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Abstract

All stages of eukaryotic RNA polymerase II transcription are highly regulated by accompanying protein machineries. The step of substrate release is most frequently mediated via the Cleavage and Polyadenylation Specificity Factor (CPSF) or the U7snRNP dependent histone pre-mRNA processing machinery. In 2005 the Integrator complex was discovered as a third, independent machinery required for maturation of small nuclear RNA (snRNA). Soon after additional substrates like enhancer RNA (eRNA), long non-coding RNA (lncRNA), micro RNA (miRNA) and even messenger RNA (mRNA) have been described to be processed by Integrator. More recent studies could even show a phosphatase activity specific for the C-terminal domain of RNAPII and associated factors, making the Integrator a key regulator of RNAPII activity.

The Integrator complex is reported to consist of at least 14 subunits (INTS1-14) and as recently described the phosphatases PP2AC and PPP2AR1A resulting in a combined size of approximately 1.5 MDa. Domain prediction indicated INTS9/11 to belong to the family of MBL/β-CASP nucleases and to be homologs of CPSF73/100, but no known domains or features could be identified for the remaining 12 Integrator subunits (INTS), nor is their relation to each other known. Structural information will be crucial to understand the precise mode of action of the Integrator. In particular it is unclear how substrate specificity is achieved, how nuclease activity is regulated and whether the phosphatase and nuclease module are functionally dependent on each other.

In order to address those questions, it is necessary to develop a purification protocol that provides sufficient sample for further biochemical and structural characterization. Endogenous and recombinant purification strategies were tested to obtain the full Integrator or submodules thereof.

By performing tandem affinity purifications followed by quantitative Mass spectrometry with permanently transfected and tagged INTS it was possible to obtain insights into the internal architecture of Integrator. Three of the identified modules could be expressed recombinantly and characterized for their RNA binding affinity. In addition, a previously undescribed INTS component could be identified. Structural characterization of the Integrator cleavage module by cryo-EM resulted in an atomic model describing multiple unidentified domains and provides evidence for their function.

Comparing the structure to the recently reported catalytic core of the U7 dependent histone pre-mRNA processing machinery suggests a conserved architecture, yet unique in the Integrator module could be identified.

Resume Francais

Toutes les étapes de la transcription eucaryote par l'ARN polymérase II sont fortement régulées par les mécanismes de protéine d'accompagnement. L'étape de libération du substrat est le plus souvent médiée via le facteur spécifique de clivage et de polyadénylation (CPSF) ou la machinerie de traitement de pré-ARNm d'histone dépendant de U7snRNP. En 2005, le complexe Integrator a été découvert comme une troisième machine indépendante nécessaire à la maturation des snRNA. Peu de temps après, des substrats supplémentaires tels que l'ARN amplificateur (eRNA), l'ARN long non codant (lncRNA), le micro-ARN (miARN) et même l'ARN messager (ARNm) ont été décrits comme étant traités par l'Integrateur. Des études plus récentes ont même montré une activité phosphatase spécifique du domaine C-terminal de la RNAPII, faisant de l'intégrateur un régulateur clé de l'activité RNAPII. Les informations structurelles seront cruciales pour comprendre le mode d'action précis de l'intégrateur. En particulier, on ne sait pas comment la spécificité du substrat est obtenue, comment l'activité nucléase est régulée et si la phosphatase et le module nucléase sont fonctionnellement dépendants l'un de l'autre. Afin de répondre à ces questions, il était nécessaire de développer un protocole de purification qui fournisse un échantillon suffisant pour des études ultérieures. Des stratégies de purification endogènes et recombinantes ont été testées pour purifier l'intégrateur ou des modules stables de celui-ci par des moyens endogènes ou recombinants pour une caractérisation structurelle et biochimique supplémentaire.

En effectuant des purifications d'affinité en tandem avec des INTS transfectés et marqués de façon permanente, il a été possible d'identifier plusieurs interactions non décrites. Trois des modules identifiés ont pu être exprimés de manière recombinante et caractérisés pour leur affinité de liaison à l'ARN. De plus, un INTS non décrit auparavant a pu être identifié. La caractérisation structurelle du module de clivage de l'intégrateur par cryo-EM a abouti à un modèle atomique décrivant plusieurs domaines non identifiés et fournit des preuves de leur fonction. En comparant la structure au noyau catalytique récemment rapporté de la machinerie de traitement pré-ARNm d'histone dépendante de U7, il a été possible de postuler un mécanisme d'activation de la nucléase.

Introduction 1.RNA transcription

Eukaryotic RNA transcription is catalyzed by RNA Polymerases I, II and III (RNAPI, RNAPII, RNAPIII). Each polymerase is specialized on a different subset of transcripts derived from different gene structures. RNAPI is required for transcription of ribosomal RNA. RNAPII transcribes a very diverse set of RNAs including mRNA, miRNA and lncRNA many of which share a similar gene structure. In addition, RNAPII is required for transcribing snRNA. Finally, RNAPIII transcribes snoRNAs and a remaining rRNA.

In general, RNAPI and III are specialized at transcribing short transcripts which are required in high copy numbers. Furthermore, RNAPI and III genes are organized in compact sequences of only very few kb, whereas RNAPII open reading frames can stretch over several million base pairs and regulating elements may be localized in distant parts of the genome. In order to obtain transcripts containing all necessary features for down-stream applications, it is crucial that the correct polymerase is recruited to the appropriate gene and that the start and end sites of the transcription process are well defined. However, in most eukaryotes the vast diversity of transcripts shows a relatively poor conservation of signal sequences in the transcription process. In particular, RNAPII transcripts vary strongly in sequence diversity and length.

In addition, depending on the environmental factors, metabolism, cell differentiation state, or the current cell cycle stage different genes need to be expressed. As a consequence, almost all cellular processes impact transcription regulation. Misregulation of transcription frequently leads to severe degenerative disorders and is strongly associated with cancer.

Hence, survival of any organism relies on fine adjustments of the transcription process.

Possibilities for regulation span from altering the chromatin structure, allowing or denying access of polymerases to binding of highly specific transcription activators that recognize only highly conserved signal sequences in the genome. During transcription each polymerase is constantly under regulation of large multi-protein complexes.

In particular RNAPII is known to be highly regulated via its unique CTD (RNAPII CTD ). Recruitment to appropriate promoters is mediated via sophisticated pre-initiation complexes. Additional machineries like elongation complexes ensure transcription over long distances and 3'processing machineries are required to release its substrate. All these factors constantly interact with RNAPII CTD and change its posttranscriptional modifications.

In the past years Integrator has emerged as another key player in global RNAPII transcription regulation. Integrator phosphatase activity was shown to directly influence RNAPII CTD signals and the nuclease activity contributes to transcription attenuation and snRNA maturation.

1.1.1. RNA Polymerase I RNAPI is mainly required for transcribing the rRNAs 18S, 5.8S and 28S. All three rRNAs are transcribed as one 47S pre-rRNA and subsequently processed into their final form [START_REF] Aubert | Pre-Ribosomal RNA Processing in Human Cells: From Mechanisms to Congenital Diseases[END_REF] . rRNA templates are organized in several clusters over multiple chromosomes with approximately 50% of them inactivated [START_REF] Schlesinger | Allelic inactivation of rDNA loci[END_REF]3 . Each transcription template is about 13-15 kb and is separated from the next template by an intragenic spacer of about 30 kb 4 . Orientation of the transcription templates and exact copy number is subject to genotypic variance among different individuals ranging from 50 kb to over 6 Mb [START_REF] Stults | Genomic architecture and inheritance of human ribosomal RNA gene clusters[END_REF] .

The intragenic sequences contain important gene features such as promoter enhancers and even transposable elements and are essential for transcription 4 .

Transcription activity of each allele is highly regulated by its inherited chromatin state and chromatin remodelers play key roles in altering the gene accessibility by adjusting the associated modifications [START_REF] Birch | Structure and function of ribosomal RNA gene chromatin[END_REF] . rRNA transcription is highly efficient and is responsible for more than half of the total cellular transcription activity. Due to the highly clustered gene arrangement and the high throughput, transcription takes place in a separate cellular compartment: the nucleolus.

Transcription initiation and elongation

Like most polymerases, RNAPI alone has a quite poor affinity for promoter regions and exists in an inactivated state by itself [START_REF] Engel | RNA polymerase I structure and transcription regulation[END_REF][START_REF] Fernández-Tornero | Crystal structure of the 14-subunit RNA polymerase I[END_REF] . Recruitment to the promoter occurs via formation of the RNAPI pre-initiation complex (PIC).

The RNAPI promoter consists of an upstream core element (UCE), located -200 and -107 bp before the TSS, and a core element (CE) at -45 to +20 bp of the TSS. Both elements are recognized by the heterodimeric Upstream Binding Factor (UBF), consisting of a 94 and a 97 kDa variant [START_REF] Jantzen | Nucleolar transcription factor hUBF contains a DNA-binding motif with homology to HMG proteins[END_REF] . In addition to being required for formation of the PIC, UBF is found all over the rDNA locus [START_REF] O'sullivan | UBF Binding In Vivo Is Not Restricted to Regulatory Sequences within the Vertebrate Ribosomal DNA Repeat[END_REF] . DNA recognition is mediated via its three High Mobility Groups (HMG) and was shown to be sequence tolerant [START_REF] Copenhaver | The RNA polymerase I transcription factor UBF is a sequence-tolerant HMG-box protein that can recognize structured nucleic acids[END_REF] . UBF binding is thought to induce 360 DNA bending, requiring 140 nt and juxtaposing the UCE with the CE [START_REF] Stefanovsky | DNA looping in the RNA polymerase I enhancesome is the result of non-cooperative in-phase bending by two UBF molecules[END_REF] . This 3D DNA scaffold is thought to be the pre-requisite for recruitment of Transcription Initiation Factor 1B (TIF-IB; alternatively, selectivity factor 1 -SF1) to the promoter region. TIF-IB is a multi-protein complex consisting of the TATA-box binding protein (TBP) and the TBP-associated factors A-D (TAF1A-D) [START_REF] Yokoyama | RNA Polymerase II-Dependent Transcription Initiated by Selectivity Factor 1: A Central Mechanism Used by MLL Fusion Proteins in Leukemic Transformation[END_REF] . Even though TBP is crucial for RNAPI activity the associated TATA-sequence itself is not required.

In order to start transcription, RNAPI binds phosphorylated TIF-IA (Rrn3 -yeast homologue) at its stalk region [START_REF] Engel | RNA polymerase I-Rrn3 complex at 4.8 Å resolution[END_REF][START_REF] Misiaszek | Cryo-EM structures of human RNA polymerase I[END_REF] . The TIF-IA/RNAPI complex is then recruited to the promoter region via the already bound TIF-IB [START_REF] Grummt | Life on a planet of its own: regulation of RNA polymerase I transcription in the nucleolus[END_REF] .

1.1.1.2. Termination and transcript release RNAPI elongation is stopped downstream of the rDNA sequence at a Sal-box. This 11 nt sequence is named after the corresponding restriction site and multiple Sal-box sequences are arranged in tandem arrays [START_REF] Pfleiderer | An undecamer DNA sequence directs termination of human ribosomal gene transcription[END_REF] . A sequence specific terminator TTF-I (Transcription Termination Factor 1) is recruited, creating a replication fork barrier which pauses RNAPI. Finally, RNAPI and its transcript are released by PTRFI [START_REF] Jansa | Mechanism of transcription termination: PTRF interacts with the largest subunit of RNA polymerase I and dissociates paused transcription complexes from yeast and mouse[END_REF] . Eukaryotic RNA polymerase II is required for transcribing a variety of different gene classes such as protein coding genes, snRNA, miRNA and many lncRNAs. The most striking difference in RNAPII function compared to RNAPI and RNAPIII is its capability to transcribe several Mb of RNA which, in the end, are required for translating a functional protein. Curiously, many RNAPII transcripts are reduced to a fraction of their size by splicing. In case of Dystrophin a 2.3 Mb transcript is spliced into only 15 kb mature mRNA [START_REF] Tennyson | The human dystrophin gene requires 16 hours to be transcribed and is cotranscriptionally spliced[END_REF] .

Another unique feature of RNAPII is the extended CTD of the largest RNAPII subunit POLR2A which as well carries the catalytic activity. In humans this unstructured domain consists of 52 heptad repeats of a Tyr-Ser-Pro-Thr-Ser-Pro-Ser sequence. Towards the C-terminus, this motif is prone to degeneration. RNAPII CTD is the central feature of RNAPII transcription regulation and crucial for cell survival. The C-terminal domain of RNAPII subunit POLR2A (hereafter referred to as RNAPII CTD ) and its extensive posttranslational modifications were discovered based on its migration as three distinct species during SDS-PAGE which have been named IIo, IIa and IIb [START_REF] Greenleaf | In vitro proteolysis of a large subunit of Drosophila melanogaster RNA polymerase B[END_REF][START_REF] Dahmus | Structural relationship between the large subunits of calf thymus RNA polymerase II[END_REF] . Later it was discovered that each species corresponds to a different, functional state which is defined via its phosphorylation pattern [START_REF] Komarnitsky | Different phosphorylated forms of RNA polymerase II and associated mRNA processing factors during transcription[END_REF] . This extensive collection of PTMs is the hall mark feature of the RNAPII CTD . Of the seven amino acids all but the prolines have free hydroxyl groups and can be subject to phosphorylation. Since its discovery, additional modifications have been identified, such as glycosylation, acetylation and methylation [START_REF] Myers | Phosphorylation of RNA polymerase II CTD fragments results in tight binding to the WW domain from the yeast prolyl isomerase Ess1[END_REF][START_REF] Sims | The C-terminal domain of RNA polymerase II is modified by site-specific methylation[END_REF][START_REF] Voss | Site-specific methylation and acetylation of lysine residues in the C-terminal domain (CTD) of RNA polymerase II[END_REF] . In addition, there is evidence that even the cis/trans conformation of the two contained prolines is regulated. However, while the effect of the phosphorylation pattern is well studied and discrete evidence exists for the prolyl isomerase Pin1, little attention was given to the remaining PTMs [START_REF] Verdecia | Structural basis for phosphoserine-proline recognition by group IV WW domains[END_REF] .

Even though five out of seven residues of the RNAPII CTD heptad repeat can be modified they do not occur all together and the distinct patterns describe different states of transcription and often the point of transition is poorly defined [START_REF] Hsin | The RNA polymerase II CTD coordinates transcription and RNA processing[END_REF][START_REF] Buratowski | The CTD code[END_REF][START_REF] Corden | RNA polymerase II C-terminal domain: Tethering transcription to transcript and template[END_REF] . One of the best studied RNAPII CTD states is without phosphorylation (IIa) corresponding to a free RNAPII state, not engaged with any substrate. In contrast to Ser-2 phosphorylation, Ser-5 phosphorylation and Ser-2/Ser-5 phosphorylation (IIo) are commonly associated with actively transcribing polymerases. Many other phosphorylation patterns merely corelate with certain polymerase states and factors involved in their regulation are uncertain.

During transcription initiation general transcription factors assemble around the promoter region and recruit unphosphorylated RNAPII [START_REF] Abdella | Structure of the human Mediator-bound transcription preinitiation complex[END_REF][START_REF] Chen | Structural insights into preinitiation complex assembly on core promoters[END_REF] . Among the final factors of PIC assembly are TFIIH and Mediator which both possess kinase activity and start altering the CTD phosphorylation pattern with a preference for Ser-5 and Ser-7 (see Section 1.1.2.2) [START_REF] Esnault | Mediator-dependent recruitment of TFIIH modules in preinitiation complex[END_REF] . Recent evidence suggests a sequential assembly where TFIIH recruits Mediator and stimulates its kinase module [START_REF] Abdella | Structure of the human Mediator-bound transcription preinitiation complex[END_REF][START_REF] Esnault | Mediator-dependent recruitment of TFIIH modules in preinitiation complex[END_REF] . Shortly after transcription initiation, RNAPII is paused and several factors are re-arranged in order to form the Super Elongation Complex (SuEC). Re-arrangement is tightly regulated via P-TEFb which primes new factors by phosphorylation and induces dissociation of other factors via similar modifications (See section 1.1.2.3). In addition, P-TEFb is required for phosphorylation of Ser-2. At this stage, Ser-7, a common CTD modification found in promoter proximal regions, is removed via an unknown factor. Ssu7 has been suggested to be involved in dephosphorylating Ser-7. However, Ssu72 is part of a 3'-processing machinery (CPSF) which is thought to bind mostly during the final stages of transcription. It is unclear whether Ssu72 acts in context of the CPSF or as an independent factor. ChIPseq experiments show Ser-2 and Ser-5 to be the predominant modifications of an actively transcribing polymerase. The phosphorylation pattern is changed again by Ssu72 with entering the next stage, where the nascent pre-mRNA is released via the CPSF 3'-processing machinery. CDK7 Kinase Specific interactions of CPSF components Pcf11 with phosphorylated Ser-2 CTD and Symplekin-Ssu72 with phosphorylated Ser-5 CTD have been reported [START_REF] Xiang | Crystal structure of the human symplekin-Ssu72-CTD phosphopeptide complex[END_REF][START_REF] Meinhart | Recognition of RNA polymerase II carboxy-terminal domain by 3'-RNA-processing factors[END_REF] . Whether the U7 dependent histone pre-mRNA processing machinery induces similar changes to the CTD phosphorylation pattern is unknown. Ssu72 binding to the shared factor Symplekin is not possible as the interface overlaps with binding of the histone-pre-mRNA:U7snRNA duplex [START_REF] Sun | Structure of an active human histone pre-mRNA 3′-end processing machinery[END_REF][START_REF] Yang | Studies with recombinant U7 snRNP demonstrate that CPSF73 is both an endonuclease and a 5'-3' exonuclease[END_REF] . In addition, P-TEFb phosphorylates Thr-4, a modification which is almost exclusively found at the end of genes. Subsequently, Fcp1 removes remaining Ser-2, Ser-5 phosphorylations and resets the polymerase state, allowing for a new transcription cycle [START_REF] Cho | A protein phosphatase functions to recycle RNA polymerase II[END_REF][START_REF] Kamenski | Structure and mechanism of RNA polymerase II CTD phosphatases[END_REF] .

