDa. Sup indicates IP supernatant.    
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Discussion 

1. General transcription factor TFIID assembles co-translationally  

Our results have demonstrated a novel paradigm shifting mechanism for the assembly 

of TFIID subunits. It has been reported earlier by our laboratory as well as by our 

collaborators that the huge 14-subunit containing TFIID complex is assembled in 

submodules (made up of two to three subunits) in the cytoplasm of cells. (Trowitzsch 

et al. 2015; Antonova et al. 2018; Gupta et al. 2017) . Quantitative mass spectrometry 

analysis has earlier shown the presence of heterotrimeric TFIID submodules TAF2-

TAF8-TAF10 and TAF5-TAF6-TAF9 in the cytoplasm (Trowitzsch et al. 2015; 

Antonova et al. 2018). We show that these submodules are assembled co-

translationally, instead of finding their interacting partners post-translationally in the 

cytoplasm. We hypothesize that this form of assembly is important for the cell to 

prevent non-specific interactions and aggregations in the crowded environment of the 

cell cytoplasm. Both the two heterotrimers mentioned above contain HFD pair TAF8-

TAF10 and TAF6-TAF9 respectively. Our biochemical analyses provide evidence for 

co-translational assembly of the two above HFD pairs. We also provide direct evidence 

of co-localization of TAF10 protein and TAF8 mRNA by imaging experiments, lending 

further support to our biochemical observations. Additionally, we show co-translational 

assembly of a non-HFD pair in TFIID complex, TBP-TAF1, thereby ruling out the 

possibility that this mechanism is specific to HFD pairs of TFIID complex. Co-

translational assembly has been shown to be a prevalent mechanism in assembling a 

wide range of complexes in yeast (Duncan and Mata 2011; Shiber et al. 2018). There 

have been some reports about co-translational assembly of proteins to specific 

subcellular structure (Chang et al. 2006; Singer 1992; Képès 1996; Liu et al. 2016). 

However, no report so far focussed on the study of co-translational assembly of 

soluble protein complexes in the cytoplasm and nucleus of mammalian cells. We and 

Panasenko et al. 2019 reported parallelly for the first time co-translational assembly 

of soluble multi-subunit protein complexes in mammalian cells (Kamenova, Mukherjee 

et al. 2019; Panasenko et al. 2019). Nevertheless, the formation of TFIID complex co-

translationally in building blocks might serve as a regulatory step in its assembly 

thereby serving as a quality control check of unwanted interactions. No solid evidence 

of chaperone involvement in TFIID assembly have been reported so far. However, a 

recent study points towards the role of chaperonin CCT complex (Antonova et al. 
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2018)in TAF5 folding and its assembly to TAF6-TAF9 heterodimer. But we did not 

observe any significant enrichment of CCT complex in our preliminary mass 

spectrometry results from TAF10 and TBP immunoprecipitated polysome extracts, 

(Figure 53) thereby giving less credence to the involvement of this complex in TFIID 

co-translational assembly. Alternately, the association of this chaperone/ chaperonin 

with TFIID complex could be very transient and other methods might be necessary to 

study their association with co-translationally assembling proteins in polysomes. 

2. Position of dimerization domain drives co-translationally assembly 

One of the intriguing questions about co-translational assembly is the mechanism 

behind their directionality or order of assembly. We put forward two types of models 

of co-translational assembly: sequential and simultaneous. Sequential assembly 

occurs where a fully translated protein finds its interacting partner still attached to the 

ribosome while in the case of simultaneous assembly, the two protein partners engage 

with each other while still attached to the ribosome. In this respect, we investigated 

three protein heterodimers, each interacting with their partners through domains 

localised at either N- or C- terminus as shown below. We observed sequential 

assembly for TAF10-TAF8 and TBP-TAF1 protein pair due to their C-N domain 

localisation and simultaneous assembly for TAF6-TAF9 protein pair due to their N-N 

domain localisation (Figure 2a-b, 6c-d, 7c-d of (Kamenova, Mukherjee et al. 2019)). 

Additionally, we also carried out an experiment where we swapped the HFDs of TAF10 

and TAF8 to observe the effects on co-translational assembly. Indeed, it was the 

position of the HFD and not the sequence that was driving the assembly, since 

swapping the domain sequences and keeping the position unchanged did not affect 

the sequential co-translational assembly of TAF10 and TAF8 (Figure 6a-b of 

(Kamenova, Mukherjee et al. 2019)). Moreover, shifting the HFD of TAF8 to the C-

terminus abolished co-translational assembly of TAF10 and TAF8 (data not shown). 

Taken together, these results indicate that the position of the interaction domain is 

solely responsible for regulating the directionality of co-translational assembly of 

interaction partner proteins. However, it is still unknown how the subunits are brought 

in close proximity to each other to enable co-translational assembly. Our single 

molecule RNA FISH experiments point towards the fact that two mRNAs are in close 

proximity only when they assemble via simultaneous assembly model (Supplementary 

Figure 6 of (Kamenova, Mukherjee et al. 2019)), thereby ruling out the fact that all co-
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translationally assembling protein encoding mRNAs are tethered together in the 

cytoplasm by RNA-binding protein or in any RNA granule. Our results with cDNA 

constructs also ruled out the fact that 3’UTRs might be guide their localisation and thus 

co-translational assembly in the cell as suggested before (Lawrence and Singer 1986; 

Mayr 2016). However, the dynamics of the process could be fast enough to be 

undetectable with the current techniques. It would be interesting to carry out live 

imaging experiments in this respect (Haimovich et al. 2017; Chang et al. 2006).  

Few reports across different domains of life point towards the presence of specific 

factors or chaperones (Shieh et al. 2015; Kassem et al. 2017; Panasenko et al. 2019) 

or RNA granules (Panasenko et al. 2019) facilitating co-translational assembly. In 

contrast a study carried out in yeast on many different complexes showed that nine 

out of the twelve complexes studied by them assembled co-translationally and the 

three complexes that assembled post-translationally were assisted by dedicated 

chaperones or inhibitors that prevented their non-specific aggregation (Shiber et al. 

2018). The authors hypothesised that co-translational assembly serves a similar 

purpose as chaperones for preventing protein misfolding and random aggregation. 

They also showed that the Hsp70 chaperone (Ssb in yeast) associates with the 

nascent proteins until the full-length partner protein is available to bind to it co-

translationally (Shiber et al. 2018). Nevertheless, a conclusive study needs to be 

carried out to shed more light on the factors guiding co-translational assembly 

specifically in mammals.  