In addition, to the described modifications during the transcription cycle, many different subsets of phosphorylation patterns exists [START_REF] Hsin | The RNA polymerase II CTD coordinates transcription and RNA processing[END_REF][START_REF] Buratowski | The CTD code[END_REF][START_REF] Corden | RNA polymerase II C-terminal domain: Tethering transcription to transcript and template[END_REF] . The entire process of transcription regulation is tightly linked to cell cycle regulation and it is thought that many kinases and phosphatases can regulate RNAPII activity based on the cellular state. A multitude of different enzymes have been identified that modify all heptad repeat residues but their impact on transcription remains to be elucidated. Identifying the purpose of each kinase/ phosphatase is further complicated as their importance seems to vary greatly between even closely related organisms.

Besides the canonical phosphatases, recent research suggests an involvement of the phosphoprotein phosphatase (PPP) family. This heterogenous protein group consists of 6 different members (PP1 -PP6) and always appears as a complex consisting of at least a catalytic and a regulatory subunit. Often multiple different catalytic and regulatory subunits exist within one group with several different combinations. PP1 for example consist of three catalytic subunits (PP1CA, PP1CB, PP1CC) and multiple PP1 interacting proteins (PIP) which confer specificity or incorporate the catalytic subunit into a higher order complex have been identified [START_REF] Parua | A Cdk9-PP1 switch regulates the elongation-termination transition of RNA polymerase II[END_REF] . Among them is one complex that targets PP1 specifically to the RNAPII CTD via WDR82. A second PPP involved in RNAPII regulation is PP2. This family of phosphatases consists of a catalytic subunit (PP2CA, PP2CB or PP2CC) and a scaffolding subunit PPP2R1A or PPP2R1B, as well as an optional regulatory subunit B. The PP2 dimer is recruited to the Integrator and specifically targeted to RNAPII CTD 40,[START_REF] Zheng | Identification of Integrator-PP2A complex (INTAC), an RNA polymerase II phosphatase[END_REF] . New evidence suggests that PPP activity is not just restricted to RNAPII CTD but is required for general RNAPII transcription regulation. Super elongation complex factors like SPT5 are also targeted by PP1, hinting towards a very complex and fine-tuned regulation network.

Whereas the RNAPII CTD and its phosphorylation pattern is essential for regulation of transcription and recruitment of accompanying factors, it is not required for assembly of general transcription factors [START_REF] Rodriguez | Kin28, the TFIIH-associated carboxy-terminal domain kinase, facilitates the recruitment of mRNA processing machinery to RNA polymerase II[END_REF] . In contrast, processes which happen immediately after like m7G-capping of the nascent pre-mRNA are tightly linked to Ser-5 phosphorylation. Another example is splicing, which was shown to be enhanced by a Ser-2, Ser-5 phosphorylation pattern which is recognized directly by the U2snRNP [START_REF] Schwer | Deciphering the RNA polymerase II CTD code in fission yeast[END_REF][START_REF] David | The RNA polymerase II C-terminal domain promotes splicing activation through recruitment of a U2AF65-Prp19 complex[END_REF] . The close connection of splicing and transcription was recently demonstrated by a structure of the U1-RNAPII complex [START_REF] Zhang | Structure of a transcribing RNA polymerase II-U1 snRNP complex[END_REF] .

In some cases RNAPII CTD can even serve as the interface for pathogen related factors such as the Flu polymerase, which binds to RNAPII in order to snatch the endogenous RNA m 7 G-cap for its own transcripts [START_REF] Lukarska | Structural basis of an essential interaction between influenza polymerase and Pol II CTD[END_REF] .

Even though, most of the described functions are mRNA specific it could also be shown that phosphorylation of Ser-7 is required for snRNA transcription making CTD-mediated RNAPII regulation an ubiquitous mechanism [START_REF] Egloff | Role of Ser7 phosphorylation of the CTD during transcription of snRNA genes[END_REF] .

Considering such a broad multitude of different functions, it is not surprising that the CTD is highly conserved among metazoans. Although varying in length from 26 repeats in yeast to 52 in mammals, it is essential for survival in either organism. However, the full CTD is not only comprised of the frequently mentioned heptad repeat but contains an unstructured linker region connected to the core catalytic RNAPII subunit and an approximately ten residue tip region [START_REF] Corden | RNA polymerase II C-terminal domain: Tethering transcription to transcript and template[END_REF] . The heptad repeat region itself is not completely conserved and shows varying degrees of degeneration. In humans in particular Ser-7 is prone to mutation, most frequently the lysine, whereas Tyr-1 and Pro-6 are the most conserved residues. As already indicated by the extensive use of Ser-2 and Ser-5, both residues are crucial for viability. Interestingly, it is possible to substitute Thr-4 with Ala without a lethal effect in cell culture. However, as substitution and truncation experiments have been performed in a variety of model systems and organisms, it is difficult to infer the exact importance of each residue. In addition, not the entire CTD is required for survival, approximately half of the repeats are sufficient for viability. Paradoxically, in a given CTD only two heptad repeats are sufficient to ensure cell survival and even the spacing may be as much as five residues apart. It is also possible to exchange CTDs from different organisms without obvious phenotypes.

With its 52 repeats, the human CTD could easily span a distance of more than 500 Å. In its unphosphorylated state the CTD is most likely highly condensed and is extended upon phosphorylation [START_REF] Kamenski | Structure and mechanism of RNA polymerase II CTD phosphatases[END_REF][START_REF] Meredith | The C-terminal domain revealed in the structure of RNA polymerase II[END_REF] . However, the CTD is mostly covered with proteins which negate the charge repulsion of the free phosphates and likely contribute to a more compact form of the CTD [START_REF] Kamenski | Structure and mechanism of RNA polymerase II CTD phosphatases[END_REF] .

Initiation

Recruitment of RNAPII to promoter regions is a highly regulated process involving a multitude of transcription factors, including TFIIA, TFIIB, TFIID, TFIIH, TFIIF and the mediator complex as well as promoter specific transcription regulators. Some TFs are required to recognize signal elements in the promoter regions and others recruit the polymerase itself. They assemble in a step wise sequence which ultimately leads to promoter escape of RNAPII and transcription.

Promoter signal sequences

Multiple elements have been identified to define promoters of protein coding genes in the human genome. Among the most famous signal sequences is the TATA-box which is located approximately 30 bp upstream of the TSS. However, the TATA-box is only found in approximately 5-15% of human genes [START_REF] Chen | Structural insights into preinitiation complex assembly on core promoters[END_REF] . The TSS itself is surrounded by a so-called Initiator element (Inr) and belongs to the most conserved sequences of the promoter regions. Even though the consensus sequence of the Inr is only 8-bp long, the element itself stretches over almost 20 bp and the exact borders seem to be poorly defined. Alternatively, the Inr sequence may be replaced with an TCT motif. Sequence wise both elements are highly similar and differ only by a single T. Similar to the Inr, TCT is arranged around the TSS.

The TATA-box is flanked by two B recognition elements, located upstream (BREu) and downstream (BREd) [START_REF] Deng | A core promoter element downstream of the TATA box that is recognized by TFIIB[END_REF] . The upstream element directly juxtaposes the TATA box while the downstream element is separated from the TATA-box by 7 bp. Both elements are defined via different 7 bp consensus sequences. A Downstream Promoter Element (DPE) is located approximately 28 to 33 nucleotides downstream of the TSS defined by a RGWYV(T) sequence.

Promoters exhibiting this highly structured assembly of sequences are referred to as focused promoters. However, the majority of genes belong to the class of dispersed promoters where many of the signal sequences are missing, highly degenerated, or multiplied. Consequently, it is not surprising that transcription does not always start at the same TSS but in multiple different places. In particular among highly transcribed genes, a dispersed initiation is common [START_REF] Juven-Gershon | Regulation of gene expression via the core promoter and the basal transcriptional machinery[END_REF] . Presumably, dispersed promoters belong to constitutively active genes whereas focused promoters belong to highly regulated genes [START_REF] Chen | Structural insights into preinitiation complex assembly on core promoters[END_REF][START_REF] Juven-Gershon | Regulation of gene expression via the core promoter and the basal transcriptional machinery[END_REF] .

Promoters for other RNA classes like RNAPII dependent lncRNA or miRNA show a very similar promoter structure, with the exception of snRNA which is transcribed via an unrelated mechanism (See section 1.2).

Assembly of the Pre-Initiation Complex

Assembly of the RNAPII PIC is a highly structured process to ensure polymerase recruitment to the correct genome regions. For most protein coding genes RNAPII recruitment depends on 7 different factors TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH and the Mediator 51,[START_REF] Schier | Structure and mechanism of the RNA polymerase II transcription machinery[END_REF] . PIC assembly is a stepwise process where recruitment of the next transcription factor relies on proper recruitment of the previous one.

Formation of the PIC starts with loading of TBP (TATA-binding protein) to the promoter region. TBP shows a high affinity for 8 bp consensus sequence but is capable of binding almost any DNA sequence with reduced affinity [START_REF] Chen | Structural insights into preinitiation complex assembly on core promoters[END_REF][START_REF] Kim | Crystal structure of a yeast TBP/TATA-box complex[END_REF] . Sequence analysis of TBP showed the NTD to be highly variable regarding protein sequence and length while the CTD is highly conserved and is composed of a duplicated sequence. Early crystal structures revealed that TBP binding to the eight bases of the canonical TATA-box with a pseudo two-fold symmetry causing the DNA duplex to bend at an approximately 100° angle. This severe kink is induced by twisting the minor groove towards the following major groove and the β-sheet of TBP, inserting into the extensive, shallow, joint groove [START_REF] Kim | Crystal structure of a yeast TBP/TATA-box complex[END_REF] . This drastic DNA bending is considered a hallmark of transcription initiation.

Loading of TBP onto the promoter is a highly regulated process and mediated via TFIID. TFIID itself is composed of 13 TBP Associated Factors (TAF1-13) with a size of over 1 MDa. TBP-loaded TFIID recognizes specific signal sequences, binds downstream of the TSS and loads TBP 32 bp upstream (See Figure 5) [START_REF] Chen | Structural insights into preinitiation complex assembly on core promoters[END_REF]5454,[START_REF] Louder | Structure of promoter-bound TFIID and model of human pre-initiation complex assembly[END_REF] . The resulting promoter-TBP-TFIID complex represents the scaffold for further PIC assembly. Binding of TBP is stabilized by recruitment of TFIIA resulting in a TFIIA-TBP-TFIID-promoter complex [START_REF] Patel | Structure of human TFIID and mechanism of TBP loading onto promoter DNA[END_REF][START_REF] Louder | Structure of promoter-bound TFIID and model of human pre-initiation complex assembly[END_REF] . Considering this complex mode of promoter recognition, it is not surprising that TBP placement is the rate limiting step of transcription initiation [START_REF] Wu | TATA-binding protein-associated factors enhance the recruitment of RNA polymerase II by transcriptional activators[END_REF] .

TBP is a key factor in PIC assembly of most genes and shared among RNAPI, II and III. However, TFIID is a RNAPII specific transcription factor. Whether a similar mode of TBP loading exists for RNAPI remains elusive. PIC formation proceeds by recruiting TFIIB. This 316 residue protein is divided into a N-terminal region containing a Zn-Finger domain required for RNAPII binding and a C-terminal region required for recognition of TBP and the adjacent DNA [START_REF] Nikolov | Crystal structure of a TFIIB-TBP-TATA-element ternary complex[END_REF] . The adjacent DNA motif was later identified as the BRE (B-recognition element) [START_REF] Chen | Structural insights into preinitiation complex assembly on core promoters[END_REF][START_REF] Deng | A core promoter element downstream of the TATA box that is recognized by TFIIB[END_REF] . TFIIB in turn is required for recruitment of TFIIF bound RNAPII. The N-terminal region of TFIIF dimerizes with TFIIB and tethers RNAPII to the promoter region [START_REF] Schier | Structure and mechanism of the RNA polymerase II transcription machinery[END_REF][START_REF] Cheung | A movie of RNA polymerase II transcription[END_REF] At this stage RNAPII is still closed and the DNA helix is dimerized [START_REF] Cheung | A movie of RNA polymerase II transcription[END_REF] . However, tethering through TFIIF allows the promoter bound TFIIB to intrude into the RNAPII cleft. In the next step TFIIE binds as a heterotetramer consisting of an α-and β-subunit. TFIIE binds close to the stalk of RNAPII and interacts with both the promoter DNA and TFIID. The last transcription factor to bind is the ten-subunit TFIIH consisting of a core (seven subunits) and a kinase (CAK, three subunits) module and is recruited via interaction with TFIIE. TFIIH disrupts promoter binding of TFIID downstream of the TSS and is required for melting of the DNA duplex. The kinase module is in direct contact with RNAPII and required for phosphorylation of RNAPII CTD phosphorylation on SER-2, SER-5 and SER-7 [START_REF] Chen | Structural insights into preinitiation complex assembly on core promoters[END_REF] . While this complex is sufficient for transcription initiation, in some cases, recruitment of the Mediator is required under some circumstances. This 1.5 MDa complex contains a kinase module and binds directly to RNAPII. Interestingly the CAK module of TFIIH bound to RNAPII clashes with the Mediator binding site on RNAPII. Upon binding of Mediator, the TFIIH-CAK module is repositioned onto the Mediator and stimulates its kinase module. In this conformation Mediator is primed for phosphorylation of RNAPII [START_REF] Abdella | Structure of the human Mediator-bound transcription preinitiation complex[END_REF][START_REF] Chen | Structures of the human Mediator and Mediator-bound preinitiation complex[END_REF] .

Even though this initiation process describes the influence of the general transcription factors (GTF) many other factors are involved in gene regulation as well as chromatin remodelers and cell cycle stages.

Transcription usually takes place in small bursts were multiple RNAPII are recruited to the promoter region in a short time with a subsequent time of quiescence [START_REF] Chubb | Transcriptional pulsing of a developmental gene[END_REF] . The intensity of each burst is regulated by enhancer elements. Furthermore, one enhancer may regulate multiple different genes [START_REF] Fukaya | Enhancer Control of Transcriptional Bursting[END_REF] . Quantification of different RNAPII states shows that the vast majority of the enzyme is DNA bound and approximately 10% of RNAPII is about to initiate transcription. However, given the complexity, almost 90 % of all transcription initiations are erroneous and are aborted [START_REF] Steurer | Live-cell analysis of endogenous GFP-RPB1 uncovers rapid turnover of initiating and promoter-paused RNA Polymerase II[END_REF] .

Despite the general degeneration of signal sequences, small differences in promoter structures such as presence or absence of a TATA-sequence can result in recruitment of a different polymerase [START_REF] Guiro | Regulation of expression of human RNA polymerase II-transcribed snRNA genes[END_REF][START_REF] Lobo | A 7 bp mutation converts a human RNA polymerase II snRNA promoter into an RNA polymerase III promoter[END_REF] A long standing problem regarding the transcription initiation of TATA-less promoter has been answered recently and absence of a TATA-box does not impair canonical PIC assembly [START_REF] Chen | Structural insights into preinitiation complex assembly on core promoters[END_REF] .

Exceptions from this mode of transcription initiation are found for transcription of snRNA genes and lncRNAs [START_REF] Guiro | Regulation of expression of human RNA polymerase II-transcribed snRNA genes[END_REF] . In addition, different cell types may diverge by employing different transcription machineries [START_REF] Deato | Switching of the core transcription machinery during myogenesis[END_REF] .

Pause/Release and Elongation

After escaping the promoter, eukaryotic RNAPII transcription is frequently stopped after 20 -80 nt with a short nascent RNA [START_REF] Kwak | Control of transcriptional elongation[END_REF] . Such limiting steps early in the transcription process have been described more than three decades ago for multiple different tissues (liver, lung, cell culture) and organisms (mice, Drosophila, several viruses). Soon after, it became obvious that this is a protein dependent and highly regulated process [START_REF] Rougvie | Postinitiation transcriptional control in Drosophila melanogaster[END_REF][START_REF] Nepveu | Intragenic pausing and anti-sense transcription within the murine c-myc locus[END_REF][START_REF] Grayhack | Phage lambda gene Q antiterminator recognizes RNA polymerase near the promoter and accelerates it through a pause site[END_REF][START_REF] Marshall | Control of formation of two distinct classes of RNA polymerase II elongation complexes[END_REF][START_REF] Kephart | Stability of Drosophila RNA polymerase II elongation complexes in vitro[END_REF] . With the emergence of high throughput sequencing, global RNAPII profiles could be obtained, showing that RNAPII accumulation close to the TSS is detected in almost all protein coding genes [START_REF] Kim | A high-resolution map of active promoters in the human genome[END_REF] . Promoter proximal paused RNAPII is found on approximately 30% of all genes while 45 % of genes are expressed without pausing and 25% of genes are often non-expressed. This value seems to be consistent among different cell types and species. Although only a subset of genes shows high levels of paused RNAPII most protein coding genes accumulate more RNAPII in promoter and 3'-processing regions than in the gene body. Despite the conservation of promoter proximal pausing in metazoans no evidence has been found for a similar mechanism in yeast. RNAPII pausing is tightly linked to transcription initiation as shown by TFIID depletion which results in decreased pause time [START_REF] Fant | TFIID Enables RNA Polymerase II Promoter-Proximal Pausing[END_REF] . In addition, pausing is often correlated with specific histone occupancy close to promoters such as H2A.Z [START_REF] Day | Comprehensive analysis of promoter-proximal RNA polymerase II pausing across mammalian cell types[END_REF] . In general, highly transcribed genes or highly regulated genes such as heat shock protein coding genes are more likely to undergo pausing [START_REF] Day | Comprehensive analysis of promoter-proximal RNA polymerase II pausing across mammalian cell types[END_REF][START_REF] Liu | regulation of RNA polymerase II pausing and release by cellular signaling pathways[END_REF] . Despite these correlations the exact molecular mechanism of RNAPII pausing remains elusive.

The pausing state is generally characterized by a specific RNAPII CTD pattern with a strong enrichment of phosphorylation of Ser-5 and Ser-7 and to the three factors P-TEFb, DSIF (5,6dichloro-1-β-d-ribofuranosylbenzimidazole [DRB] sensitivity-inducing factor)and NELF (negative elongation factor) [START_REF] Yamaguchi | NELF, a multisubunit complex containing RD, cooperates with DSIF to repress RNA polymerase II elongation[END_REF] . DSIF is composed of two subunits Spt-4 and Spt-5 and is part of the super elongation complex [START_REF] Kaplan | Spt5 and spt6 are associated with active transcription and have characteristics of general elongation factors in D. melanogaster[END_REF] . NELF is composed of four subunits NELF-A, NELF-B, NELF-C/D and NELF-E. Dissociation of NELF is essential for pause release [START_REF] Vos | Structure of paused transcription complex Pol II-DSIF-NELF[END_REF] .

A structure of paused mammalian RNAPII has recently been reported providing insights into the molecular mechanism of NELF mediated pausing. Most notably NELF is positioned over the RNAPII funnel leading towards the active center which has been proposed to be the entrance for nucleotides [START_REF] Vos | Structure of paused transcription complex Pol II-DSIF-NELF[END_REF] . In addition, the DNA:RNA hybrid around the active center adopt an tilted conformation preventing the next nucleotide from the DNA template strand to access the active site, thereby stalling elongation [START_REF] Vos | Structure of paused transcription complex Pol II-DSIF-NELF[END_REF] .

Release of paused RNAPII is tightly linked to P-TEFb. In humans P-TEFb is composed of the kinase Cdk9 and one of the three cyclin subunits T1, T2 or K resulting in three different variants [START_REF] Peng | Identification of multiple cyclin subunits of human P-TEFb[END_REF] . Without external signal, P-TEFb is part of the 7SK snRNP and sequestered [START_REF] Peterlin | 7SK snRNA: a noncoding RNA that plays a major role in regulating eukaryotic transcription[END_REF] . External signals such as BRD4, TFs, the Mediator or pathogenicity factors like HIV-Tat release P-TEFb is released, which can subsequently phosphorylate DSIF, NELF and POLR2A-CTD. Phosphorylation of NELF leads to dissociation and RNAPII is released.

A similar phenomenon is found in arrested RNAPII. In this state a stably engaged RNAPII has backtracked on the DNA template and a short 2-9 nt RNA sequence is protruding [START_REF] Adelman | Promoter-proximal pausing of RNA polymerase II: emerging roles in metazoans[END_REF] . Continuing transcription requires TFIIH mediated cleavage of the protruding 3'-end. Arresting and backtracking is a global phenomenon occurring in different positions on genes. The exact mechanisms leading to this process are yet to be determined [START_REF] Sheridan | Widespread Backtracking by RNA Pol II Is a Major Effector of Gene Activation, 5' Pause Release, Termination, and Transcription Elongation Rate[END_REF] . In contrast to RNAPII pausing, no factors like DSIF or NELF are involved in arresting and backtracking, suggesting different origins of both processes.

Cleavage and Polyadenylation

3'-processing refers to the process of releasing the nascent RNA and maturation. In the case of RNAPII, multiple processing machineries like the Cleavage and Polyadenylation Specificity factor or the histone pre-mRNA processing machinery are involved. CPSF is required to process almost all protein coding genes as well as polyadenylated, non-coding transcripts. The only exception is formed by replication dependent histone pre-mRNA which contains neither introns nor is the mature transcript polyadenylated. CPSF is a highly conserved protein complex and found in different species, from yeast to humans. The U7 snRNP dependent histone pre-mRNA processing machinery, however, is only conserved in metazoans.

Both machineries overlap significantly in composition and share a catalytic core comprised of the heterodimeric MBL/β-CASP nucleases CPSF73/CPSF100, with CPSF73 being the active endonuclease, cleaving the nascent RNA [START_REF] Yang | A complex containing the CPSF73 endonuclease and other polyadenylation factors associates with U7 snRNP and is recruited to histone pre-mRNA for 3'-end processing[END_REF] .

U7snRNP dependent Histone pre-mRNA processing machinery (U7-HCC)

The core of histone pre-mRNA processing is formed by the U7snRNP. Its characteristic Sm-ring is formed around the shortest human snRNA (63 nt) formed by 5 canonical Sm-proteins and the two U7 specific Lsm-proteins, Lsm10 and Lsm11. U7 snRNP contains a canonical sequence which is required for substrate recognition and forms an RNA-duplex with the nascent histone pre-mRNA.

A second module is formed by the histone pre-mRNA cleavage complex (HCC) and consists of proteins shared with the CPSF (CPSF73/100, CstF64 and Symplekin). Interestingly, FLASH is a massive 1,982 AA (223 kDa) protein and known under the alternative name CASP8AP2 (Caspase 8 associated protein 2). However, only 86 residues (51-137) of the coiled-coil domain are required for activity in vitro [START_REF] Sun | Structure of an active human histone pre-mRNA 3′-end processing machinery[END_REF][START_REF] Aik | The N-terminal domains of FLASH and Lsm11 form a 2:1 heterotrimer for histone pre-mRNA 3'-end processing[END_REF] . Additional functions are completely unrelated to RNA processing and include the TNFα mediated activation of NF-κ-B and other cell signaling pathways [START_REF] Kino | Tumor necrosis factor alpha receptor-and Fas-associated FLASH inhibit transcriptional activity of the glucocorticoid receptor by binding to and interfering with its interaction with p160 type nuclear receptor coactivators[END_REF][START_REF] Kino | FLASH interacts with p160 coactivator subtypes and differentially suppresses transcriptional activity of steroid hormone receptors[END_REF] .

Another component of U7-HCC is Zfp100 which was identified in 2002 as a direct interactor the SLBP by a modified yeast-2-hybrid screen [START_REF] Dominski | A novel zinc finger protein is associated with U7 snRNP and interacts with the stem-loop binding protein in the histone pre-mRNP to stimulate 3'-end processing[END_REF] . Zfp100 has been implicated in linking RDH-mRNA processing to the cell cycle [START_REF] Wagner | ZFP100, a component of the active U7 snRNP limiting for histone pre-mRNA processing, is required for entry into S phase[END_REF] .

Replication dependent histone mRNA (RDH-mRNA) has a very characteristic RNA structure. Like any other RNAPII dependent snRNA its 5'-end is TMG-capped. The coding region is preceded by a short 25-60 nt UTR. After the ORF a 14-50 nt 3'-UTR is followed by characteristic 3'-stem loop which is required for processing and recognized by the Stem-loop binding protein (SLBP). Shortly after the stem loop a conserved signal sequence follows. This Histone Downstream Element (HDE; consensus sequence 5'-AAAGAGCUGU-3') is recognized by the U7 snRNA and hybridizes with it. U7 snRNA contains a non-canonical Sm-ring binding site (AAUUUGUCUAG vs AAUUUUUGGAG), exchange of both sequences is not possible [START_REF] Pillai | Unique Sm core structure of U7 snRNPs: assembly by a specialized SMN complex and the role of a new component, Lsm11, in histone RNA processing[END_REF] .

The U7 Sm-ring is composed of 5 canonical Sm-proteins B, D3, G, E and F as well as two U7 specific Smproteins Lsm10 and Lsm11 that replace D1 and D2. With a molecular weight of 40 kDa Lsm11 is significantly larger than their canonical counterparts (14 -34 kDa). In line with the requirement of the U7 specific Sm-ring binding site exchange of Lsm10 and 11 with Smproteins D1 and D2 renders the U7snRNP inactive [START_REF] Pillai | Unique Sm core structure of U7 snRNPs: assembly by a specialized SMN complex and the role of a new component, Lsm11, in histone RNA processing[END_REF] . The additional molecular weight is attributed to a 170 aa NTD and a 138 aa linker of the two Sm-domains [START_REF] Schümperli | The special Sm core structure of the U7 snRNP: far-reaching significance of a small nuclear ribonucleoprotein[END_REF] .

A structure of the catalytically active U7snRNP-HCC revealed the flexible LSM11 NTD to be required for recruitment of the coiled-coil domain of Flash and the HCC [START_REF] Sun | Structure of an active human histone pre-mRNA 3′-end processing machinery[END_REF] . FLASH/Lsm11 in turn can bind to 3'-stemloop/ SLBP and tether the RNA substrate to the U7-HCC. This allows the U7snRNA:HDE RNA duplex to from [START_REF] Sun | Structure of an active human histone pre-mRNA 3′-end processing machinery[END_REF] . An interesting implication of this proposed mechanism is that the highly specific HDE is only secondary for substrate recognition. Initial capturing is performed via the SLBP. Symplekin acts as a stabilizing factor, bridging the RNA duplex, CPSF73/100 and FLASH CC . Even though Cstf64 is part of the U7snRNP-HCC and was included in the complex, it is not visible in the reported cryo-EM structure suggesting an inherent flexibility.

Cleavage and Polyadenylation Specificity Factor (CPSF)

As protein coding genes vary significantly in size from several hundred to over 2 million bp, proper recognition of 3'-processing signal sequences is crucial to ensure full length mRNA maturation [START_REF] Tennyson | The human dystrophin gene requires 16 hours to be transcribed and is cotranscriptionally spliced[END_REF] . Much like transcription initiation, 3'-processing relies on recognition of specific signal sequences that are recognized by conserved protein complexes. In humans the core recognition sequence is the hexameric AAUAAA polyadenylation signal sequence (PAS). Additional consensus sequences are found up-(UGUA) and downstream (CA and U/GU-rich region). Each sequence is specific to different factors of the 3'-processing machinery. However, it is important to note that only a subset of transcripts contains this idealized signal sequence composition [START_REF] Beaudoing | Patterns of variant polyadenylation signal usage in human genes[END_REF] . Additional or cryptic polyadenylation sites are often located throughout the genome and it is common that identical protein coding genes produce mRNAs of different length [START_REF] Beaudoing | Patterns of variant polyadenylation signal usage in human genes[END_REF][START_REF] Gruber | Alternative cleavage and polyadenylation in health and disease[END_REF] . Furthermore, there is little consensus regarding the spacing of the different features and how relevant their sequence is in vivo. In particular the strong sequence specificity for the PAS in vitro is in stark contrast to the high level of genes containing degenerated PAS sequences [START_REF] Beaudoing | Patterns of variant polyadenylation signal usage in human genes[END_REF] . For example, a single nucleotide substitution reduces affinity towards PAS greatly but only about 60% of RNA contain a full PAS [START_REF] Beaudoing | Patterns of variant polyadenylation signal usage in human genes[END_REF][START_REF] Clerici | Structural insights into the assembly and polyA signal recognition mechanism of the human CPSF complex[END_REF] . However, equally paradoxical data has been collected for TBP binding to mammalian promoters where TBP affinity to suboptimal sequences declines drastically, yet only a subset of genes contain a full TBS (see section 1.1.2.2).

Together all signal sequences are recognized by a complex 3'-proessing machinery. In mammals the core of this structure is formed by the Cleavage and Polyadenylation Specificity Factor (CPSF). This multiprotein complex is further divided into multiple modules including a Polymerase module, Cleavage module and a Phosphatase module [START_REF] Kumar | Mechanistic insights into mRNA 3'-end processing[END_REF][START_REF] Casañal | Architecture of eukaryotic mRNA 3'-end processing machinery[END_REF] .

The Polymerase module is the central factor in the mammalian 3'-processing machinery and is composed of the polyadenylation specificity factor (mPSF), recognizing the PAS and the polyApolymerase itself. mPSF is heterotetramer consisting of CPSF160 (CPSF1), CPSF30 (CPSF4), WDR33 and FIP1L1.

Structures of the human and yeast PSF have been reported recently giving insights into the core of the CPSF and into the molecular mechanism of substrate specificity [START_REF] Casañal | Architecture of eukaryotic mRNA 3'-end processing machinery[END_REF][START_REF] Clerici | Structural basis of AAUAAA polyadenylation signal recognition by the human CPSF complex[END_REF][START_REF] Sun | Molecular basis for the recognition of the human AAUAAA polyadenylation signal[END_REF] . The core of PSF consists of CPSF160 which is composed of three WD40 domains. WDR33 is a 1,336 amino acid protein and its NTD adopts another WD40 domain (1-572) that is docked directly into CPSF160 while the remaining protein is flexible, CPSF30 consists of multiple Zn finger motifs that wedge between CPSF160 and WDR33. The CPSF30 Zn finger domains are crucial for signal sequence specificity. Together, CPSF30 and WDR33 form a composite interface for PAS recognition. Sequence specificity is determined by direct, polar interactions with the bases and π-stacking as well as a specific base pairing within the signal sequence [START_REF] Clerici | Structural basis of AAUAAA polyadenylation signal recognition by the human CPSF complex[END_REF] . hFip1 bridges the polymerase to mPSF and interacts directly with CPSF30 ZnF 4 and 5 via its NTD [START_REF] Hamilton | Molecular mechanism for the interaction between human CPSF30 and hFip1[END_REF] . In addition, Fip1 is likely to participate in cleavage site selection by recognizing U-rich elements and scaffolding CFIm to mCPSF [START_REF] Zhu | Molecular Mechanisms for CFIm-Mediated Regulation of mRNA Alternative Polyadenylation[END_REF] .

In contrast to most other polymerase PAPOLA (or PAP for yeast) does not rely on a nucleic acid template for polymerization, but the active site and formation of the phosphodiester bond is ATP specific, excluding all other NTPs 100 . In mammals polyA polymerase activity is enhanced by binding of PABPII, the cytoplasmic homologue to PABP via an unknown mechanism.

Whereas the mechanism of polyadenylation is universal in eukaryotes, the length of the polyA tail varies significantly between species with up to 90 nt in yeast and up to 250 nt in humans 101 . In bacteria, only subsets of RNAs are polyadenylated with a tail length of 14 -60 nt 102 .

Although the system of polyadenylation is universal across all domains of life the corresponding enzyme evolved multiple times independently 103 . The exact mechanism of length control has long been debated but remains elusive 104 . In addition, CPSF160 and WDR33 bind a peptide of CPSF100 The CSPF-signal sequence is preceded by UG rich sequence that is recognized by cleavage factor I (mCFI). mCFI is a heterodimer consisting of CFIm25 (CPSF5) with either CFIm59 (CPSF7) or CFIm68 (CPSF6) 107 . Each heterodimer has a high affinity for 5'-UGUA-3' RNA sequences [START_REF] Zhu | Molecular Mechanisms for CFIm-Mediated Regulation of mRNA Alternative Polyadenylation[END_REF] .

Finally, CPSF is tightly linked to phosphatases regulating RNAPII activity (see section 1.1.2). In humans Ssu72 directly interacts with Symplekin. Additional phosphatases known to be closely related to CPSF function are PP1 related protein networks. However, they are likely not part of the canonical CPSF.

Assignment of many subunits to their respective modules is often tentative in particular for bridging subunits like Symplekin that scaffold the nuclease module and the mammalian phosphatase Ssu72.

In contrast to the U7-HPM, CPSF activity could not yet been restored in vitro despite recombinant purification of all components and no mechanism for activation has been proposed. Minor activities can be detected in nuclear extract 108 . Interestingly activity for the yeast CPF could be restored in vitro from recombinantly purified complex when PSF and CF were co-expressed. However, reconstitution, yielded catalytically incompetent CPF. The phosphatase module was not required 109 . The complex was only active in presence of all yeast 3'-processing complexes including CFIA and CFIB. In addition, Hill et al. could show that yeast CPF cleavage is random within a 4 nt sequence suggesting a certain degree of flexibility for the fully assembled complex.

Even if core features of the mammalian and yeast 3'-processing machineries are conserved, they differ in complex composition and signal sequences for processing. The main difference for signal sequences is the absence of a strict PSF recognition signal in yeast. The cleavage site itself is merely denoted by flanking U-rich signal sequences. Furthermore, an upstream, an Arich sequence is required for CFIA binding and a UA-rich region for CFIB. Processing requires a minimal sequence of 36 nt 109 .