 

3. Co-translational assembly is essential for the cell              

While several evidences point towards the prevalence of co-translational assembly of 

a diverse range of protein complexes, an open question is whether this form of 

assembly is essential for the building up of complexes in the cell. With existing 

technologies, this question is difficult to answer directly as no method has been 

discovered so far to selectively block co-translational assembly. Testing the 

functionality of a protein complex would only shed light on the correct assembly of a 

protein complex, co-translationally or post-translationally. Instead we hypothesized 

that co-translational assembly might be necessary for the stability of ribosome-

assisted nascent peptides. Supporting this theory, when we knocked out Taf10 protein 

from mESCs, we observed decrease in Taf8 mRNA and protein levels. Knocking out 



 

168 
 

Taf8 instead did not affect Taf10 levels (Figure 4 of (Kamenova et al. 2019)). Hence, 

the co-translationally assembling partner protein is required to bind and stabilise the 

nascent partner synthesising from the ribosome. This was also supported by another 

study in yeast where the authors studied different cytoplasmic complexes and the 

absence of the full-length protein partners was making the nascent proteins associated 

with the ribosome prone to aggregation and degradation (Shiber et al. 2018). In 

parallel, another study observed ribosome pausing following the emergence of the 

interaction domain out of the ribosome (Panasenko et al. 2019). Together, this study 

suggests that following the synthesis and emergence of the interaction domain out of 

the ribosomes, there is a brief pause to allow co-translational assembly with its partner. 

The authors suggested the role of a DP codon pair present upstream of the interaction 

domain of the studied protein pair in stalling the ribosome (Panasenko et al. 2019). 

However, it would be interesting to study the ribosome pause and the factors driving 

it across a wide variety of protein complexes. Nevertheless, absence of co-

translational interaction might lead to prolonged ribosome pause and subsequent de-

stabilisation and degradation of the partner mRNA and nascent protein by ribosome 

quality control machinery.  

 

4. Co-translational assembly is a general mechanism of complex 

assembly 

Over the years, studies on many different protein complexes across different kingdoms 

of life point towards the fact that co-translational assembly is a prevalent form of 

mechanism for complex formation. Earlier reports in both budding and fission yeast 

(Duncan and Mata 2011; Kassem et al. 2017; Shiber et al. 2018) showed this form of 

assembly in a wide range of complexes. We and Panasenko et al. 2019 showed that 

this is also true for mammalian cells. While Panasenko et al. 2019 studied proteasome 

complex, we studied three functionally distinct transcription complexes (TFIID, SAGA, 

TREX-2). Additionally, despite the fact that TAF10 is shared between TFIID and 

SAGA, but it only co-translationally assembles to TAF8, which is a subunit of TFIID 

and not to SPT7L, which is a component of SAGA complex (Figure 1d-e of 

(Kamenova, Mukherjee et al. 2019)). Reducing the level of TAF8 also did not facilitate 

co-translational assembly of TAF10 and SPT7L (data not shown). ENY2 on the other 
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hand co-translationally assembles to subunits of both SAGA and TREX-2 complex 

(Figure 8b of (Kamenova, Mukherjee et al. 2019). This points towards the existence 

of a mechanism in the cell that guides systematic assembly.  

If this form of assembly is true for the majority of complexes, then a simple RIP assay 

followed by RNA detection can also be used to discover novel interacting protein 

partners of a given protein in a stable complex. There have been no reports so far on 

co-translational assembly of two proteins associating transiently to carry out functions 

in the cell. Hence, identification of a novel partner would most likely mean they are 

part of a stable complex.   
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Perspectives 

1. Comprehensive study of the assembly of TFIID submodules. 

The multisubunit complex TFIID assembles in submodules existing in the cytoplasm 

of cells. Previous results showed the presence of at least two TFIID heterotrimers in 

the cytoplasm (TAF2-TAF8-TAF10 (Trowitzsch et al. 2015) and TAF5-TAF6-TAF9 

(Antonova et al. 2018)). In the present study, we extensively investigated the co-

translational assembly of three cytoplasmic heterodimers, TAF10-TAF8, TBP-TAF1 

and TAF6-TAF9. Our unpublished results also show co-translationally assembly of 

TAF2 and TAF8 (Figure 48). It would be interesting to understand the dynamics of co-

translational assembly of higher order complexes. To this end, a comprehensive RIP 

assay (described in Methods Section 4) of all TFIID subunits and RNA analysis of all 

TAFs would shed light on how the building blocks of TFIID are co-translationally built. 

It would also be interesting to study ribosomal pausing and destabilisation of individual 

TAFs following the translation of their interaction domains. However, carrying out RIP 

assays with all TAFs might be limited by the unavailability of suitable antibodies 

against N-terminal region of all TAFs to immunoprecipitate (IP) nascent proteins. TAF 

cell lines with a tag (for example, GFP) at its N-terminus generated by Flp-FRT 

recombination system (Marc Timmers’ lab) is an attractive alternative to pulldown all 

TAFs without any difference in efficiency between each IP (Antonova et al. 2018). 

However, conditions might be optimised to induce overexpression of TAFs to a level 

comparable to the endogenous amounts. The best method to address this question is 

generating CRISPR-Cas9 knockin TAF cell lines with N-terminal tags (Koch et al. 

2018). Our published results show the co-localisation of TAF8 mRNA and TAF10 

protein in the cytoplasm. It would be interesting to see the localisation of TAF2 mRNA 

and protein with respect to TAF8 and TAF10. In this respect multiplexed error robust 

FISH (MERFISH) is a useful technique (Chen et al. 2015) to study the localisation and 

copy number of all TAF mRNAs in the cytoplasm simultaneously. MERFISH is an 

imaging method capable of simultaneously measuring the copy number and spatial 

distribution of hundreds to thousands of RNA species in single cells (Chen et al. 2015). 

Another interesting factor is whether the number of mRNA molecules play a role in 

guiding co-translational assembly. We observed a striking difference in the number of 

endogenous TAF8 and TAF10 mRNA molecules, with the number of TAF8 mRNAs 

being much less than that of TAF10. But so far, our results did not indicate an effect 
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on co-translational assembly upon changing the number TAF8 molecules (Figure 

48B). Moreover, the number of TAF6 and TAF9 mRNAs are comparable in the cell 

and they are also assembled co-translationally. Thus, we can propose that the copy 

number of mRNAs does not play any role in guiding their assembly. A comprehensive 

study of the copy number of all TAFs is necessary to have a comparable account of 

all the TAFs and this is possible by MER FISH (Chen et al. 2015).   

2. Is co-translational assembly guided by chaperone(s)? 

Most of the studies on co-translational assembly thus far have mainly been done in 

yeast. Only one report has addressed the mechanism in bacteria and two reports in 

mammals. Nevertheless, as mentioned in the discussion, no report so far has shown 

any conclusive evidence on the involvement on chaperones in co-translational 

assembly. In order to find out the involvement of chaperones in TFIID co-translational 

assembly, we prepared polysome containing cytoplasmic extracts from HeLa cells and 

carried out mass spectrometry analysis of TAF10 and TBP immunoprecipitated 

extracts (Figure 53). We observed enrichment of some chaperones like Hsp70 and 

Hsp90 in the TAF10-IPed mass spec results. Next, we compared the results to detect 

a common chaperone that might be playing in the co-translational assembly of TAF10, 

TAF8 and TBP, TAF1 and therefore TFIID assembly. Only the small heat shock protein 

HSPB1 (heat shock protein beta-1 or Hsp27) was enriched to some extent in both the 

cases. Though several roles of HSPB1 in different biological processes have been 

addressed (Rogalla et al. 1999; Holmgren et al. 2013; Kostenko et al. 2009; Almeida-

Souza et al. 2010), there is no evidence so far on its role in protein assembly. siRNA 

knockdown and its effect on TFIID co-translational assembly would throw some light 

on its role. Further results employing alternate techniques is necessary to conclusively 

show the role of an identified chaperone in co-translational assembly. For example, 

pulling down the mRNA in question and then studying the associated proteins with it 

can be an alternate technique to identify any associated chaperone. To this end, 

pulling down the required mRNA with either biotinylated oligos or tagging the mRNA 

with MS2 and then pulling it down by MCP (MS2 binding protein) associated with it 

could also help to study the associated factors/chaperones. However, it cannot be 

ruled out that the association with chaperones can be transient and hence may not be 

possible to detect by the standard techniques described above. A well-suited method 

to study transient interactions is proximity-dependent biotin identification (BioID) which 
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enables the identification of proteins that are in the same subcellular neighborhood to 

the protein of interest in living cells. The protein of interest is fused to BirA* (mutant 

form of the biotin ligase enzyme BirA) which is capable of promiscuously biotinylating 

proximal proteins existing in the near vicinity of the protein of interest, regardless of 

whether they are directly or indirectly interacting with the fusion protein. The covalent 

modification of the nearby proteins by biotin allows them to be purified by streptavidin 

affinity purification and subsequent identification by mass spectrometry (Kim and Roux 

2016). Another straightforward but lengthy way to identify co-translation assembly 

associated chaperones is to knockdown each of the major ribosome- associated or 

downstream chaperones and study their effect on co-translational assembly. 

3. Mechanism of subunit distribution between two complexes? 

An intriguing observation that came out from our RIP assays is that co-translational 

assembly is specific to certain protein heterodimers. As mentioned in Introduction 

(Section 2.1), TAF10 is a subunit of both general transcription factor TFIID and general 

coactivator SAGA complex. Our data suggests that TAF10 assembles co-

translationally with TAF8 which is part of the TFIID complex but not with SPT7L which 

is part of the SAGA complex. Additionally, knocking down TAF8 does not enable 

TAF10 to interact co-translationally with SPT7L (data not shown). It would be very 

interesting to understand the mechanism guiding the distribution of common subunits 

into different complexes. We speculate that alternate 3’UTR isoforms of mRNAs of 

common protein subunits might exist, consisting of the same coding sequence but 

differing in 3’ UTR lengths. More than half of the human and mouse genes generate 

alternative mRNA isoforms that differ in their 3’UTRs but encode proteins with identical 

amino acid sequences. This is exemplified by the protein CD47 existing in two different 

isoforms CD47-Long UTR (CD47-LU) and CD47-Short UTR (CD47-SU). Due to the 

differences in the length of 3’UTR, CD47-LU and CD47-SU reside in different cellular 

compartments (Berkovits and Mayr 2015). The difference in the length of the 3’UTR is 

due to the presence of multiple poly(A) sites in the pre-mRNA (Figure 35). We 

hypothesize that TAF10, TBP, ENY2 (each of these proteins are shared between 

different complexes) each exist in two/three different 3’UTR isoforms in the cell, with 

one isoform assembling to one complex and the other going to another complex. To 

this end, we analyzed the published 3’ end sequencing data (Lianoglou et al. 2013) 

(for our genes of interest) which is normally used to detect the presence of 3’UTR 
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isoforms in the cell. We observed two distinct peaks for ENY2 and TBP, which point 

towards the possibility of the presence of two different isoforms of ENY2 and TBP. But 

unexpectedly, for TAF10, I observed only one peak. Further studies of ENY2 and TBP 

would be necessary to explain the presence of two 3’UTR isoforms. Northern blot 

analysis would provide a definitive answer to the existence of mRNA isoforms of our 

proteins of interest.   

4. What is the mechanism behind TAF8 mRNA degradation in the absence 

of its co-translationally assembling partner TAF10? 

We observed significant reduction in the level of TAF8 mRNA in the absence of TAF10 

protein (Figure 4a,c of (Kamenova et al. 2019)).But the exact mechanism of TAF8 

mRNA degradation still remains unknown. Ribosome quality control mechanisms exist 

in the cell that degrade translationally defective mRNAs and nascent peptides 

(Introduction Section 6). It has been reported that cells employ no go decay (NGD) 

pathway to degrade translation elongation stalled ribosome complexes (Introduction 

Section 6). Knocking down key players of NGD pathway and studying its effect on 

TAF8 mRNA degradation would throw some light into the mechanism. Nevertheless, 

it is very interesting to understand the mechanism by which the cell senses the 

absence of co-translational assembly and subsequently degrades the stalled 

polysome complex and further studies with several alternate strategies are necessary 

to explain the mechanism completely.  
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Conclusions 

We studied the co-translational assembly mechanism of histone fold domain (HFD) 

pairs TAF10-TAF8 and TAF6-TAF9 and non-HFD pair TBP-TAF1 of general 

transcription factor TFIID. Nascent and full-length protein RNA Immunoprecipitation 

(RIP), mutation and domain swapping approaches show that the position of the 

interaction domain drives the mechanism by which two proteins are assembled co-

translationally. If two proteins interact with each other through N- and C-terminal 

domains respectively, they assemble co-translationally by sequential model (fully 

folded protein partner with C-terminal interaction domain binds to the nascent protein 

partner with N-terminal interaction domain). N-N terminal interacting protein partners 

assemble co-translationally by simultaneous model (where two nascent protein 

partners engage with each other while they are still attached to the ribosome). 