Structurally, the greatest difference between yeast and mammalian CPF/CPSF is the phosphatase module. The yeast CPF is strongly divided into a cleavage, polyadenylation and phosphatase module but all subunits form a stable protein complex and detailed mass spectrometry data and IPs provided crucial insight into the relation of the subunits to each other [START_REF] Casañal | Architecture of eukaryotic mRNA 3'-end processing machinery[END_REF] . In mammals, polymerase and cleavage modules form a stable complex but the phosphatase module is largely independent. The human phosphatase Ssu72 associates tightly with Symplekin as shown in crystal structures but the Glc72 homologue in humans is part of the independent PP1 complex, together with WDR82 [START_REF] Xiang | Crystal structure of the human symplekin-Ssu72-CTD phosphopeptide complex[END_REF][START_REF] Casañal | Architecture of eukaryotic mRNA 3'-end processing machinery[END_REF] .

The yeast cleavage module contains a 50 kDa protein MpeI which shares significant sequence similarity to human RBBP6, in particular its UBL domain 109 . However, RBBP6 (202 kDa) is significantly larger than MpeI (50kDa) and has not been implicated in human 3'-processing but rather in maintenance of genome integrity. In addition, Rbbp6 contains an additional E3 ubiquitin protein ligase domain whereas MpeI has no intrinsic ligase activity 110 . In addition, Hill et al. identified Yjr141w as an additional interaction partner of CF, but its function remains elusive.

CFIA, the yeast homologue of CstF is highly conserved. The core is composed of a Rna14 homodimer the homologue of human CstF77. Rna15 contains several RRM domains and is required for signal recognition 111 . Pcf11 was shown to interact directly with RNAPII-CTD and is supported by Clp1 112 . The alternative torpedo model is based on 3'-processing leaving the nascent RNA transcript without a protective methylated cap. Exonuclease XRN2 recognizes unprotected 5'-ends and starts hydrolyzing the RNA with a 5' → 3' specificity, chasing the actively transcribing RNAPII and releasing the enzyme upon catching up. A pre-requisite for this model is higher processivity of Xrn2 than polymerization of RNAPII. Indeed, preventing Xrn2 progress or increasing RNAPII speed delays termination 117 . In line with this theory, depletion of CPSF73 causes more severe termination defects than depletion of Xrn2 118 . Despite its close association to the CPSF, Xrn2 termination activity seems to be independent, raising the question how specific termination factors are recruited to their respective genes 119 . Interestingly, Xrn2 is not required for termination of replication dependent histone pre-mRNA or snRNA, suggesting involvement of alternative termination factors 118 . In case of snRNAs, Integrator was discovered as an CPSF-like factor and the catalytic activity of INTS11 is required for termination although the exact mechanism remains elusive. Much like mRNA, transcription of snRNA continues for several hounded bp beyond the 3'-processing site 120 .

Currently, a unified model combining both theories is most accepted. Priming RNAPII for termination by external factors is likely a prerequisite for termination. In particular protein phosphatase 1 (PP1) was identified to dephosphorylate SEC factors like Spt5 121 . Spt5 dephosphorylation is tightly linked to transcription of PAS sequences and causes RNAPII to slow down. Several studies show that RNAPII halts within a short distance after encountering the PAS 122 . In addition, PP1 was shown to be involved in dephosphorylation of RNAPII CTD dephosphorylation 121 . Indeed, depletion of PP1 results in impaired RNAPII termination indicating that the CTD phosphorylation pattern is an important factor in recruiting termination factors, similar to all other transcription states. Another hallmark of transcription termination is phosphorylation of RNAPII CTD at Tyr-4 123 . Mutation of Tyr residues in the RNAPII CTD causes a termination deficient phenotype. However, none of these factors seems to be sufficient to separate RNAPII from the DNA template. In the end, 3'-processing is required to release the substrate and to initiate termination as mutations in the polyadenylation signal result in prolonged association of the transcript with the DNA template 124 . Although CPSF is not strictly required for subsequent termination, many factors like Pcf11 are tightly associated to termination regions regardless of premature or full length transcripts 125 . In addition, RNAPII stalling by removing SEC factors greatly enhances efficiency of Xrn2 to catch up 122 .

With its minute details, and many layers transcription termination seems to emerge as another fine-tuned regulator of transcription.

1.1.3. RNA Polymerase III RNAPIII is mostly responsible for transcription of short transcripts like 5s rRNA, tRNA, 7SK, snoRNAs and other non-coding and short transcripts. Like in case of RNAPI, RNAPIII transcripts are highly abundant and strongly transcribed. ClassII -tRNA, Alu

The main difference of Class II genes is the lack of TFIIIA for transcription initiation. Gene recognition starts with TFIIIC binding directly to Box A and Box C with subsequent recruitment of TFIIIB and RNAPIII as described before.

ClassIII -U6, 7SK, Y, MRP, seleno-tRNA Additional functions include regulation of transcription as done by U1, and 3'-processing of replication dependent histone pre mRNA by U7 [START_REF] Dominski | A novel zinc finger protein is associated with U7 snRNP and interacts with the stem-loop binding protein in the histone pre-mRNP to stimulate 3'-end processing[END_REF]116 . Due to their vital role in transcription snRNAs are highly conserved from yeast to human, with the exception of U7 which is only present in eumetazoan organisms. All snRNAs are highly structured and post-transcriptionally modified. Most frequent are pseudouridinylations and 2-O-methylation 133 . Common structural features include a defined 3´-hairpin and formation of distinct sn-ribonucleoparticles (snRNP) with a characteristic Smring comprised of 7 different proteins which are bound to a specific Sm-signal sequence. U1, U2, U4, U4atac, U11 and U12 contain a conserved oligoU sequence which is the binding site for an identical Sm-ring. U7 contains a slightly modified AAUUUGUCU-signal sequence and 2 unique Sm-proteins. However, the Sm-signal sequence is in both cases located upstream of the 3´-hairpin in both cases. In contrast, U6 and U6atac form a different snRNP with an unique ring structure referred to as like Sm (Lsm). This Lsm-ring is bound to a poly-U signal sequence downstream of the aforementioned 3´-hairpin giving rise to the sub classification of snRNAs into Sm-and Lsm-snRNAs. Another structural difference is the cap-structure, as U6 and U6atac are capped with a -monomethyl phosphate, whereas all Sm-snRNAs are capped with a 2,2,7trimethylated guanine cap [START_REF] Guiro | Regulation of expression of human RNA polymerase II-transcribed snRNA genes[END_REF]134,135 snRNA genes are encoded in compact genomic sequences of less than 1 kb, including all required signal sequences and the snDNA 126 . The coding region itself does not contain any introns, 5´-or 3´-untranslated regions (UTR), and thus is an exact template for the mature snRNA. Upstream of the coding region are a Proximal Sequence Element and a Distal Sequence Element. The Distal Sequence Element is located approximately 250 bp upstream of the snRNA transcription start site (TSS) and is thought to have an enhancer like function. It is usually associated with the octamer motif ATGCAAAT 136 . However, this motif was identified in early studies which were mostly performed on U1 and U2 genes of different organisms and is less conserved for the remaining snRNAs. Approximately 50 bp upstream of the TSS is the PSE which acts as a promoter and recruits several transcription initiation factors 137 . U1 contains an additional p53 response element between PSE and TSS 138 . The role of the p53-binding element has not been determined yet, but it was implicated in transcription repression. The TSS itself is characterized by a canonical adenine base 126 . The 3´-Box is about 20 bp downstream of the snRNA coding region and plays a central role in 3'-processing. Similar to the DSE, this motif was discovered for U1 and U2 genes and is often associated to a specific signal sequence (GTTTYN0-3AAARRYAGA) 139 . However, it was discovered early on that this signal sequence is also highly variable. Deleting this region results in loss of snRNA transcription, suggesting it to be a crucial signal sequence for snRNA processing machineries. For the U6 DNA template a nucleosome is likely bound between PSE and DSE 140 . The coding regions for snRNAs are distributed over all autosomes and gonosomes. Most snRNAs encode several isoforms and are scattered all over the genome. In the case of U2, coding regions are clustered in a single locus with several 6.1 kb tandem repeats 141 . Multiple copies are present of each snRNA and can vary in the coding region sequence from the true snRNA gene and be located on different parts of the genome. In addition, the copies or pseudogenes of each are encoded in large micro arrays with several kb distance between the coding regions. Interestingly, the intragenic region is often more conserved than the template region itself. The architecture of RNAPIII dependent U6 and U6atac genes differ slightly as they contain an additional TATA-box halfway between the PSE and the TSS, a sequence element which is usually associated with strong RNAPII transcription of mRNAs 126 . Despite relying mostly on RNAPII for transcription, canonical factors involved in regulation of mRNA genes are not required for snRNAs. Formation of the snRNA PIC strongly depends on the Oct-1 binding is required for subsequent recruitment of the snRNA activating protein complex (SNAPc). SNAPc consists of 5 subunits SNAP190, SNAP50, SNAP45, SNAP43 and SNAP19. To date, limited structural information exists regarding the molecular architecture of SNAPc. However, truncation experiments suggest the core to be formed by SNAP190 with SNAP45 binding to its CTD and SNAP19, 43 and 50 to its NTD 142 . SNAP50, SNAP190 NTD and SNAP 43 NTD were identified as the minimal complex required for PSE binding 142 . Nonetheless, SNAPc binding to the PSE is still weak and relies on the presence of Oct-1. SNAPc in return is likely responsible for recruitment of canonical RNAPII transcription factors. However, there is little evidence whether all TFs are required for transcription initiation. Immuno-depletion experiments showed TFIIA, TFIIB, TFIIE and TFIIF to be involved in snRNA transcription initiation 143 . Furthermore, RNAPII dependent snRNA genes do not possess a TATA box while RNAPIII dependent genes do. Nonetheless both genes rely on transcription initiation with TBP. Exchange of the TBS changes specificity of the gene for a different polymerase [START_REF] Lobo | A 7 bp mutation converts a human RNA polymerase II snRNA promoter into an RNA polymerase III promoter[END_REF] . Interestingly, presence of the multi protein TFIID has been confirmed partially on snRNA genes and an alternative mode of TBP placement has been suggested [START_REF] Guiro | Regulation of expression of human RNA polymerase II-transcribed snRNA genes[END_REF] . As most general transcription initiation factors for RNAPII are required for snRNA transcription, it is likely that TFIIH is present as well. In particular as phosphorylation of RNAPII CTD has been proven essential for snRNA transcription. In addition, RNAPII dependent snRNAs are m7G-capped during the transcription process which is required for export 144 . On the other hand, factors implicated with pausing, elongation, 3-processing and termination have been shown to be dispensable for snRNA transcription. In particular the mode of transcription termination and 3-'processing is poorly understood. Integrator has been implicated in snRNA release but it is unclear how transcription is terminated. In addition, proper 3'-processing depends on snRNA promoter sequences, indicating that the 3'-processing machinery is already recruited in the beginning of the transcription process 145 . For several snRNAs ample evidence exists that transcription continues for several hundred bp beyond the 3'-box. Furthermore, the 3'-box is highly variable and so far no sequence specificity could be assigned to Integrator 146 .

snRNA maturation

Maturation of RNAPII dependent transcripts RNAPII transcribed snRNA genes are often left with a 20 nt 3'-extension after co-transcriptional cleavage. For RNAPIII specific substrates where 3'-extensions are common due to its termination mechanism (see Section 1.1.3) multiple exonucleases with partially overlapping function have been identified to trim the substrate 131 . For snRNAs the exonuclease TOE1 was identified as a snRNA specific factor for trimming 147 .

As RNAPII dependent snRNA is m7G-capped, like most RNAPII substrates, it is recognized by the RNA export machinery. The Cap binding complex (CBC) together with PHAX, CRM1 and a RAS GTPase recognize the cap and export it into the cytoplasm 148 . Here, the canonical Sm-site is recognized by the Survival Motor Neuron (SMN) complex and the Sm-ring is loaded onto the snRNA. SMN forms the scaffold for multiple Gemin proteins which in turn interact with the Smproteins and in case of U7 Lsm10 and Lsm11 149 . The Sm-ring is recognized by the enzyme trimethylguaninsynthase and the m7G-cap is hypermethylated 150,151 . The newly synthesized TMG and the Sm-ring are recognized by snurportin which together with Importin B moves the newly assembled snRNP back into the 

Maturation of RNAPIII dependent transcripts

Although maturation of RNAPII dependent snRNA has been studied in detail, many processes for U6 and U6atac processing remain elusive. In contrast to all other snRNAs, U6 and U6atac remain in the nucleus and Cajal bodies throughout their maturation. Although both RNAs can be found outside the nucleus, they are not processed by any cytosolic factors. Active RNA export is evaded by differential capping.

During the transcription process, La binds the 3'-end of U6 and U6atac. Its exact function is not defined but it has been implicated in transcription termination and RNAPIII recycling. Dissociation of La is required for Usb1 truncation of the RNAPIII related polyU 3'-end.

In contrast to other snRNAs, binding of snRNP dependent proteins takes place before assembly of the Lsm-ring. U6 specific proteins like SART3 may bind as soon as their signal sequence is recognized 135 . Assembly of the Lsm-ring appears to be independent of a loading machinery similar to the SMN-Gemin machinery required for Sm-rings 135 . It is likely that the Lsm-ring assembles in the cytoplasm, is imported into the nucleus and subsequently loaded onto U6/U6atac 135 . Splicing related U6 snRNA interacts with Lsm2-8. An alternative U6 snRNP with Lsm1-7 appears to be involved in RNA degradation pathways.

Integrator complex

The Integrator complex was identified in 2005 as a byproduct of screening for interaction partners of the DSS1-BRCA2 complex 153 . By FLAG-tagging DSS1 Baillat et al., identified a variety of different interactors including the proteasome and RNAPII, as well as multiple uncharacterized proteins which were later dubbed INTS1-12 according to their migration on SDS-PAGE. Subsequent, FLAG-tagging of the newly identified INTS10 allowed for enrichment of the other remaining 11 INTS indicating formation of protein complex. In addition, evaluating the co-elution of nuclear extract by size exclusion chromatography revealed all 12 INTS to coelute together with RNAPII in a 2 MDa complex.

A second study 12 years later identified two additional interactors: INTS13 and INTS14 154 . In 2020 Integrator was discovered to recruit the phosphatase PPP2AC and its regulatory subunit PPP2R1A [START_REF] Huang | Integrator Recruits Protein Phosphatase 2A to Prevent Pause Release and Facilitate Transcription Termination[END_REF][START_REF] Zheng | Identification of Integrator-PP2A complex (INTAC), an RNA polymerase II phosphatase[END_REF] . While conceptualizing this work, little was known about the internal architecture of the Integrator or functions of the different proteins. Several INTS were identified before being implicated with the Integrator in independent processes. A crystal structure detailing the molecular mechanism of INTS9/11 dimerization is published 157 . An additional interaction of INTS3/6 was already described as part of a DNA damage repair complex and parts of INTS3 were crystallized 158,159 . Finally, a stabilizing interaction was described for subunit 1 and 12 160 . After its original discovery in the involvement in transcription termination of snRNAs multiple ChIP-Seq screens have identified Integrator in all parts of the genome with RNAPII transcription activity including protein coding genes. Here, the Integrator subunits are thought to play a role in regulation by attenuating transcription 161 . Other functions include the processing of nonpolyadenylated lncRNAs and the biogenesis of enhancer RNAs 162,163 . Integrator specifically recognized the a Ser-7/ Ser-2 double mark of the RNAPII CTD as shown by immunoprecipitations with phosphorylated CTD-peptides 164 . Interestingly the Ser-7 modification has to be located in the first heptad repeat while Ser-2 is located in the following one. A Ser-2/ Ser-7 double mark on the same repeat did not precipitate Integrator indicating a highly specific signal for Integrator recruitment.

Implication
In line with this results Ser-7 phosphorylation is required for transcription and processing of snRNAs 165 .

In the past year, two research groups could show that Integrator does not only recognize phosphorylated RNAPII CTD but it as well able to dephosphorylate it via recruitment of a PP2 phosphatase [START_REF] Huang | Integrator Recruits Protein Phosphatase 2A to Prevent Pause Release and Facilitate Transcription Termination[END_REF][START_REF] Zheng | Identification of Integrator-PP2A complex (INTAC), an RNA polymerase II phosphatase[END_REF] . Integrator-PP2A dephosphorylation is specific to Ser-2, Ser-5 and Ser-7.

Complex formation with Integrator is absolutely required for PP2A activity on RNAPII CTD . PP2 alone did not show any activity in vitro [START_REF] Zheng | Identification of Integrator-PP2A complex (INTAC), an RNA polymerase II phosphatase[END_REF] . Interestingly, only specific phosphorylation patterns are targeted by Integrator including Ser-7, Ser-5/ Ser-7 and Ser-2/ Ser-7. Other combinations like Ser-2/ Ser-5 or Ser-2 and Ser-5 alone are not targeted by Integrator 40 .

Integrator substrates

Almost a decade after discovering the Integrator and its implication in snRNA maturation three independent groups could show that expression of a subset of protein coding genes is regulated by Integrator [166][167][168] . Depletion of Integrator caused changes the transcription levels of the affected genes. In each study a functional connection between Integrator and pause related RNAPII factors including NELF and DSIF was shown (see Section The promoter proximal association of Integrator is confirmed in an independent study implicating Integrator with the biogenesis of enhancer RNA 162 . At the same time RNAPII pausing factor NELF was implicated with proper 3'-processing of snRNA genes, further confirming the direct impact of Integrator with RNAPII regulating factors 169 .