Disrupting the interaction domain by point mutation or deletion abolished co-

translational assembly. Additionally, swapping the positions of the interaction domains 

reversed the order of sequential assembly, thereby lending further support to the role 

of domain position in co-translational assembly. Co-translational assembly would also 

require the co-localisation of assembling proteins and their respective encoding 

mRNAs in the cytoplasm depending on the assembly model. Hence, we supported our 

observations by imaging approaches (smFISH and IF-smFISH) which showed the co-

localisation of TAF8 mRNA and TAF10 protein following sequential assembly and co-

localisation of TAF6 and TAF9 mRNAs following simultaneous assembly in the 

cytoplasm. Interestingly absence of the fully folded co-translationally partner (TAF10) 

reduced the level of partner protein (TAF8) and its encoding mRNA (TAF8). Finally, 

we studied two other transcription complexes (SAGA and TREX-2) and showed that 

co-translational assembly is a general mechanism and is true for most, if not all, 

complexes in mammalian cells. We published these results together recently in Nature 

Communications (Kamenova, Mukherjee et al., 2019). Following the publication, we 

initiated a systematic study on the co-translational assembly of all TFIID subunits and 

some of SAGA and ATAC complex subunits. The project is still in its preliminary stage 

and needs more evidence to develop a conclusive model. In parallel, we carried out 

mass spectrometry analysis to identify any chaperone(s) associated with TFIID 

subunits undergoing co-translational assembly. Although we detected enrichment of 

a small heat shock protein (HSPβ1) chaperone in both TAF10 and TBP RNA 
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immunoprecipitation from polysome extracts, further knockdown experiments are 

needed to confirm its role in co-translational assembly of TFIID complex.                
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1. Cell lines and Cell culture 

HeLa cells (ATCC® CCL-2TM) grown on adherent plates were obtained from the 

IGBMC cell culture facility and cultured in a 37°C humidified/5% CO2 incubator. 

Culture media consisted of Dulbecco’s modified Eagle’s medium (DMEM), 

supplemented with 1 g/l glucose, 5% fetal calf serum (FCS), and 40 μg/ml Gentamycin. 

The GFP-TAF1 cell line was generated by transferring full length human TAF1 fused 

at its N-terminus to EGFP into HeLa Flp-In/T-REx cells following procedures described 

in (Nuland et al. 2013). E14 mouse embryonic stem cells [mESCs, ES Parental cell 

line E14Tg2a.4, obtained from Mutant Mouse Resource and Research Center 

(MMRRC), Citation ID:RRID:MMRRC_015890- UCD] at passage 29-31 were obtained 

from the IGBMC cell culture facility and cultured on gelatinised plates in feeder-free 

conditions in KnockOut DMEM (Gibco) supplemented with the following: 20 mM L-

glutamine, Pen/Strep, 100 μM non-essential amino acids, 100 μM β-mercaptoethanol, 

N-2 supplement, B-27 supplement, 1000 U/ml LIF (Millipore), 15% ESQ FBS (Gibco) 

and 2i (3 μM CHIR99021, 1 μM PD0325901, Axon MedChem). Cells were passaged 

approximately every 3 days. The EGFP-ENY2 HeLa cell line was generated in our 

laboratory by D. Umlauf (Umlauf et al. 2013) and maintained at 37 °C in DMEM (1 g/l 

glucose), 10% FCS and 40 μg/ml Gentamycin (Umlauf et al. 2013). The Dox-inducible 

hTAF10 expression system in Taf10−/− mouse F9 embryonal carcinoma cells was 

generated in our laboratory by E. Scheer (Metzger et al. 1999). Cells were cultured at 

37 °C with 7% CO2 in gelatinised plates in a culture media consisting of DMEM (4.5 

g/l glucose), 10% FCS, 40 μg/ml Gentamycin in the presence of doxycycline (Sigma).  

2. Cell treatments 

For polysome-IP assays, 10 or 15 cm plates were treated with cycloheximide (100 l 

final) or puromycin (50 μg/ml final) and returned to the 37 °C incubator for 15 or 30 

min, respectively. Doxycycline inducible GFP-TAF1 cell lines were treated with 

doxycycline (1 μg/ml final (Sigma)) overnight at 37 °C (incubator) and dox-inducible 

Taf10−/− mouse F9 embryonal carcinoma cells were treated with doxycycline (1 μg/ml 

final) for 1 or 2 days for TAF10 re-expression following depletion of the same.  
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3. Transfections 

Transfections were performed on ~90% confluent cells in 10 cm plates in antibiotic-

free media using Lipofectamine 2000 (Thermo Fisher Scientific) and 3 μg plasmid 

DNA, according to the manufacturer’s instructions. The medium was replaced with 

fresh medium containing gentamycin ~5–6 h post transfection and cells were 

harvested 24 h later. A descriptive summary of the plasmids used in this study is 

presented in Table 3 of Supplementary file of our paper (Kamenova, Mukherjee et 

al. 2019; Results Section 1).  

4. Preparation of polysome-containing extracts and RNA 

Immunoprecipitation (RIP) 

Polysome-containing extracts were prepared from adherent cells harvested at ~90% 

confluence by adapting a method for the isolation of ribosomes translating cell type-

specific RNAs (Heiman et al. 2014). Briefly, 10 cm plates were treated with 

cycloheximide (100 μg/ml final) or puromycin (50 μg/ml final) and returned to the 37 

°C incubator for 15 or 30 min, respectively. Subsequently, plates were placed on ice, 

washed twice with ice-cold PBS and scraped in 500 μl lysis buffer (20mM HEPES 

KOH pH 7.5, 150mM KCl, 10mM MgCl2 and 0.5% (vol/vol) NP-40), supplemented with 

complete EDTA-free protease inhibitor cocktail (Roche), 0.5 μM DTT, 40 U/ml RNasin 

(Promega), and cycloheximide or puromycin as needed. Extracts were prepared by 

homogenizing cells by 10 strokes of a B-type dounce and centrifugation at 17,000 × 

g. Clarified extracts were used to start immunoprecipitations, after saving 10% total 

RNA for input measurement. For TAF10 and TBP IPs, 20 μl of Protein G Dynabeads 

(ThermoFisher Scientific) were equilibrated by washing three times in lysis buffer, 

resuspended in 400 μl of lysis buffer and 2 μl of antibody, and incubated for 1 h at 

room temperature with end-to-end mixing. Beads were washed twice with IP500 buffer 

(20mM Tris-HCl, pH 7.5, 500mM KCl, 10% glycerol (v/v) and 0.1% NP-40 (v/v)) and 

three times in lysis buffer. Antibody-bound beads were thus used to perform RIP with 

polysome extracts overnight at 4 °C with end-over-end mixing. Mock RIP was carried 

out with equal amount of anti-GST antibody. The next day, beads were washed four 

times for 10 min at 4 °C with high salt-containing wash buffer (20mM HEPES-KOH pH 

7.5, 350mM KCl, 10mM MgCl2 and 0.1% (vol/ vol) NP-40) and subsequently eluted in 

350 μl RA1 Lysis buffer (Macherey-Nagel total RNA purification kit) and 7 μl 1M DTT. 
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RNAs were purified according to the manufacturer’s instructions of the Macherey-

Nagel total RNA purification kit, including the optional on-column DNase digestion 

step, and eluted twice in the same 60 μl of RNAse-free water. In the case of FLAG, 

HA, or GFP RIPs, 50 μl packed anti-FLAG M2 affinity gel (Sigma), 50 μl packed 

EZviewTM Red Protein A affinity gel (Sigma) or 30 μl GFP-TRAP (Chromotek) slurry 

were equilibrated in lysis buffer and used for RIP.  