In 2019 first evidence for Integrator acting as a general transcription attenuator by cleaving the nascent RNA of RNAPII was provided 161 . In this study Follow-up studies confirmed Integrator association to protein coding genes and provide an explanation for the seemingly opposing effects of Integrator as an attenuating and stimulating factor for different genes 170,171 . Integrator based transcription attenuation is mostly restricted to genes with an unstable promoter and little productive elongation. The previously discovered, positive impact on transcription regulation was attributed to clearing halted polymerase from promoter proximal regions which allows for a new transcription attempt 171 . In addition, it could be shown that Integrator activity is not restricted to paused RNAPII but can occur within the first three kb of the promoter region 171 .

The pivotal role of Integrator in transcription regulation is further highlighted by Integrator being required for maturation of non-polyadenylated lncRNA 163 . Here, it could be shown that SPT6 depletion results in pervasive lncRNA transcription with ultimate 3'-processing by the CPSF instead of Integrator resulting in a polyadenylated RNA. Interestingly SPT6 is part of an elongation complex indicating that Integrator is capable of recognizing pervasive transcription even in elongating polymerases 172 . Alternatively, Integrator attenuates transcription of highly productive promoter via a similar mechanism thus attenuating transcription. The current model of Integrator function describes a potent regulator of protein coding transcription, pervasive transcription and a rescue machinery for stalled RNAPII (Figure 14). Some genes are upregulated by Integrator due to releasing halted RNAPII which blocks its transcription. Upon dephosphorylation of the RNAPII CTD and release of the nascent transcript RNAPII can is released, preparing the gene for a new round of transcription, thus increasing the overall efficiency. It was suggested that this mode of function applies mainly to highly unstable promoter regions. Transcription attenuation is achieved by Integrator phosphatase activity of PP2 competing with transcription activators like P-TEFb. Dephosphorylation of elongation factors and RNAPII CTD lead to abortion of transcription. Paused and promoter proximal polymerases seem to be in particular sensitive to Integrator regulation. In general, Integrator has an abortive function and does not contribute to mature mRNA transcripts. On the other hand, several short and non-coding transcripts like snRNAs are Integrator dependent. IPs could show that the INTS3 CTD is required for INTS6 recruitment although no structural information for this interaction exists 182 . In addition, INTS3 CTD might be required for multimerization 182 . More detailed investigation of the DNA binding properties of INTS3 identified a µM nucleic acid affinity with a preference for RNA of its CTD 158 . An alternative ssDNA binding complex is RPA (Replication Protein A). However, significant differences between SOSS and RPA suggest different mechanism of action as RPA is required for DNA replication and contains multiple ssDNA binding sites. In addition, RPA and SOSS do not colocalize, suggesting different recruitment requirements 176,179 .

After discovery of the Integrator, a Pan-cancer transcriptional study found that all 14 INTS are frequently mutated in multiple different cancer types. However, the DNA damage repair proteins INTS3 and INTS6 were not identified to be more affected than other INTS 183 . The study concludes that Integrator mutation is common and contributes to misregulation but likely not a cancer driver.

In an independent study INTS6 was found to be an inhibitor of hepatocellular carcinoma by modulating the Wnt signaling pathway 184 .

In light of the current understanding of the Integrator, it is unclear whether the implication of INTS6 in cancer is based on its function as RNAPII regulator or as a DNA damage repair mechanism and additional studies are required to address this question. Furthermore, it is unclear whether INTS mutations are cancer causing mutations or secondary events.

Development

The significance of Integrator for development could be shown in multiple different model organisms such as D. melanogaster, C. elegans, S. mediterrania (planarian), mice and in human cell culture 185 . All studies hint towards a genome wide implication of Integrator. Impaired development is frequently traced to changed mRNA patterns of genes implicated in the cell differentiation pathways due to Integrator dysfunction.

In C. elegans depletion of Integrator caused altered 3'-processing patterns. RNA products were longer compared to WT species, extending into neighboring genes. Many mRNA transcripts contained sequences of neighboring ncRNAs and were unable to be transcribed. On a cellular level, depletion of the Integrator changed the topology of mitochondria 186 . In zebrafish, INTS6 was identified to be required for regulation of dorsoventral patterning by repressing organizer genes 187 . A second study implicated Integrator in hematopoiesis by regulation of Smad/BMP signaling on the mRNA level 188 . In Drosophila, Integrator was shown to be required for differentiation of neural progenitor cells. Mapping of INTS5 targeted genes identified over 1.400 targets of the Integrator including several transcription factors that were suggested to be responsible for differentiation such as CycE and Notch signaling components 189 . In a mouse model, Integrator was implicated with regulating differentiation of adipocytes 190 . The authors could show that Integrator knock-down changed mRNA levels, and they could also provide evidence that Integrator mRNA levels in healthy cells change over the course of differentiation 190 . Several studies in human cells and drosophila provide evidence for Integrator involvement in dynein regulation [191][192][193][194] . Given this diverse set of functions it was suggested that Integrator might be highly modular and able to function independently 154,191 . However, follow up studies could show that dynein localization is dependent on most INTS. The exact mechanism of dynein regulation is yet to be determined. Interestingly, some studies provide evidence that several Integrator subunits are dispensable for differentiation hinting towards a subunit specific function in different cell types 189,195 .

The results obtained from the different model organisms underline the importance of Integrator for maintaining precisely tuned transcription levels. Despite this multitude of examples in model organisms it was unclear for a long time whether Integrator dysfunction caused developmental disorders in humans. In contrast, ample evidence exists for developmental disorders based on mutations in snRNA genes and spliceosomal proteins [196][197][198][199] Given the complexity of brain development and the low number of identified patients to date, additional studies are required to evaluate penetration and influence of other factors for those mutations. It is important to note that all identified patients carry biallelic mutations. Siblings with one intact Integrator copy did not show any symptoms [200][201][202] . Transcription of HSURs relies on similar signal sequences as endogenous snRNAs and includes similar promoter signal sequences, a 3'-box, and relies on the Integrator for co-transcriptional cleavage 204 . In addition, the HSUR ORF is followed by a herpesvirus encoded miRNA which relies on the same promoter elements as the preceding HSUR 204,205 . 3'-processing of the second transcript was suggested to be independent of Integrator. However, a follow up study showed that further miRNA maturation can occur without canonical host miRNA maturation pathways such as Argonaut nucleases and was depended on the Integrator. This would suggest that Integrator is capable to function independently of RNAPII which stands in stark contrast to the endogenous Integrator function 206 .

Host-pathogen interaction

Electron Microscopy

Conventional light microscopy is diffraction limited at approximately 250 nm. With computational methods and sensitive electronic detectors as applied for super resolution microscopy it is possible to improve this resolution significantly 207 . However, imaging atomic structures or crystal lattices requires a resolution beyond anything achieved with light-based microscopy method. As a consequence, imaging methods relying on smaller wavelength are necessary.

In biology x-rays, neutrons and electrons have been used successfully to study biological specimen and either method is suitable to study details beyond the resolution capacity of visible light [208][209][210] . However, even though X-ray and neutron microscopes exist, they are considered unsuitable to structural biology.

Comparing the effect of neutrons to electrons shows a similar degree of irradiation damage to the sample. Deuterating the sample decreases the damage further making it in theory superior to electrons. However, neutron sources are inherently weak in flux. In addition, elastic scattering events are 10 5 times less likely than for electrons requiring a vastly greater dose, making the problematic neutron sources an obstacle, currently impossible to overcome 211 .

In contrast to neutrons it is possible to generate high intensity x-ray beams but the extreme irradiation damage per elastic scattering event renders X-rays unsuitable for single particle microscopy, making electron microscopy the method of choice 211 .

Vitrification and other staining methods

Imaging of biological specimen requires techniques that allow the sample to maintain their integrity during data collection. In addition, an appropriate support is required to mount the sample and sufficient contrast has to be available to distinguish features from background. Unfortunately, biological samples contain mostly carbon and hydrogen which scatter electrons only poorly compared to heavier atoms 212 . In addition, imaging of proteins is often done on a surface of amorphous carbon contributing significantly background noise to the carbon-based biological sample and as air scatters electrons imaging is done in a vacuum which dehydrates the protein. In order to improve visibility heavy metal solutions with atoms of high atomic numbers such as uranyl acetate or osmium tetroxide are added to the protein solution to add contrast to the fluid between the proteins leaving only the protein covered parts opaquehence the term negative staining 212 . However, this technique only allows for imaging of the general protein shape and is not suitable to determine a protein structure. In addition, the sample can be damaged easily due to interaction with the support film, dehydration or the stain itself.

In order to overcome these problems, it was suggested to freeze proteins in their native buffer during the imaging process. However, ice crystals destroy protein samples and are not penetrated by the electron beam. In 1984 Adrian et al. reported the vitrification of virus particles for cryo-EM imaging 213 . The catch was flash freezing the protein very quickly at very low temperatures which would prevent formation of crystalline ice and embed the particle in a vitreous environment 214 .

To date, the majority of cryo-EM samples are prepared with an identical vitrification process as described in 1984. Protein solution is applied onto a grid with small holes in the µm range, the excess solution is blotted away using filter paper and plunge frozen in liquid ethane or propane.

Using liquids with high heat conductivity is key to ensure the rapid cooling process, required for vitrification 213,214 . In the end a vitreous and "freestanding" film of buffer with embedded proteins is left in the holes of the grid. Modern setups vary only slightly and usually allow accurate control of blotting force/ time, humidity in the blotting chamber and temperature. Even though the process was originally developed to freeze protein hanging between holes of a grid many protein samples are frozen on carbon support.

However, many alternative setups are being developed as it became increasingly obvious that the freezing process is a major factor in determining success of cryo-EM projects influencing aspects like particle orientation, distribution location and ice thickness 215,216 .

In solution particles tumble freely. Consequently, one would expect flash frozen proteins sample to be equally distributed throughout the vitreous buffer film and without particular order. However, in reality certain particle orientations are significantly more likely and most proteins locate to the air water interface 215,217,218 . This is a result of particles rapidly diffusing through the buffer solution. After blotting, the remaining liquid film between the holes of the grid is frequently less than 100 nm thin and is rapidly evaporating 218 . Plunge freezing typically takes up to 6 s allowing particles to hit the air-water interface several hundred times, eventually sticking to it with a denatured region 215,218,219 . Often a particular region of the protein is more prone to be oriented toward the interface resulting in a preferred orientation. In addition, airexposed protein is usually degraded and add noise to the dataset 218,219 .

In less severe cases increasing the data volume can help to sufficiently enrich rare angles and to gather intact particles. In addition, detergents could be shown to alter the orientation distribution of particles 220 .

More futuristic solutions aim on changing the freezing process itself by developing more mechanized vitrification workflows. Those setups decrease the time between blotting/ sample application and freezing and allow for a more controlled distribution of the vitreous ice film. However, even the fastes setup currently under development is above the theoretical threshold of 1 ms between sample application and freezing, required to prevent particles from hitting the air-water interface 215,219 .

Obtaining faster and more reliable freezing techniques is as well a key step towards development of time resolved cryo-EM. With sufficient speed it could be possible to trap molecular machines during large mechano-chemical rearrangements giving detailed insights into their function 221 .

Electron detectors

Even though electron microscopes with sufficient magnification were commercially available by the end of the 1930s and vitrification of protein samples was established by 1984 it took another 30 years until the "resolution revolution" could reform structural biology 222 . A reason for this delay was the lack of techniques to correct for beam induced damage to the particle and its motion. Once an electron hits a protein it can either pass without interaction (most likely event) or it can be scattered elastically or inelastically. Elastic scattering events are required for obtaining phase contrast. However, during inelastic scattering energy of the electron is transferred to the particle causing beam induced damage and heating of the environment. Micrographs recorded on films and older, digital detectors hence are an average of the particle itself, the beam induced damage and its movement 223 . Simply reducing the exposure time decreases particle damage but on expense of contrast, making the particle invisible for further analysis. Development of new detectors which record movies rather than photos and improvement in computational infrastructure allowing for correction of imaging artefacts were necessary to obtain cryo-EM data with a quality that would allow for de novo modelling of molecular structures.

Effectiveness of any imaging detector is often expressed as detective quantum efficiency (DQE) which describes the detector sensitivity at different spatial frequencies as fraction of the Nyquist frequency (highest spatial frequency that can be sampled without aliasing -two times pixel size). A perfect detector would detect all incoming spatial frequencies equally (high DQE).

In reality, the DQE of all current electron detectors (electronic or film) decreases with spatial frequencies close to the Nyquist frequency.

Traditionally, micrographs were recorded on photographic film which provided high quality images due to their reasonable DQE and high density of available pixels 224 . Unfortunately, film is inherently difficult to handle, images are not immediately available and the throughput is very low. Later film was replaced by the introduction of phosphor/ fibre-optic CCD (charged coupled device) cameras. However, film continued to be used for high resolution imaging as its DQE and pixel density outperformed early CCDs. Another disadvantage of CCD cameras is the need for scintillators above the detector itself. As electrons itself cannot be recorded efficiently materials that emit light upon interaction with electrons are placed above the detector. However, the directionality if the emitted photon is random and may end up in the neighboring pixel or outside the detector. In addition, the final signal of each pixel is read out after exposure by transferring the accumulated charge to dedicated charge-voltage conversion units. Noise is added during the charge transfer and as multiple pixels are read out by the same unit, readout is slow compared to modern direct detectors.

Direct electron detectors combine scintillators and charge-voltage conversion units in one pixel. As a consequence, noise from charge transfer and adjacent pixels is avoided. In addition, readout speed is highly increased allowing to track the impact of each electron.

Data processing Motion correction and dose weighting

One of the advantages of faster detectors is tracking of particle movement during exposure. Software, that allows to correct for this movement is a key feature in modern cryo-EM. In addition, biological specimen are sensitive to radiation damage. As a consequence, electrons recorded early during the exposure carry more high-resolution information 223 . However, later frames with a cumulated electron dose are still valuable as they contribute to contrast and allow for easier identification of particles. Motion correction software is capable of summing up frames recorded during exposure and reversing the particle motion or microscope induced drift (e.g. movement of the stage). As earlier frames contain information of intact particles with little dose related damage, high resolution information derived from these weighted more than high resolution information from later frames with accumulated beam induced damage.

Contrast transfer function

After correcting for particle movement other imaging artefacts derived from imperfections in the lens system or defocus need to be considered. The obtained image does not reflect the real particle but is a convoluted function of the real image with the contrast transfer function (CTF).

The main artefact is introduced by imaging at defocus which is required to obtain contrast. Image formation in any microscopy technique is derived from phase contrast or amplitude contrast. Latter kind occurs due to differences in the local scattering cross sections based on changes in sample thickness or changes in atom composition. Negative stain electron microscopy contrast is mainly derived from inelastic scattering causing amplitude contrast. The heavy atoms of the stain are likely to interact with the incident electron beam whereas the smaller, carbon and hydrogen atoms of the protein are almost "invisible" to the electron beam and barely interfere. However, cryo-EM is mostly performed without staining and image formation relies on elastic scattering and phase contrast. When imaging samples exactly in focus, scattered and unscattered electrons arrive without phase shift at the back focal plane. Contrast is obtained by spherical aberrations of the lens or changing the defocus. This will cause the unscattered and scattered electrons a phase difference  /2. The phase difference will cause interference and result in an amplitude difference which can be detected. Another consequence of higher defocus is the delocalization of signal from scattered electrons. Higher defocus correlates with better contrast but gives less high-resolution information (Figure 15). In addition, the obtained contrast transfer function undulates between positive and negative values. As there is no such thing as "negative information" software is required to correct for this. Furthermore, the CTF is 0 at many spatial frequencies which would be equal to band filter.

Single particle EM and averaging

EM based reconstruction of high-resolution maps is a process based on averaging information from thousands of single particles. Due to beam induced damage and low electron doses, EM micrographs contain a lot of noise. In particular particles close to focus are frequently barely visible but are central for high resolution reconstructions. In order to separate noise from true signals particles are extracted from the micrographs, sorted according to their orientation and summed up. Randomly distributed noise will be averaged out and true information will be multiplied giving rise to clear structure features. Early predictions claim that only a few thousand particles are required to obtain high resolution densities. Indeed, several examples show reconstructions with less than 3,000 particles but in those cases highly symmetric protein structures aid reconstruction 218 . However, real datasets usually start with several hundred thousand or even millions of particles due to heterogeneity and fragility of the samples. Due to current limitations in computing power, initial classifications are done in 2D to remove noise before taking "good" particles for further 3D reconstruction.

3D reconstructions

An electron micrograph is a 2D projection of a 3D particle. However, the 2D projection still contains information about the depth of the particle due to the focus depth of the microscope. 3D reconstruction is possible as the Fourier transform of the 2D projection is equal to the central slice of the 3D Fourier transform (Projection-slice theorem) 225 . 3D reconstruction software calculates the Fourier projection of each particle and attempts to fill the 3D Fourier space. In case of missing angles, it is possible that filling of the Fourier space is not possible which would prevent a reverse Fourier transform and thus a real space 3D reconstruction. The aforementioned low signal to noise ratio further complicates this process. In addition, in many cases samples are heterogenous and similar particles exist with different conformations making assignment of the single particles to the correct 3D density difficult.

Materials and Methods

Cloning 2.1.1. Plasmid library generation

In order to enable quick retagging and switching between different expression systems several vectors for insect cell (based on the pLIB vector, biGBac system 226 ) and for mammalian expression (based on a pxFLAG-CMV-10 vector) were adapted by adding several tag combinations to the vector backbones and using a single, Gibson assembly-based MCS for all vectors. This enabled to use a single PCR product to switch between different expression systems and to rapidly change tag combinations.