 

                                           

                                Figure 55: Schematic representation of polysome RIP assay 

 

5. cDNA preparation and RT-qPCR  

For cDNA synthesis, 5μl of purified RIP-RNA and 5μl of 1:10 diluted input RNA 

samples were used. cDNA was synthesised using random hexamers and SuperScript 

IV (ThermoFischer Scientific) according to the manufacturer’s instructions. For RIP 

performed on transfected cells, RNA was additionally treated with Turbo DNase 

(Ambion) according to the manufacturer’s instructions in order to ensure complete 

plasmid removal before cDNA synthesis. Quantitative PCR was performed with 
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primers (listed in Supplementary Table 1 our our paper, Results Section 1) on a Roche 

LightCycler 480 instrument with 45 cycles. In all cases, control cDNAs prepared 

without reverse transcriptase (−RT) were at least over 10 Cp values of the +RT cDNAs. 

Enrichment relative to input RNA was calculated using the formula 100 × 2[(Cp(Input) 

− 6.644) − Cp(IP)] and expressed as “% input RNA”. In the case of RIPs performed on 

transfected cells, enrichment values were expressed as “mRNA fold enrichment” 

relative to the mock IP using the formula ΔΔCp [IP/mock], to account for the variability 

of transient transfections. “Relative mRNA fold enrichment” is expressed as mRNA 

fold enrichment of TAF8 relative to mRNA fold enrichment of TAF10 mRNA. All 

experiments were performed with a minimum of two biological and two technical 

replicates and values are represented as mean ±SD. Figures panels were prepared 

with taking in account all these data points using R (RStudio version 1.1.456 and R 

version 3.5.1). 

6. Microarray analysis and library preparation 

Polysome extracts and RIP from HeLa cells were performed as described above with 

mouse monoclonal antibodies 1H8 targeting the N-terminus of TAF10, 3G3 targeting 

the N terminus of TBP, and 1D10 targeting GST as a nonspecific control (see 

Supplementary Table 2). Protein G Sepharose beads were used (100 μl beads 

coupled to 14 μl antibody). After quantification and quality controls performed on 

Agilent’s Bioanalyzer, biotinylated single strand cDNA targets were prepared, starting 

from 200 ng of total RNA, using the Ambion WT Expression Kit (Cat # 4411974) and 

the Affymetrix GeneChip® WT Terminal Labelling Kit (Cat # 900671) according to 

Affymetrix recommendations. Following fragmentation and end-labelling, 3 μg of 

cDNAs were hybridised for 16 h at 45 °C on GeneChip® Human Gene 2.0 ST arrays 

(Affymetrix) interrogating over 40000 RefSeq transcripts and ~11,000 LncRNAs 

represented by ~27 probes spread across the full-length of the transcript. The chips 

were washed and stained in the GeneChip® Fluidics Station 450 (Affymetrix) and 

scanned with the GeneChip® Scanner 3000 7 G (Affymetrix) at a resolution of 0.7 μm. 

Raw data (.CEL Intensity files) were extracted from the scanned images using the 

Affymetrix GeneChip® Command Console (AGCC) version 4.0. CEL files were further 

processed with Affymetrix Expression Console software version 1.3.1 to calculate 

probe set signal intensities using Robust Multi-array Average (RMA) algorithms with 

default settings (Sketch quantile normalization). Statistical analysis was performed 
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using the FCROS package version 1.5.4 (Dembélé and Kastner 2014). Differences 

are considered significant for p value below 0.025. Volcano plots were performed 

using RStudio software version 3.3.2. Ribosomal RNA transcripts were filtered out. 

The microarray results reported in this paper are available in the Gene Expression 

Omnibus (GEO) under accession number GSE106299 

7. Protein IP and Western blot 

Antibodies used for RIP, protein IP and western blotting are summarised in 

Supplementary Table 2. For protein IP, the procedure was performed essentially as 

for RIP. Bound proteins were eluted in 2× Laemmli buffer supplemented with 20mM 

DTT and boiled for 5 min. Subsequently, samples were resolved on SDS-PAGE gels 

and transferred to nitrocellulose membranes using either wet transfer or BioRad’s 

Trans-Turbo Blot semi-dry transfer method. Secondary antibodies (goat anti-mouse or 

rabbit anti-mouse) coupled to HRP (Jackson ImmunoResearch Laboratories) were 

used at 1:10,000 dilution. Signal was revealed using chemiluminescence (Pierce) and 

detected on the ChemiDoc imaging system (BioRad). For immunoprecipitation using 

whole cell extracts, 10 confluent 10 cm plates were scraped in PBS containing 

protease inhibitor (Roche) and resuspended in ~1 packed cell volume lysis buffer 

(20mM Tris-HCl, pH 7.5, 400 mM KCl, 2 mM DTT, 20% glycerol) supplemented with 

protease inhibitor and 0.5 mM final concentration of DTT. Extracts were prepared by 

four cycles of freezing on liquid nitrogen followed by thawing on ice. The concentration 

of the clarified extract was measured by Bradford assay and the extract was diluted 

~1:3 using lysis buffer without salt to achieve a final concentration of ~150mM KCl. 

One milligram extract was added to mock- and antibody-bound beads each and IPs 

were performed as described above. Proteins were eluted twice for 5 min at room 

temperature in 50 μl 0.1M Glycine, pH 2.8 and neutralised with 3.5 μl 1.8M Tris- HCl, 

pH 8.8. Ten percent of the pooled eluates were resolved on gels. 

 

8. Plasmids 
 
The eukaryotic expression plasmid pXJ41 used for all the constructs has been 

previously described (Xiao et al. 1991). pXJ41-TAF10-Nter-2HA has been previously 

described (Jacq et al. 1994). To generate N- and C-terminally Flag-tagged TAF8, the 

human TAF8 cDNA was PCR amplified from pACEMam1-CFP-TAF8 (kind gift from 
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Imre Berger, University of Bristol, UK) using primers cotaining EcoR I and Bgl II 

restriction sites and tags incorporated at the N- or C-terminus, respectively, and 

digestion by appropriate restriction enzymes. Similarly, C-terminal HA tagged TAF10 

was subcloned from pXJ41-TAF10-Nter-2HA by PCR amplification and digestion via 

restriction enzymes Xho I and Kpn I. The TAF8 mutations, TAF8-HFD and TAF8-HFD-

60 amino acids were generated by site-directed mutagenesis using PfuUltra High-

Fidelity DNA polymerase (Agilent Technologies), according to the manufacturer’s 

instructions. The histone fold domain swapped TAF10 and TAF8 constructs were 

generated with several rounds of PCR amplification, using the already-mentioned N-

terminal tagged TAF10 and TAF8 constructs as a template with specific primers and 

cloned into the vector via restriction enzymes EcoR I and Bgl II. pXJ41-hTBP has been 

previously described (Brou et al. 1993). The HA-TAF1 cDNA (Ruppert, Wang, and 

Tjian 1993) was inserted in pXJ41. TAF1 N-terminal deletion was carried out by site-

directed mutagenesis using Pfu Ultra High-Fidelity DNA polymerase (Agilent 

Technologies), according to the manufacturer’s instructions. HA tagged TAF9 was 

subcloned from pSG5-TAF9 (Frontini et al. 2005) by PCR amplification and digestion 

by restriction enzymes EcoR I and Bgl II. FLAG-tagged TAF6 was also subcloned in 

a similar manner from pXJ41-TAF6 (Bell, Scheer, and Tora 2001) via restriction 

enzymes Xho I and Kpn I. All plasmids have been verified by sequencing. Plasmids 

are described in Supplementary Table 3 of our paper (Kamenova, Mukherjee et al. 

2019; Results Section 1). 

 

9. Mouse Taf8 and Taf10 KO ESC lines 
 
The Rosa26Cre-ERT2/+; Taf8flox/flox mouse embryonic stem cells (mESCs) were 

generated previously by F. El Saafin (El-Saafin et al. 2018). Briefly, mice carrying the 

Taf8lox allele were bred to mice carrying the Rosa26Cre-ERT2 allele to produce 

Rosa26Cre-ERT2/+;Taf8flox/flox E3.5 blastocysts and to isolate Rosa26Cre- 

ERT2/+;Taf8flox/flox mouse embryonic stem cells (mESCs) (El-Saafin et al. 2018). 

The Rosa26Cre-ERT2/R; Taf10flox/flox mESCs were generated previously by P. 

Bardot (Bardot et al. 2017). Briefly, the ESCs were derived from Rosa26Cre-

ERT2/R;Taf10lox/lox E3.5 blastocysts (Bardot et al. 2017). mESCs were cultured in 

DMEM (4.5 g/l glucose) with 2mM Glutamax-I, 15% ESQ FBS (Gibco), penicillin, 

streptomycine, 0.1mM non-essential amino acids, 0.1% ß-mercaptoethanol, 1500 
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U/mL LIF and two inhibitors (2i; 3 μM CHIR99021 and 1 μM PD0325901, Axon 

MedChem) on gelatin-coated plates. To induce deletion of Taf8, mESCs were treated 

with 0.5 μM 4-OH tamoxifen (Sigma) for 5–6 days, and to induce deletion of Taf10, 

Rosa26Cre-ERT2/R;Taf10lox/lox mESCs were treated for 4 days with 0.1 μM 4-OH 

tamoxifen (Sigma). The above-described mESCs have already been described 

(Bardot et al. 2017; El-Saafin et al. 2018) and were derived according to animal welfare 

regulations and guidelines of the French Ministry of Agriculture and French Ministry of 

Higher Education and Research, and the Australian Animal Welfare Committee, 

respectively. 

 
10. Single molecule inexpensive RNA FISH (smiFISH) 
 
smiFISH primary probes were designed with the R script Oligostan as previously 

described (Tsanov et al. 2016). Primary probes and secondary probes (Cy3 or 

digoxigenin conjugated FLAPs) were synthesised and purchased from Integrated DNA 

Technologies (IDT). Primary probes were ordered at a final concentration of 100 μM, 

wet and frozen in Tris-EDTA pH 8.0 (TE) buffer. Probe sequences are available in 

Supplementary Table 4. An equimolar mixture of all the primary probes for a particular 

RNA was prepared with a final concentration 0.833 μM of individual probes. The 

secondary probes are resuspended in TE buffer at a final concentration of 100 μM. A 

total of 10 μl of FLAP hybridization reaction was prepared with 2 μl (for single colour 

smiFISH) or 4 μl (for dual colour smiFISH) of diluted (0.833 μM) primary probe set, 1 

μl of secondary probe, 1 μl of 10X NEB3 and 6 μl of water. The reaction mix was then 

incubated in a cycler under the following conditions: 85 °C, 3 min, 65 °C, 3 min, 25 °C, 

5 min. Two microliters of these FLAP hybridised probes are necessary for each 

smiFISH reaction. The volume of the reactions were scaled up according to the 

number of smiFISH reactions carried out. smiFISH was carried out as follows as per 

published protocol (Tsanov et al. 2016). HeLa cells were treated with 100 μg/ml 

cycloheximide (Merck) for 15 min at 37 °C, fixed with 4% paraformaldehyde (Electron 

Microscopy Sciences) for 20 min at room temperature(RT) followed by overnight 

incubation with 70% ethanol at 4 °C. Following overnight incubation, cells were rinsed 

with 1× PBS twice and incubated with Solution A (freshly prepared 15% formamide in 

1× SSC buffer) for 15 min at RT. During incubation, 50 μl Mix 1 (5 μl of 20× SSC, 1.7 

μl of 20 μg/μl E. coli tRNA, 15 μl of 100% formamide, 2 or 4 μl of FLAP hybridised 
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probes, required amount of water) and 50 μl Mix 2 (1 μl of 20 mg/ml RNAse-free BSA, 

1 μl of 200mM VRC, 27 μl of 40% dextran sulfate, 21 μl of water) was prepared. Mix 

1 was added to Mix 2 after proper vortexing. The total 100 μl of Mix1 + Mix2 is sufficient 

for two coverslips. Each coverslip was then incubated on a spot of 50 μl of the Mix in 

a 15 cm Petri dish with a proper hydration chamber (3.5 cm Petri dish containing 2ml 

of 15% formamide/1× SSC solution) overnight at 37 °C. Following overnight 

incubation, coverslips were washed twice with Solution A at 37 °C for 30 min each and 

with 1× PBS twice for 10 min each. Coverslips with only Cy3 conjugated secondary 

probes are mounted with 5 μl of Vectashield containing DAPI at this step. For DIG-

labelled secondary probes, cells were further permeabilised with 0.1% Triton-X100 for 

10 min at RT and incubated with 0.25 μg/ml antidigoxigenin- fluorescein Fab fragments 

(diluted in 1× PBS) (Roche) for 2 h at RT. Following antibody incubation, cells were 

mounted as before. 