Gibson assembly

The vector backbone was linearized using BamHI and HindIII, gel purified and ethanol precipitated. The insert was amplified by PCR with the appropriate overhangs, gel purified and ethanol precipitated. Both, insert and vector, were resuspended in ddH2O and mixed in a 5:1 molar ratio with a final volume of 10 µl. The Gibson assembly was performed using the 2x fold Gibson master mix (NEB) according to their protocol for 1 h in a thermal cycler.

Transformation

1 µl of the Gibson assembly was added to 50 µl of electrocompetent NEB10 cells and electroporated at 1700 V. The transformation was recovered using 750 µl of SOC medium for 1 h at 37 C. Subsequently the transformation was spun down at 20,000 g for 1 min, resuspended in 100 µl SOC and plated on a selection plate using the appropriate selection antibiotic.

Insect cell culture 2.2.1. Maintenance

In this study SF21 grown in SF-900TM II SFM media (Gibco, cat. 10902096) and Hi5 cells grown in Express Five TM SFM (Gibco, cat. 10486025) were used. Both cell lines were kept in suspension in 500 ml Erlenmeyer flasks at 90 rpm and 27 °C. The cells were grown to a density of 1x10 [START_REF] Birch | Structure and function of ribosomal RNA gene chromatin[END_REF] and subsequently 10 -fold diluted using pre-warmed media.

Baculovirus generation

1 µg of the assembled plasmids for insect cell expression was mixed with 50 µl of chemically competent EMBacY cells. The mix was incubated on ice for 30 min and subsequently heat shocked at 42 °C for 1 min. The cells were again briefly incubated on ice and mixed with 1 ml pre-warmed SOC medium. For recovery and integration into the baculovirus genome the cells were incubated in a shaker at 37 °C over night. Subsequently the cells were plated on a selection plate containing 50 µg/ml Kanamycin, 10 µg/ml Tetracyclin, 10 µg/ml Gentamycin, 1 mM IPTG and 0.1 mg/ml BluOGal.

Colonies containing the desired insert were identified by a X-gal based blue-white screening, picked and used for a 2 ml over night culture containing the selection markers Kanamycin, Tetracyclin and Gentamycin. The cells were spun down using a table top centrifuge and the baculovirus purified by alkaline lysis using a Miniprep kit (Qiagen) without using the supplied spin columns. The protocol of the kit was followed to the quenching of the alkaline lysis and the insolubilized genomic DNA and proteins were pelleted by spinning in a table top centrifuge at max speed three times for 10 min. The clarified supernatant was taken of and ethanol precipitated.

Protein Expression

The bacmid obtained from section 2.2.2 was resuspendend in 20 µl sterile ddH20 and subsequently filled up with 200 µl SF-900 TM II SFM media. In a separate tube 100 µl SF-900 TM II SFM media was mixed with 10 µl TransIT-VirusGEN® SELECT Transfection reagent and incubated at RT for 5 min. Subsequently the transfection reagent and Bacmid were mixed and incubated for 30 min at RT. 500,000 SF21 cells were seeded into 6-well plates and the bacmid-transfection reagent mix was added dropwise. The transfected cells were incubated at 27 °C protected from light. Bacmid expression was monitored by YFP fluorescence. Supernatant containing Baculovirus was taken after 3 and 6 days and added to a 25 ml suspension culture of SF21 cells with density of 0.1 -1*10 6 cells/ml. Infection of the suspension culture was again monitored by YFP expression. Upon reaching an infection rate >10% the culture was used to inoculate 500 ml Hi5 cells at 1 -2*10 6 cells/ml in Express Five TM SFM media with 15 -25 ml preculture. The main culture was incubated for 72 h and subsequently the cells were harvested in 500 -1000 ml aliquots, spun down at 300g for 15 min at 4°C (JLA8.1000), resuspended in PBS and transferred to 50 ml tubes. The cells were spun down again at 500 g for 10 min (A-4-62), frozen in liquid nitrogen and stored at -80 °C until further use.

Protein purification

Insect cell pellets from section 2.2.3 were thawed in 10 volumes Buffer A (150 mM KCl; 20 mM HEPES KOH pH 7,8; 30 mM Imidazole), sonicated (4 times for 1 min, 30% Amplitude, 10s ON/OFF cycle). And spun down at 48.384 g for 45 min at 4 °C (JA-25.50). The clarified lysate was added to 10 % (v/v) Ni-NTA resin (Qiagen) and incubated for 2 h at 4 °C on a turning wheel. Subsequently, the resin was spun down at 300 g for 5 min and the resin was transferred to a Poly-Prep Chromatography Column (Bio-Rad). The Ni-NTA resin was allowed to settle, washed 5 times in 2 volumes Buffer A and eluted in 5 times 1ml Buffer B (150 mM KCl; 20 mM HEPES KOH pH 7.8; 250 mM Imidazole). The pooled elutions were added onto 200 µl Streptavidin resin and again incubated for 2h at 4 °C on a turning wheel. Subsequently, the resin was washed 5 times with 1 ml Buffer C (150 mM KCl; 20 mM HEPES KOH pH 7.8) and eluted in 3 steps with Buffer D (150 mM KCl; 20 mM HEPES KOH pH 7.8; 10 mM desthiobiotin). The different steps and the quality of the purification was analysed by a denaturing SDS-PAGE.

Mammalian cell culture 2.3.1. Maintenance

HEK293T cells HEK293T cells were used for in vivo pull-downs and assays. Cells were grown 175 cm 2 flasks in DMEM media supplemented with 10 % (v/v) FBS to a confluence of 90 % in a humidified incubator with 5% CO2 at 37 °C. Subsequently the cells were split by removing the media, adding 2ml Trypsin-EDTA and incubating the cells for 5 min in the incubator. The trypsinized cells were resuspended in 10 ml DMEM supplemented with FBS. 2 ml were transferred to a new 175 cm 2 together with 13 ml DMEM supplemented with FBS.

HEK293F cells HEK293F cells were used for stable cell line generation and protein production. Cells were grown in FreeStyle TM Expression Media (Thermo) in a shaking incubator at 130 rpm and 5% CO2 to a density of 1x10 6 cells/ml and subsequently 10 times diluted in prewarmed media.

Analytical Pull Downs

HEK293T cells HEK293T cells were seeded into 6 well plates with a density of 0.5x10 6 cells per well in 1.5 ml DMEM-FBS and incubated overnight. The next day the cells were transfected with approximately 1 µg bait protein and 1 µg prey protein. The amount of transfected plasmid was adjusted according to expression levels. Empty vector was used to ensure transfection of equal amounts for each construct. For the transfection, plasmid and PEI were mixed in a ratio of 1:3, incubated for 30 min at room temperature and added dropwise to the cells. The cells were harvested 2-3 days after transfection.

HEK293F cells HEK293F cells were grown to 10 6 cell/ml in FreeStyle TM Expression Media. The expression plasmid (3 µg per ml culture) was diluted to 5 ml in OptiMEM and mixed with 5 ml PEI diluted in OptiMEM (6 µg per ml culture), incubated for 30 min at RT and added to the cell suspension. Protein expression was continued for two days. The cells were harvested and processed as described in 2.3.4.

Stable cell line generation

HEK293F cells 150 ml HEK 293F cells were grown to 10 6 cells/ml in muffled flask with FreeStyle TM Expression Media. 450 µg plasmid was diluted to 2.5 ml using OptiMEM. Similarly, 1 mg PEI was diluted to 2.5 ml, incubated at RT for five min and subsequently mixed. After incubation for 30 min the mixture was added to the prepared suspension cells. After a 2-day incubation period the cells were supplemented with 1 mg/ml geneticin and again incubated for 2 days. Next, the cells were pellet at 300 g for 10 min, and resuspended in 150 ml supplemented with geneticin. Two days later the process was repeated and after four days the antibiotic was removed and cells recovered. The success of a stable cell line was evaluated by Western blotting against the tagged bait protein.

Nuclear extract preparation

Nuclear extract was prepared according to the protocol published by Nilsen et al. 227 . HEK293F cells were grown in suspension to a density of 1x10 6 cells/ml and spun down at 300 g and 4 C for 10 min using a JLA-8.1000 or a JA-14 rotor. The pellet was resuspended in five pellet volumes ice cold PBS, transferred to a 50 ml tube and again spun down at 300 g for 10 min at 4 C (A-4-62). The resulting pellet was resuspended in 3 pellet volumes hypotonic Buffer A (10 mM Tris-HCl pH 7.9; 1.5 mM MgCl2; 10 mM KCl) and incubated on ice for 10 min. Subsequently the cells were lysed using a type-B glass douncer and with 10 gentle strokes, transferred to a 15 ml tube and spun down at 2000 rpm for 15 min (A-4-62). The supernatant was taken off, supplemented with 0.11 volumes S100 buffer (300 mM Tris-HCl pH 7.9; 30 mM MgCl2; 1.4 M KCl) and spun down at 30.000 rpm for 1 h and 4 C (Ti-70). The pellet containing the nuclei was suspended in 0.5 pellet volumes low salt extraction Buffer B (20 mM Tris-HCl pH 7.9; 1.5 mM MgCl2; 1.2 M KCl; 0.2 mM EDTA pH 8; 25% glycerol). Then, the same volume of high salt extraction Buffer C (20 mM Tris-HCl pH 7.9; 1.5 mM MgCl2; 20 mM KCl; 0.2 mM EDTA pH 8) was added and the sample incubated at 4 C on a slow turning wheel for 30 min. The extraction was spun down at 10,000 rpm for 30 min and 4 C, the supernatant taken off and together with the S100 fraction dialyzed against 100 volumes Buffer D (20 mM Tris-HCl pH 7.9100 mM KCl; 0.2 mM EDTA pH 8; 20% glycerol; 1 mM DTT) for 2 h at 4 C. The dialysis Buffer was replaced and again incubated for 2 h at 4 C. Next, the dialyzed extract and S100 was spun down at 10,000 rpm for 20 min and flash frozen in 1 ml aliquots in liquid nitrogen.

Analytical methods

Electrophoretic Mobility Shift Assay (EMSA)

RNA with a 3'-Flourescein label was adjusted to a final concentration of 25 nM, mixed with a 2fold dilution series of purified protein complexes and a maximum concentration of 10 M in 150 mM KCl and 20 mM HEPES-KOH pH 7.8. The samples were incubated on ice for 1h, loaded onto a 1% TBE-Agarose gel and run for 2 h at 50 V and 4 C.

Size exclusion chromatography

Recombinantly expressed proteins were adjusted to a protein concentration of 1 -2 mg/ml and 50 μl injected onto a Superose6® Increase 3.2/300 column. The samples were eluted over 3.3 ml at 0.04 ml/min. Fractions of 100 μl were collected. The different fractions were analysed by a denaturing SDS-PAGE. Interactions between the different complexes were assessed by mixing the purified proteins in a 1:1 molar ratio and incubating them on ice for 30 min before injection.

Immuno Blotting

SDS-PAGE blotting

Protein samples of IPs or whole cell lysate was mixed with SDS-sample buffer in a 1:1 ratio and run on a SDS-PAGE. Pockets and excess excess gel residues were removed. The protein was transferred onto a methanol pre-soaked PVDF membrane using a protein gel electrophoresis chamber system provided by ThermoFisher (XCell SureLock Mini-Cell; Cat. EI0001) in 20% methanol, 190 mM Glycine and 25 mM Tris-HCl pH 8.3. The transfer was run on 30 V for 75 min. Next, the membrane was transferred into 50 ml of 5% milk (w/v) in PBST and blocked for 1 h at RT on a rocking table. Subsequently, the milk was removed, primary antibody was diluted according to the manufacturers protocol in 10 ml 5% milk-PBST and applied onto the membrane. The primary antibody was removed, the membrane washed in PBST and secondary antibody was applied, if necessary, as described before. The membrane was sandwiched between clear film and exposed using Pierce TM ECL Western Blotting Substrate (Thermo Scientific, Cat. 3219) in a ChemiDoc MP Imaging System (BioRad; Cat. 12003154).

Dot blotting

Dot blots were used to track migration of crosslinked and native sample in glycerol gradients. A nitrocellulose membrane was soaked in PBS, fixed into a dot-blotting apparatus (BioRad; Cat. 1706545) attached to a vacuum pump and washed twice with 100 µl PBS. 10 µl of each fractioned gradient was mixed with 100 µl PBS and 100 µl of diluted sample was applied onto the membrane and vacuum was applied. After two further washes with PBS, aided by vacuum the membrane was removed from the dot-blotting apparatus and transferred to a box with 100 ml 5% milk-PBST and incubated for 1 h at room temperature on a rocking table. The milk was removed and 15 ml 5% milk-PBST with an appropriate antibody was added and again incubated for 1 h. The antibody was removed, the membrane washed with 25 ml PBST and a secondary antibody was added if needed in milk-PBST. After sufficient washing with PBST the membrane was exposed as described above.

Gradient Centrifugation

GraFix -Crosslinking Crosslinking by gradient centrifugation was performed according to Kastner et al 228 . High density glycerol buffer (150 mM KCl, 20 mM HEPES-KOH pH 7.8, 30% glycerol) was mixed with glutaraldehyde at a final concentration of 0.05% w/v. Low density glycerol buffer (150 mM KCl, 20 mM HEPES-KOH pH 7.8, 10% glycerol) was placed into a centrifugation tube and the high-density buffer with glutaraldehyde was placed below it. The gradient was mixed using a Biocomp Gradient Master 107 and let settle for 1 -2 h at 4 °C.

Protein was purified according to 2.2.4 and 300 µl was loaded onto the gradient and spun for 14 h at 35,000 rpm in a SW60 rotor at 4 °C. If required multiple gradients were run. Subsequently the gradient was fractionated into 150 µl fractions into a 96 well plate containing 3 µl 1 M Tris-HCl pH 7.8 in each well for quenching. Sample migration was tracked by dot blotting (Section 2.4.3) and subsequently used for grid preparation (Section 2.6.1). The appropriate fractions were pooled, concentrated and glycerol removed using an an Amicon spin column (Merck, 50 kDa Cut-off, Cat. C82301).

Gradient centrifugation

Native gradient centrifugation was used to detect protein interactions in vivo. Glycerol gradients were prepared as described above but without glutaraldehyde. 200 µl nuclear extract (Section 2.3.4) was added onto the gradient and spun in a SW41 rotor at 35,000 rpm for 14 h at 4 °C. The sample was fractionated into 300 µl fractions and used for subsequent dot blotting (Section 2.4.3).

Immunoprecipitation

Before harvesting the media was aspirated and replaced with 1 ml PBS per well. Cells were harvested by gentle pipetting, transferred to a 1.5 ml tube and spun down at 300 g and 4 °C using a table top centrifuge. The supernatant was discarded and 400 µl lysis buffer was added (150 mM KCl, 20 mM HEPES-KOH ph 7.8, 0.1% Triton X-100) and used to resuspend the pellet. The cells were sonicated using a micro tip at 30% amplitude for 10 s and spun down in a table top centrifuge at 20,000 g and 4°C for 30 min. A sample of the supernatant taken and the rest was transferred to a new 1.5 ml tube, 30 µl washed Anti-HA resin (Sigma, A2095-1ML) was added and the incubated on a turning wheel for 2 h at 4 °C. Next, the resin was spun down at 300 g for 1 min and 4 °C, the supernatant discarded and the beads washed 5 times with wash buffer (150 mM KCl, 20 mM HEPES-KOH pH 7.8). In the end, the beads were eluted in SDS-Sample buffer, boiled at 85 °C and run on a SDS-PAGE for western blotting (Section 2.4.3).

In vivo fluorescence assay

A reporter plasmid was assembled according to Albrecht et al. with an U7 snRNP sequence flanked by 200 bp of the upstream promoter and 70 bp downstream, followed by a mEGFP sequence and a polyadenylation signal sequence 229 . A second plasmid was assembled as transfection control, ectopically expressing mCherry. In addition, multiple different variants of SBP-tagged INTS4 were cloned into a separate plasmid. HEK293T cells were seeded into 24 well plate at 50 % confluence and incubated over night in 500 l DMEM-FBS. The following day 0.8 pmol siRNA against INTS4 or scrambled RNA was mixed with 0.8 l RNAi-MAX in 50 l Opi-MEM, incubated for 5 min at RT and added to the cells. After 24 h the cells were split in a 1:3 ratio and re-transfected with siRNA after 24 additional hours as described previously. The following day, 50% of the cells in each well were discarded and new media was added. In the evening, the reporter constructs and the rescue plasmid were transfected. For each well 300 ng reporter, 50 ng transfection control and 300 ng rescue construct were mixed in 50 l DMEM without FBS. 50 l DMEM supplemented with 1.95 l Lipofectamine were prepared separately and added to the DMEM-plasmid solution, incubated for 30 min at RT and added onto the cells. After 24 h incubation the cells were harvested by aspirating the media, adding PBS, detaching the cells by gentle pipetting and centrifugation at 300 g for 5 min at 4 C. The PBS was removed, and cells were lysed in 50 l modified RIPA buffer (150 mM NaCl, 50 mM Tris-Cl pH 8.0, 1 % NP-40, 0.5 % deoxycholate, 0.1 % SDS) 230 . The lysate was transferred to a black 96 well plate and mEGFP/ mCherry fluorescence was measured using CLARIOstar plate reader.

Mass spectrometry

Data analysis and data collection was performed by the Proteomics Core Facility in Heidelberg.

Here, I describe the process of sample preparation.