                                                                            

                  
 

Figure 56: Schematic representation of working principle of smiFISH. ~24 primary probes 

are pre-hybridized with secondary probes via FLAP sequence in vitro. The resulting duplexes 

are subsequently hybridized in cells. Length (nt: nucleotides) and red circles are Cy3 moieties. 

Image is from (Tsanov et al. 2016). 

 
 

11. Immunofluorescence-single molecule RNA FISH (IF-smiFISH) 

 

To visualise proteins and mRNA together, we first performed immunofluorescence (IF) 

followed by smiFISH. Briefly, cells were treated with 100 μg/ml cycloheximide (Merck) 

for 15 min at 37 °C, fixed with 4% paraformaldehyde (Electron Microscopy Sciences) 

for 10 min at room temperature (RT), blocked and permeabilised with blocking buffer 

(10% BSA, 10% Triton-X-100, 200mM VRC, 2X PBS) for 1 h at 40 °C, incubated for 2 

h at RT with either anti-TAF8 (mouse monoclonal antibody (mAb) 1FR-1B6 (William S 

Mohan et al. 2003); diluted 1:1000) or anti-TAF10 (mAb 6TA-2B11 (William S Mohan 
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et al. 2003); diluted 1:1000) antibody mix followed by incubation (RT, 1 h) with 

secondary antibody mix Alexa-488-labelled goat anti-mouse mAb (Life Technologies, 

catalogue number A-11001, diluted 1:3000). Following immunofluorescence 

described above, cells were fixed with 4% paraformaldehyde (Sigma) for 10 min at 

RT. Cells were washed with 1× PBS and incubated with wash buffer [10% Formamide 

(Sigma) in 2× SSC] for 10 min at RT. smiFISH was carried out as described above 

and see ref. (Tsanov et al. 2016). Cells were mounted using Vectashield mounting 

medium with DAPI (Vector laboratories Inc.). 

 

12. Imaging and image processing 

 

Confocal imaging of smiFISH and IF-smiFISH samples was performed on an SP8UV 

microscope (Leica) equipped with a 633-nm HeNe laser, a 561-nm DPSS laser, a 488-

nm argon laser and a 405-nm laser diode. A ×63 oil immersion objective (NA 1.4) was 

used and images were taken by using the hybrid detector photon-counting mode. The 

laser power for all acquisitions and laser lines was set to 10%. All images acquired 

have a bit depth of 8 bit and a pixel resolution of 70 nm. The z-stacks were taken with 

a z-spacing of 300 nm for a total of 4–6 μm. Image processing was performed using 

the Fiji/Image J software. All images were processed the same way. In detail, the 

channels of the different images were split and grey values were adjusted to better 

visualise the spots in the cytoplasm. The nuclear signal in the green channel (TAF10 

or TAF8 IF) was removed by masking the nucleus and using the “clear” option. Finally, 

the processed channels were merged again. For IF-smiFISH, one cell of an image 

was cropped and one representing z-slice per cell was chosen. For smiFISH, 

maximum intensity Z-projections of individual images were made and one cell per 

resulting image was cropped as the representative image. In addition, one single IF or 

smiFISH spot from the corresponding cells was cropped as well. 

 

13. Image analysis of IF-smiFISH data 
 

To measure the degree of spatial overlap of smiFISH (mRNA) and IF (protein) signal, 

an enrichment ratio was calculated as described below. Such quantification was 

chosen in order to take into account the variability of IF signal between cells, making 

single object detection in this channel difficult. Cells and nuclei were outlined manually 

in 2D based on the GFP and DAPI image, respectively. Subsequent analyses were 
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restricted to the cytoplasm. mRNAs were detected in 3D with FISH-quant (Tsanov et 

al. 2016). Identical detection settings were used when different experimental 

conditions were compared with the same gene. Each cell was post-processed 

separately. First, the median pixel intensity in the IF image at the identified RNA 

positions was calculated. Second, a normalization factor was estimated as the median 

IF intensity of the outlined cytoplasm within the z-range of the detected mRNAs. The 

enrichment ratio of the cell was then calculated as the ratio of the median IF intensity 

at the RNA positions divided by the mean cytoplasmic intensity. Boxplots of 

enrichment ratios were generated with the Matlab function notBoxPlot. Each dot 

corresponds to the estimation of one cell. Horizontal lines are mean values, 95% 

confidence interval is shown in red, and standard deviation in blue. Statistical 

comparison between different experimental conditions was performed with two-

sample Kolmogorov–Smirnov test (Matlab function kstest2). The Matlab script is 

available upon request. 

 

14. Image analysis of smiFISH co-localization data  
 

Segmentation of nuclei and cells was performed with the DAPI and smiFISH channel 

channels, respectively. 2D images were obtained with a previously described 

projection approach based on local and global focus measurements (Tsanov et al. 

2016). Segmentation was implemented with the open-source software CellProfiler 

(Dao et al. 2016) using a standard workflow: Otsu and watershed separation for nuclei 

in the DAPI channel. Each nucleus then serves as a seed for a watershed 

segmentation to obtain the cells in the smiFISH channel. Individual RNA molecules 

were localised with FISH-quant in 3D and can be treated as point clouds (Mueller et 

al. 2013). Co-localization analysis between detected RNAs in two colours was solved 

as a linear assignment problem (LAP) with the Hungarian algorithm (Matlab function 

hungarianlinker and munkres from Matlab FileExchange). In short, this algorithm finds 

the best possible global assignment between these two points-clouds such that for 

each point in the first colour the closest point in the second channel is found. We 

implemented a user interface for this analysis tool (FQ_DualColor), which is distributed 

together with a dedicated user manual with FISH-quant: 

https://bitbucket.org/muellerflorian/fish_quant. 

 

https://bitbucket.org/muellerflorian/fish_quant


 

189 
 

15. Mass Spectrometry analysis 

Samples were analyzed using an UltiMate 3000 RSLCnano (Thermo Scientific) 

coupled in line with a linear trap Quadrupole (LTQ)-Orbitrap ELITE mass spectrometer 

via a nano-electrospray ionization source. In detail, samples were TCA precipitated, 

reduced, alkylated and digested with LysC and Trypsin at 37°C overnight. After C18 

desalting, samples were analyzed using an Ultimate 3000 nano-RSLC (Thermo 

Scientific, San Jose, California) coupled in line with a linear trap Quadrupole (LTQ)- 

Orbitrap ELITE mass spectrometer via a nano-electrospray ionization source (Thermo 

Scientific). Peptide mixtures were loaded on a C18 Acclaim PepMap100 trap column 

(75 μm inner diameter × 2 cm, 3 μm, 100 Å; Thermo Fisher Scientific) for 3.5 min at 5 

μl/min with 2% acetonitrile (ACN), 0.1% formic acid in H2O and then separated on a 

C18 Accucore nano-column (75 μm inner diameter × 50 cm, 2.6 μm, 150 Å; Thermo 

Fisher Scientific) with a 240-min linear gradient from 5% to 50% buffer B (A: 0.1% FA 

in H2O; B: 80% ACN, 0.08% FA in H2O) followed with 10 min at 99% B. The total 

duration was set to 280 min at a flow rate of 200 nL/min. Peptides were analyzed by 

high resolution full MS scan (R240K, from 300 to 1650 m/z range) followed by 20 

MS/MS events using data-dependent CID (collision induced dissociation) acquisition. 

Proteins were identified by database searching using SequestHT (Thermo Fisher 

Scientific) with Proteome Discoverer 1.4 software (Thermo Fisher Scientific) a 

combined Homo sapiens database (Swissprot, release 2015_11, 16730 entries) 

where 5 sequences of protein of interest (TrEMBL entries) were added. Precursor and 

fragment mass tolerances were set at 7 ppm and 0.5 Da respectively, and up to 2 

missed cleavages were allowed. Oxidation (M) was set as variable modification, and 

carbamidomethylation (C) as fixed modification. Peptides were filtered with a false 

discovery rate (FDR) and rank 1: FDR at 5 %, rank 1 and proteins were identified with 

1 unique peptide.   

16. Mass spectrometry data analysis 

Normalized spectral abundance factor (NSAF) (Zybailov et al. 2006) normalized to the 

bait (NSAFbait) were obtained as followed (PSM*; peptide spectrum match, SAF; 

spectral abundance factor, x; protein of interest):  



 

190 
 

 

  

 

 

 

 

 

 

 

We only considered proteins with positive SAF values.  
 

17. TAF8-MS2-TRAP (MS2-tagged RNA affinity purification) 

A pcDNA3 plasmid with lacZ sequence followed by 24 MS2 repeats in its 3’UTR and 

a stable HA-MCP-GFP cell line was obtained from Edouard Bertrand’s lab as a kind 

gift. We replaced the lacZ sequence in the plasmid with our gene of interest, FLAG-

TAF8. MS2 repeat containing plasmid was transformed in XL1-Blue (rec- bacteria) and 

grown at 30°C to preserve integrity of MS2 repeats. Several minipreps were prepared 

from single colonies, and a clone with intact MS2 repeat was used to carry out a 

maxiprep. The entire 24xMS2 repeat is about 1,5 kb long, thus every step of growing 

bacteria during cloning was carried out at 30°C and using rec- strain. The HA-MCP-

GFP cell line was generated by transferring MCP fused with HA and GFP at N- and 

C-terminus respectively into HeLa Flp-In/T-REx cells following procedures described 

in (van Nuland et al. 2013). Cells were cultured in a 37°C humidified/5% CO2 

incubator. Culture media consisted of Dulbecco’s modified Eagle’s medium (DMEM), 

supplemented with 1 g/l glucose, 10% fetal calf serum (FCS), and 40 μg/ml 

Gentamycin. 

TAF8-MS2 plasmid was transfected into HeLa cells by Lipofectamine 2000 as per 

manufacturer’s protocol. Following that, RIP assay was carried out as described in 

Methods Section 4 with anti-GFP beads (Chromotek) and finally RNA isolation, cDNA 

preparation and qPCR for RNA analysis and Western blot for protein anaysis was 

carried out as described in Methods Section 5 and 7 respectively. 
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Résumé en français 

La majorité des processus biologiques sont réalisés par des complexes protéiques multisubunités dans les 

cellules et une quantité importante d'énergie est requise par les cellules pour construire ces énormes complexes. 

Contrairement aux bactéries, les gènes codant pour les protéines sont dispersés dans le génome des 

eucaryotes, ce qui complique la compréhension de l'assemblage des complexes protéiques. En utilisant 

l'immunoprécipitation d'ARN suivie par la détection des ARNm à l'échelle du génome par analyse par micropuce, 

ARN molécule unique, FISH, immunofluorescence, cellules souches embryonnaires knock-out de souris et 

approches de permutation de domaines, nous montrons que les complexes de transcription multisubunit de 

mammifère s'assemblent de manière co-traductionnelle. Nous démontrons que les domaines de dimérisation et 

leurs positions dans les sous-unités en interaction déterminent la voie d'assemblage de co-traduction 

(simultanée ou séquentielle). En outre, les expériences cytoplasmiques IF-smFISH et bicolores smFISH 

indiquent que l'assemblage de co-traduction décrit se produit clairement dans le cytoplasme de cellules 

humaines. Des résultats identiques dans les cellules de levure, de souris et humaine suggèrent que 

l'assemblage par co-traduction est un mécanisme général chez les eucaryotes, qui pourrait être nécessaire pour 

éviter les interactions non spécifiques et l'agrégation de protéines dans la cellule. 

Mots-clés: Transcription, Complexes de transcription, TFIID, Assemblage co-traductionnelle, Complexes 

protéiques composé de plusieurs sous-unités, Immunoprécipitation d'ARN, FISH contre molécule simple  

 

Resume in English 

Majority of the biological processes are carried out by multisubunit protein complexes in cells and a significant 

amount of energy is required by the cells to build these huge complexes. Unlike bacteria, genes encoding 

proteins are dispersed in the genome of eukaryotes and this makes the assembly of protein complexes more 

complicated to understand. By using RNA immunoprecipitation followed by genome-wide detection of mRNAs 

by microarray analysis, single molecule RNA FISH, immunofluoresence, mouse knock-out embryonic stem cells 

and domain swapping approaches, we show that the mammalian multisubunit transcription complexes assemble 

co-translationally. We demonstrate that the dimerization domains and their positions in the interacting subunits 

determine the co-translational assembly pathway (simultaneous or sequential). Furthermore, cytoplasmic IF-

smFISH and two-colour smFISH experiments indicate that the described co-translational assembly is clearly 

occurring in the cytoplasm of human cells. Identical results in yeast, mouse and human cells suggests that co-

translational assembly is a general mechanism in eukaryotes which might be necessary to avoid non-specific 

interactions and protein aggregation in the cell. 

Keywords: Transcription, Transcription complexes, TFIID, Co-translational assembly, multisubunit protein 

complexes, RNA Immunoprecipitation, single molecule FISH 

 