Crosslinking MS

Protein was purified as described in section 2.2.4 and adjusted to a concentration of 1 mg/ml in 50 µl. DSS crosslinker was adjusted to a concentration of 50 mM in Dimethylformamide, added to the protein with a final concentration of 1 mM and 10 mM respectively and incubated for 30 min at 35 °C. Next, the reaction was quenched by adding 5 µl of 1 M Ammonium bicarbonate and an additional incubation for 30 min at 35 °C. The crosslinked protein was prepared for proteolytic digestion by adding 40 µl of 10 M Urea with 250 mM Ammonium bicarbonate. RapiGest SF Surfactant (Waters, Cat. 186008090) was added and everything was sonicated for 1 min in an ultrasonic bath. After sonication DTT was added with a final concentration of 10 mM, incubated for 30 min at 37 °C and Iodoacetamide (freshly prepared) was added to a final concentration of 15 mM followed by further 30 min incubation at RT in darkness. Proteolytic digest was performed with endoproteinase Lys-C and trypsin. 5 µl of a 0.1 mg/ml Lys-C stock were added to each reaction and incubated for 4 h at 37 °C. Subsequently the Urea concentration was adjusted to 1.5 M using HPLC grade water, 1 µg trypsin was added before incubating at 37 °C over night. The next day, triflouroacetic acid was added to final concentration of 1%, incubated for another 30 min at 37 °C before spinning down at 17,000 g for 5 min. The supernatant was taken of, flash frozen in liquid nitrogen and send for mass spectrometry analysis.

Quantitative MS

Stable cell lines were generated according to section 2.3.3 and grown to 150 ml with a density of 1x10 6 cells/ml. Cells were harvested at 300 g (JA-14) and nuclear extract and cytosolic fractions were prepared (Section 2.3.4). The nuclear extract/ S100 was thawed, mixed with 300 µl IgG resin (GE Healthcare, 17-0969-01) and incubated for 2 h at 4 °C on a turning wheel. Subsequently, the resin was spun down, the supernatant removed and the beads washed three times in wash buffer (150 mM KCl, 20 mM HEPES-KOH pH 7.8). Next, 200 µl TEV protease at 0.1 mg/ml in wash buffer was added and incubated for 2 h on ice. The resin was spun down again, the supernatant collected and the beads washed 4 times in 200 µl wash buffer without TEV protease. The elution was collected, loaded onto 100 µl Streptavidin resin (Thermo Fisher, Cat. 20357) and again incubated for 2 h at 4 °C on a turning wheel. After incubation the resin was spun down, the supernatant removed and washed 5 times in wash buffer. Next, the 70 µl wash buffer with 10 mM desthiobiotin was added and incubated 15 min for elution. 55 µl of the elution were flash frozen in liquid nitrogen and send for in solution mass spectrometry.

Cryogenic electron Microscopy

Vitrification

The vitrification process for INTS4/9/11 and INTS5/8 was identical. UltrAuFoil grids with a R1.2/1.3 300 mesh were glow-discharged on both sides using a Pelco EasyGlow device at 25 mA and 0.3 bar for 20s. The protein concentration was adjusted to 0.5 mg/ml and 2.5 µl sample applied on either side of the grid. Subsequently, the sample was blotted for 2s at 4 °C, 100 % humidity and -10 blotting force with subsequent plunge freezing in liquid ethane using a MARK IV Vitrobot.

Data collection

Data was collected using a Titan Krios (FEI) equipped with a K2 Summit direct electron detector and a a GIF quantum energy filter (Gatan) at the CM01 beamline of the ESRF (dataset ESRF1 and ESRF3) or at the EMBL Heidelberg cryo-EM platform (dataset EMBL2). In both cases, the microscopes were operated in an EF-TEM mode with 300kV acceleration voltage. Data was collected at a nominal magnification of ×165,000 resulting in 0.83 Automated particle picking on the ESRF1 dataset yielded 1.02 million particles. After 3 rounds of 2D classification the particle number was reduced to 691k. In the subsequent two rounds of 3D classification with 3 classes each followed by 3D refinement yielded a 8.3 Å resolution density map with 302k particles. Further two rounds of 3D classification with 3 classes and 5 classes respectively reduced the particle number to 22k which after refinement yielded a 4.08 Å map. Automated particle picking on the EMBL1 dataset identified 4.65 million particles which were extracted with 2-fold binning. Extensive 2D classification over 6 rounds reduced the particle number to 241k, which were re-extracted with full pixel size. Subsequent 3D classification into 6 classes yielded a density map with 84k particles which was refined to 3.98 Å. Since neither of the datasets yielded density maps with the resolution required for de novo model building, all available data was merged in an attempt to improve resolution. A second dataset collected at the ESRF (ESRF2) was not pre-processed as it was collected with the purpose of merging it with previously collected datasets ESRF1 and EMBL1. The high-resolution density of the EMBL2 dataset was used for template picking on datasets ESRF1, EMBL2, ESRF2 identifying 2.9 million particles for both ESRF datasets combined and 6.1 million particles for the EMBL dataset. Particles from the ESRF datasets were extracted with full pixel size and directly merged. Two intial rounds of 2D classification identified 786K intact particles. The EMBL dataset was extracted with 4-fold binned pixel size. Four rounds of 2D classification reduced the particle number to 1.6 million. A subsequent 3D classification with 4 classes yielded a density with 570k particles and well connected and defined features. In order to be able to merge the datasets collected from different microscopes, the relative scaling factor between the maps derived from the ESRF1 and EMBL1 dataset was determined by iterative adjustment of the pixel size in one of the maps and calculation of the correlationcoefficient in Chimera [START_REF] Wu | TATA-binding protein-associated factors enhance the recruitment of RNA polymerase II by transcriptional activators[END_REF] . In the end the relative pixel size of the EMBL1 dataset was adjusted to 0.816 (instead of 0.810) and CTF estimation was redone with the changed parameters. To allow merging of both datasets with identical pixel size the optimal pox size for extraction was calculated (𝑃𝑖𝑥𝑒𝑙𝑠𝑖𝑧𝑒 𝐸𝑆𝑅𝐹 × 𝐵𝑜𝑥𝑠𝑖𝑧𝑒 𝐸𝑆𝑅𝐹 = 𝑃𝑖𝑥𝑒𝑙𝑠𝑖𝑧𝑒 𝐸𝑀𝐵𝐿 × 𝐵𝑜𝑥𝑠𝑖𝑧𝑒 𝐸𝑀𝐵𝐿 ). In the end the 786K preselected ESRF particles were extracted with a box size of 348x348 pixel and 0.83 Å • pixel -1 . The preselected 570K EMBL particles were re-extracted with a box size of 354x354 pixel and 0.816 Å • pixel -1 and downscaled to 348x348 pixels and 0.83 Å • pixel -1 machting the ESRF box and pixel size. After merging the combined 1.35 million particles were subjected to two rounds of 2D classification followed by one round of 3D classification. A 3D class containing 541K particles and a well-defined density was selected and refined to 4.9 Å resolution. Subsequent 3D classification into 5 classes yeilded two similar reconstructions with different angular orientation distributions. Previous data processing indicated a missing angle problem and both classes (312K particles) were merged and subjected tp 3D refinement yielding a 3.9 Å resolution reconstruction. After CTF refinement, Bayesian polishing and further 3D classification a subset of particles, with presumably higher signal-to-noise ratio, was identified which refined to 3.6 Å-resolution (from 99K particles) and 3.5 Å-resolution (from 27K particles) which was sufficient for de novo model building [START_REF] Nikolov | Crystal structure of a TFIIB-TBP-TATA-element ternary complex[END_REF] . Reported resolutions were calculated within Relion using gold standard FSC procedures.

Model building

For the nuclease domains of INTS9 and INTS11 homology models were calculated using the I-TASSER server and fitted into their respective lobes. Considering the higher molecular weight of INTS9, this subunit was assigned to the larger lobe. This was confirmed by the amino acid register in combination with the newly identified region (INTS9 NAD ) inserted into INTS9 MBL domain. The homology models were manually adjusted to the cryo-EM density using Coot (0.8.9.2-pre EL). The map quality of the CTD1 dimer allowed for de novo modelling of this region. The crystal structure of the CTD2 dimer was solved previously (PDB ID: 5V8W) and modelled by rigid body fitting. The position of this domain was confirmed by a linker helix (INTS11 [495][496][497][498][499][500][501][502][503][504] ) connecting the CTD1 dimer with the CTD2 dimer, which is as well part of the aforementioned crystal structure and as well present in our cry-EM map as part of the CTD1 dimer. INTS4 was modelled de novo. Its directionality and register were assigned based on crosslinking mass spectrometry and side chain densities in the well resolved core of the structure. Additional features like an extended loop formed by residues 264-280 confirmed the assignment and were used as a landmark. The map quality allowed for the modelling of side chains for the HEAT repeats 1 -9. The length of predicted helices is in good agreement with the visible density. Processing of the ESRF1 dataset provided an extended INTS4 density with 3 additional heat repeats. The density did not allow for a correct register assignment or modelling of side chains and the helices were place tentatively. The resulting atomic model was refined using Refmac5 with secondary structure restrains generated in ProSMART (CCPEM 1.3.0). Half-map validation was performed manually The atomic model was visualized in ChimeraX [START_REF] Fukaya | Enhancer Control of Transcriptional Bursting[END_REF] and PyMol and the electrostatic surface was calculated with the APBS plugin in PyMol (Schrödinger).

Bioinformatic tools 2.7.1. Alignment

Structure based alignment was performed using the PROMALS3D server with the nuclease sequences of the indicated proteins 231 . The ESPript 3.0 server was used for generation of the graphical output . 232 3. Results

Endogenous purification

To perform a biochemical characterization of the Integrator complex, a purification protocol had to be established which would yield sufficient material for further studies. Considering that the Integrator composition was described as a 14-subunit protein complex with possible, additional subunits and little information about the internal stoichiometry and architecture we decided to attempt purification by overexpressing a bait protein that would capture other Integrator subunits. We chose human HEK293F cells (Invitrogen) as an expression host due to their ability to grow in suspension culture providing an option for easy upscaling. Due to the very low abundance of the Integrator complex a small but highly selective 3x-FLAG epitope-tag was chosen in order to avoid interreference with complex assembly. In addition, 3xFLAG tag was previously shown to be appropriate for purification of the Integrator 153 . This epitope-tag is recognized by an appropriate antibody but requires a protease or competing peptides in high concentration for elution, both of which interfere with further structural studies 233 . To remove those contaminants a Streptavidin binding protein that is recognized by streptavidin and may be eluted with, a small molecule (d-desthiobiotin) was added to the construct 234 . The TAP-tagged bait protein was transiently transfected and nuclear extract was prepared according to a previously described protocol to remove cytosolic contaminants 153,227 . Initially, this approach was tested by using INTS2, INTS9 and INTS11 as bait proteins. INTS9 and INTS11 form the cleavage module of the Integrator and are therefore likely to yield catalytically active Integrator. INTS2 was chosen as it is one of the largest subunits without any predicted domains or catalytic activity and therefore likely to have a central scaffolding function, thus interacting with many of the Integrator subunits. Capture of additional subunits was assessed by running the prepared nuclear extract on a glycerol gradient calibrated with protein standards. Excess bait proteins were expected to remain in lower molecular weight fractions while higher order complexes were expected to migrate to higher percentage glycerol fractions. Tracing the migration of all three bait proteins in the gradient revealed a similar pattern among them. In either case the majority of the proteins migrates in the lower molecular weight fractions before 200 kDa. INTS2 is the largest of the three bait proteins (130 kDa) and showed the strongest signal between fraction 4 and 6. However, the signal tailed into higher molecular weight fractions but disappeared after 669 kDa. A similar pattern was observed for INTS11 (66kDa) where the signal peaks from fraction 2 to 5 and tails deeper into the gradient up to 669 kDa. INTS9 started peaking at fraction 3 but showed a very broad peak stretching up to fraction 15 correlating with a MW of 200 kDa. However, the signal strength started fading in subsequent fractions and disappears completely after 669 kDa, as observed for previous proteins. Considering that the Integrator is supposed to be a 1.4 MDa complex but none of the bait proteins migrated at this weight range indicating that neither bait was successful in capturing the described complex. However, each bait protein seemed to interact with additional proteins causing the tailing. In order to identify these interactors, new nuclear extract of HEK293F cells ectopically expressing the 3 bait proteins was prepared and used for a tandem affinity purification. The purification process was monitored by SDS-PAGE. An initial purification with anti-FLAG resin and subsequent TEV-protease elution revealed a very similar band pattern among all three bait proteins and significantly more bands than expected indicating a rather inefficient capture of the bait protein. Further purification by a second step SBP purification and elution with ddesthiobiotin reduced the background significantly and allowed for easy identification of the bait proteins, visible as a strong band. All three bait proteins are well expressed and their identity was confirmed by analyzing the corresponding band with Mass spectrometry. However, in either case the bait protein was the only prominent band in the SDS-PAGE suggesting a significant excess of it and very low amounts of co-purified subunits. INTS2 seemed to capture an additional subunit running at approximately 245 kDa which was confirmed to be INTS1 in an independent pull-down. with the overall low yield of co-purified subunits indicated that this this approach was not suitable to obtain sample in quantities sufficient for structural or biochemical characterizations. Therefore, endogenous purification attempts was abandoned for an attempt on recombinant purification.

Recombinant expression of the Integrator complex

Insect cells have previously been described to be efficient for the recombinant expression and purification of large, eukaryotic protein assemblies 235,236 . Since then, multiple systems have been developed to enable the cloning of several open reading frames (ORFs) into a single vector which subsequently can be integrated in a baculoviral genome to infect insect cells. We decided to use the recently published biGBac system which is based on Gibson cloning and thus allows the simultaneous assembly of up to 5 ORFs making it significantly faster than comparable systems which rely on the sequential cloning of gene cassettes 226 . In order to test the feasibility of this approach we started with co-expression of INTS9/11, INTS3/6 and INTS1/12 (not shown) as all three dimers were previously reported to interact 155,158,160,229 . To ensure a stoichiometric purification of the dimers, each protein was tagged separately with a 8xHis-tag (INTS11 and INTS3) or a SBP-tag (INTS9 and INTS6). The respective dimers were then assembled into separate pBIG1a vectors, used to generate Baculoviruses and transfected into Hi5 insect cells. A subsequent tandem affinity purification yielded well expressed and pure protein dimers of INTS9/11 and INTS3/6 suggesting suitability for co-expression of larger protein assemblies (Figure 17). Building on the knowledge that the Integrator contains at least 3 stable subcomplexes each was chosen for an affinity tag: INTS1 (N-terminal 3xFLAG-TEV), INTS6 (N-terminal SBP) and INTS9 (N-terminal 3xHA-3C) were chosen as bait proteins 156 . The remaining 11 subunits were cloned without tags but as full-length, independent ORFs. Expression of the genes in insect cells was confirmed by representative western blotting against the three tagged subunits (Figure 18 a). However, subsequent purification attempts via tandem affinity purification in any combination did not result in a satisfactory protein complex for structural studies. To identify a potential smaller but stable subcomplex a single-step purification for each tagged subunit was carried out. Comparing the different Coomassie gel patterns of the purified proteins did not show an obvious similarity which would indicate a stable subcomplex and unambiguous assignment of the different, co-purified protein bands was not possible. In order, to enable a more detailed analysis of the purified subunits the separate elutions of the one-step purification was sent for in-solution mass spectrometry.

Here, almost all Integrator subunits were identified, suggesting that overexpression of all 14 subunits simultaneously in insect cells was possible. Using INTS1 as a bait protein enriched 11 andINTS2, 4, 5, 7, 8, 10 and11 were missing. In the end neither bait protein was successful in enriching the entire Integrator and INTS5, 7 and 11 were not detected for any of them. Furthermore, comparing the enrichment of the purified INTS (colored dots) with unspecific insect cell proteins (grey dots) showed that most prey subunits were only enriched on background levels and many of them range reside on the lower range of detected peptides. Based on the three bait proteins we were unable to discern a common core of the Integrator which might be reproducibly purified. Intensity of the enriched prey proteins varies widely between the different bait proteins and each protein enriched a different subset of INTS.

Modularity of the Integrator complex

As neither recombinant nor endogenous purification yielded a sample indicating a successful purification of the Integrator as a whole or a submodule thereof, I decided to investigate the interactome of each reported INTS in vivo. By correlating the co-precipitated INTS by each bait I hoped to infer the internal architecture of the Integrator. In addition, the Integrator was originally identified as a 12 subunits protein complex, with 2 subunits being described later on 153,154 . It might be that some subunits are not yet discovered which are crucial for assembly and function.

As previous pull downs with transiently transfected HEK293F cells yielded only few other Integrator subunits I decided to create 14 stable cell lines each of them with a different, TAP tagged Integrator subunit. As a previous FLAG tag proved to be rather unsatisfactory regarding purity, it was replaced with a Protein A tag under the assumption that a folded protein would provide more specific epitopes than an unfolded and highly charged peptide. A detailed knowledge over the different submodules would as well be useful for future attempts to purify the Integrator by either reconstitution of submodules or optimal tag composition from endogenous purification. to a tandem affinity purification. The final elution was loaded onto an SDS-PAGE and silver stained (Figure 19 b).

Confirmation of bait protein expression and comparison of silver stain patterns

Of the 14 different cell lines all but INTS6 and INTS8 showed several well-defined protein bands.

Comparing the pattern of the co-purified proteins from the remaining 12 subunits showed that each bait protein enriched a different set of interactors as already suggested by recombinant purification of the complete Integrator. Some distinct bands could be assigned regardless. Assignment of the remaining bands was not possible due the different lane patterns as the tagged bait proteins run at slightly different sizes than their endogenous counterparts purified by different bait proteins. Also, many of the bait proteins were prone to degradation, in particular subunit 3 as shown by the multiple bands. In addition, it is possible that some of the co-enriched proteins are yet unidentified integrator subunits. A common band found in all 14 pull downs between 25 and 35 kDa is cleaved Protein A tag and does not correspond to any INTS.

INTS1

Quantitative MS of different bait proteins

In order to obtain a more comprehensive overview of the interactors of each INTS a tandem affinity purification was performed on the nuclear fraction and S100 (which contains mainly cytosolic proteins) of the different stable cell lines 192 . Despite the Integrator acting in the nucleus both fractions were analyzed in case the recombinant protein exhibits a different localization pattern or modules assemble in the cytosol and get imported later on. For nuclear extract preparation cells are lysed by douncing and the nuclei pelleted by low-g centrifugation.

The resulting supernatant contains mostly the cytoplasmic fraction and the nuclei stay intact for further processing.

The final elution of each purification was subjected to TMTplex labeling, S100 and cytoplasmic fractions pooled separately and subjected to quantitative mass spectrometry. The abundance of the detected proteins was estimated based on the Top3 i value and averaged over their abundance in all 5 IPs. Next, the relative enrichment of INTS4, INTS5, INTS7, INTS10 and INTS14 was plotted against each other (Figure 20 and Figure 21).

i Proteolytic mass spectrometry identifies proteins via unique peptides. Large proteins are more likely to yield many different unique peptides than small ones despite identical copy number. In order to correct for this the Top3 value is introduced which takes only the 3 most abundant peptides of any protein into account.

General overview of identified proteins

In course of this experiment mass spectrometry analysis detected 386 different proteins over all conditions, identifying all INTS but INTS3. Preparation of nuclear extract greatly reduced the number of detected proteins by approximately 7-fold with 376 detected proteins for cytosolic extract and 55 for the nuclear fraction (Figure 20 and Figure 21). Interestingly, no RNAPII proteins could be found. However, it is likely that association to the CTD of RNAPII is highly transient and dissociation occurred during purification. Similarly, transcription related proteins like NELF could not be identified. However, it might be that RNAPII interaction is mediated via the remaining 9 INTS. Proteins like DSS1 and WDR73 that were associated with the Integrator were missing as well, but WD73 is supposed to interact with INTS9/11 exclusively and those proteins were included as bait 153,237,238 .

Recent reports describe the association of Integrator with a phosphatase module containing PP2A [START_REF] Huang | Integrator Recruits Protein Phosphatase 2A to Prevent Pause Release and Facilitate Transcription Termination[END_REF] . Indeed PP2CA (5.61) and its scaffolding protein PP2R1A (6.03) were detected as well but only at background level. Other described interactors like RNAPII and regulating factors thereof are not detected either [START_REF] Egloff | Role of Ser7 phosphorylation of the CTD during transcription of snRNA genes[END_REF]164,166 Additional Integrator subunits were detected as well, although not all of the reported 14 members.

It is important to note that this approach was designed to detect independent modules. Integrator subunits which might be shared by the detected subcomplexes would be well abundant but their relative enrichment would be close to the zero line. 

Cryo-EM studies on the Integrator complex

The re-evaluation of the Integrator composition revealed the existence of at least 3 independent subcomplexes between 226 kDa and 257 kDa (See section 3.3). Complexes of this size are frequently solved by cryogenic electron Microscopy and I attempted to solve the structure of all three subcomplexes. The only structural information about any of these complexes was the dimerization interface of INTS9/11 157 .

INTS4/9/11

The ternary complex INTS4/9/11 was purified from insect cells as described above and subsequently subjected to cross linking gradient (GraFix) to increase the homogeneity of the sample and stabilize the complex 228 . Peak fractions corresponding to 250 kDa were pooled and used for grid preparation (see Section 7.2). An initial negative stain dataset showed that the complex was homogenous and yielded well defined 2D-classes. Subsequent attempts to vitrify the complex were only successful in UltrAUFoil grids. An initial data collection at the ESRF in Grenoble (dataset ESRF1) yielded a 4.2 Å reconstruction which was insufficient for de novo modelling. In addition, the angular distribution plot indicated a missing angle problem and showed a clear preference for a specific orientation. Attempts to overcome the missing angle problem by using different blotting methods or detergent were unsuccessful. An attempt to enrich for rare angels by collecting a larger dataset from EMBL Heidelberg (dataset EMBL) yielded a 4.1 Å map (Figure 23). Despite the small, nominal increase in resolution the map quality was significantly improved in details and connectivity but was still insufficient for de novo modelling. However, about 50% of the micrographs were collected at a relatively high defocus due to a technical error rendering the particles obsolete for a high-resolution reconstruction. As more data already improved the model significantly a third dataset was INTS11 ) as well as extensive CTDs without any predicted domains (Figure 24). Together they form a heterodimer in a head-to-head arrangement resulting in a pseudo two-fold symmetry running along their interface and their nuclease domains pointing in opposite directions. INTS9 and INTS11 possess multiple interaction interfaces along their pseudo two-fold symmetry axis (Figure 25). Although the nucleases account for the majority of molecular weight with 107 kDa, only 400 Å 2 buried surface area (BSA) were observed between them and no direct interaction could be identified (Figure 25 b andc). The CTD1 region of INTS9/11 in contrast accounts for only 11.5 kDa but revealed extensive interactions over 1,200 Å 2 BSA (Figure 25 d). This compact dimerization domain adopts a small barrel like fold with two beta sheets forming extensive intramolecular interactions (Figure 25 e). In addition, hydrophobic residues point towards the inner core of the barrel. Interestingly, this domain seems to be completely independent from the N-terminal nuclease dimer as no interaction between CTD1 and INTS9 MBL/β-CASP /11 MBL/β-CASP were found. CTD2 forms a second, independent dimerization interface for the nuclease dimer. This second composite domain accounts for 32 kDa in total with 1120 Å 2 BSA (Figure 25 f). Extensive contacts are provided by an intramolecular beta sheet as well as side chain specific, polar contacts. As already indicated by the poor density of this region, no contact with CTD1 or the nuclease dimer of this region could be found.

Comparing the structure and interaction of the two independent dimerization domain suggests that either domain would be sufficient to drive dimerization, raising the question for the reason of redundancy. A study by Wu et al., providing the crystal structure of CTD2, showed that this domain alone is responsible for dimerization 157 . By introducing targeted point mutations in the interface of CTD2 dimerization could be abolished in vivo.

We attempted to reproduce this result by mutating CTD1 and testing its involvement in dimerization. Initially truncation constructs were designed, lacking either CTD1, CTD2 or CTD1/2 of HA-tagged INTS9 (Figure 26). These constructs were co-transfected with full- INTS11 was previously identified as the catalytically active nuclease of the Integrator 153 . The structure presented here confirms that all residues required for activation are present making it a bona fide nuclease (Figure 27 d ande). Additional density in the active center suggests the presence of metal ions required for activity. However, attempts to reconstitute activity of the nuclease in vitro failed. Neither recombinant INTS4/9/11 alone nor presence of the INTS5/8 and INTS10/13/14 modules were able to process structured or unstructured RNA substrates (see Section 3.5 and Figure 36). This is likely due to the conformation of the INTS11 β-CASP domain.

In MBL/β-CASP nucleases the active center is located in the MBL domain at the interface to the β-CASP lid. Comparing the structure of INTS11 with the RNA engaged structure of CPSF73 shows that the substrate is sandwiched in a cleft between the MBL and β-CASP domain. In the state represented by this structure of INTS11, the cleft to the active site is closed off by the β-CASP lid preventing any substrate from accessing the catalytic residues (Figure 27 a andb). However, while the density for the MBL domain is well defined, it deteriorates rapidly for the β-CASP lid suggesting an inherent flexibility of this domain (Figure 24 a). The active site of INTS9 is degenerated lacking the 3 out 4 residues of the canonical HxHxDH motif for a NxYxHC motif abolishing the Zinc ion binding required for substrate processing. This, together with a distorted active site and the NAD covering the cleft to the active center render INTS9 a pseudoenzyme (Figure 27 c andf). 

INTS4 scaffolds INTS9/11 and acts as quality control mechanism

The N-terminus of INTS4 is predicted to consist of >35 helical features depending on the secondary structure prediction software. 24 of them form helix-turn-helix motifs (H1 -12) and are visible in this structure (Figure 24). Helix 1 -6 show clear features of HEAT motifs. In subsequent repeats the motif degenerates and the map quality deteriorates beyond H8 preventing register assignment after residue 345. Helical repeats 9 -12 were placed tentatively. Together the repeats adopt a crescent, solenoid shape, where the concave side encircles the nuclease domain of INTS9 while the convex side faces INTS11 (Figure 28). Despite the solenoid of INTS4 beginning in close proximity to INTS9 NAD no direct interactions are observed. HEAT 1 -5 are in contact with INTS9 MBL via several polar interactions (Figure 29 d ande). In addition, the turn in HEAT5 forms specific contacts with INTS9 CTD1 . Further contacts are found by H6 with INTS9 MBL . Between repeat 6 and 7, a proline rich sequence extends which was used as a register hallmark. Repeat 7 and 8 are in close proximity to INTS11 MBL while the last 3 repeats are wedged in between the β-CASP domains of INTS9/11 and protrude between them. It is possible that additional interactions of the following repeats with INTS9/11 exist but deteriorating map quality prevents confident side chain placement. Adjusting the contour level to a high threshold reveals additional density on top of INTS9 β-CASP (Figure 28). As all residues of INTS9/11 are accounted for and this density is clearly not helical it was identified as the C-terminus of INTS4 which has a propensity for beta sheets. Interestingly, this positively charged groove points towards the nuclease INTS11 and its active center. A second positively charged patch is formed on the opposite side, close to CTD of INTS9/11. Both patches are connected via a positively charged tunnel (Figure 30 d).

In order to test the implication of the positively charged groove on processivity a reporter assay was designed based on Ezzedine et al. 195 . Here, 200 bp of the promoter region of the U7 snRNA gene followed by the U7 snRNA coding region and 70 bp downstream was cloned upstream of an mEGFP sequence followed by a polyadenylation signal. This plasmid was transfected into HEK293T cells, together with an mCherry expressing plasmid under mammalian protein transcription signals as a transfection control (Figure 30 f). Under native circumstances Integrator should recognize the 3'-box and process the nascent RNA. All downstream elements including the mEGFP sequence should be recognized by the RNA degradation system resulting in a high mCherry and low mEGFP signal. Impairment of Integrator function leads to more readthrough and properly capped and polyadenylated mRNA is produced which leads to an increased mEGF/mCherry ratio.

The impact of the positively charged groove was measured by siRNA mediated depletion of INTS4 with subsequent rescue with different SBP-tagged INTS4 constructs. The effect of the different mutants was compared to depletion with a scrambled RNA sequence (Figure 30 g, lane 1 -3). INTS4 rescue with an empty plasmid expressing only the SBP-tag resulted in a 3-fold increased mEGFP/mCherry ratio indicating the importance of INTS4 for Integrator processivity. Rescue with WT INTS4 reduced the ratio to the same level as the control. Rescue with single mutations (K217E, K304E or R333) in the C-terminal area of INTS4 had little effect on the processivity of Integrator on the reporter (Figure 30 g, lane 5 -7). Similarly, the combination of all three point mutations showed no significant impact (Figure 30 g, lane 8). Next, positive residues close to the N-terminus of the protein were chosen (D51A, R61S, D208A, R210S and R212S). This 5-fold point mutation had a severe effect on processivity, close to no rescue of depleted INTS4 (Figure 30 g, lane 9). A similar effect was found when mutating only R210A which lead to an even higher mEGFP/mCherry ratio suggesting this residue to have a key function (Figure 30 g, lane 12). Mutations on a second positively charged patch close to the CTD had less severe effects on processivity. Residues further away from the positively charged channel (K122A, H124A and Q125A) did not affect processivity (Figure 30 g, lane 10).

However, with proximity to the channel (Figure 30 d) positively charged residues seem to be more important for processivity (H164A and R167A).

Comparison with CPSF73/100

Identification of the Integrator and its involvement in 3'-processing is based on the homology of INTS9/11 to CPSF73/100. Both heterodimers are a pair of an active and an inactive MBL/β-CASP nucleases. Recent progress in elucidating the structure of the CPSF complex has revealed detailed structural information, showing that the overall architecture of INTS9/11 and CPSF73/100 is conserved (Figure 31). Both heterodimers adopt a similar head-to-head arrangement with a pseudo two-fold symmetry axis along their dimerization interface. In either case the CTDs are tightly intertwined forming two independent dimerization interfaces (CTD1 and CDT2) (Figure 31 a andb). CTD1 is well ordered whereas CTD2 is flexible in respect to the nuclease domains and CTD1. However, CPSF73/100 was solved in context of the U7 dependent histone mRNA processing machinery and in context of the mammalian Polyadenylation Specificity Factor (mPSF) [START_REF] Sun | Structure of an active human histone pre-mRNA 3′-end processing machinery[END_REF]105 . The latter structure shows the cleavage module to be tethered to mPSF and the nuclease domains to be at a wide angle towards each other 105 . In the second structure CPSF73 is captured engaged with an RNA substrate and tightly bound by the U7 Sm-ring. Here the nuclease dimer adopts a confirmation almost identical to the one described in this work [START_REF] Sun | Structure of an active human histone pre-mRNA 3′-end processing machinery[END_REF] .

In addition, CPSF73/100 interacts directly with a helical protein Symplekin, much like INTS9/11 interact with INTS4. Despite Symplekin being a helix-turn-helix protein, it is not related to INTS4 and its mode of binding is most different (Figure 31 f -h). Symplekin binds to CTD2 of CPSF73/100 and arches towards the β-CASP lid of CPSF100 binding it head on. In addition, Symplekin and INTS4 bind on opposite sides to their respective nuclease dimer. The most striking difference between the two structures are the positions of the HEAT-repeat proteins INTS4 and Symplekin, which are believed to be functionally related. In both cases, they interact predominantly via their N-termini with the pseudonuclease (INTS9 or CPSF100) but are located on the opposite sides of their respective nuclease heterodimer (Figure 31 f -h). In addition, Symplekin NTD binds head on with only two helices to the β-CASP domain of CPSF100, while INTS4 NTD stretches along the entire MBL domain of INTS9, predominantly interacting with its loops between the helices. Due to limited resolution, we could not model the INTS4 CTD , but our map shows a large, elongated density associating with the INTS9 β-CASP domain, which we interpreted as the missing INTS4 CTD (Figure 28). The CTD of Symplekin, on the other hand, associates with a distantly located CTD2 dimer of the CPSF73/100 [START_REF] Sun | Structure of an active human histone pre-mRNA 3′-end processing machinery[END_REF] . The N-and C-terminal domains of Symplekin and INTS4 are not connected by a continuous density, indicating that a flexible, central region might be functionally important in both cases. In the end, our structure highlights that, despite similar primary sequence architecture and a bimodal binding manner, both proteins are recruited to distinct regions of their respective nuclease heterodimers (Figure 31 f-h). This work provides evidence that INTS5/8 forms a stable module in the cell. Secondary structure prediction showed both proteins to be almost exclusively helical, suggesting a scaffolding function. Purification from Insect cells yielded large quantities of stable heterodimers. Initial negative staining produced homogenous and elongated particles of similar shape with little aggregate. Subsequent 2D classification show an elongated particle shape but suggest an inherent flexibility. Cryo-grids were prepared under similar conditions as INTS4/9/11 in UltrAUFoil grids but without prior crosslinking. Data collection at a 200 kV Glacios microscope equipped with a X- FEG field emission gun and a Falcon 3EC detector at 150 kx magnification in counting mode yielded 1.1 million particles obtained from WARP processed micrographs. Subsequent 2D classification of WARP picked and extracted particles yielded well defined 2D classes. The particle appeared to be of elongated shape. The side view shows clear evidence of helical secondary structure features as expected from secondary structure prediction. Top views required for obtaining a reliable 3D model are rare and without secondary structure features. Patterns in the background indicate poor alignment driven by the particle itself as well as noise. Based on the 2D classes two helix-turn-helix proteins form a X-shaped and intertwined structure where dimerization is driven at their centers. The helix-turn-helix motifs stretch beyond the dimerization interface and become more flexible resulting in blurred features.

Several attempts to obtain a reliable 3D reconstruction with cryoSparc or Relion were unsuccessful 242,243 .

INTS3

Recent progress in understanding the function of the Integrator provided important insights into the purpose of most INTS [START_REF] Huang | Integrator Recruits Protein Phosphatase 2A to Prevent Pause Release and Facilitate Transcription Termination[END_REF][START_REF] Zheng | Identification of Integrator-PP2A complex (INTAC), an RNA polymerase II phosphatase[END_REF]171 f). Subsequent, 2D classification of a negative stain dataset in Relion reveals a defined shape with 3 different lobes (Figure 34 a andb). Vitrification according to previous complexes (see Section 1.4.1, 3.4.1 and 3.4.2) and data collection at 150 kx, counting mode on a Falcon III detector yielded 2D classes with clear secondary structure features. A subsequent 3D reconstruction yielded a density with clear secondary structure features (Figure 34 c andd). However, fitting of the previously published crystal structure of INTS3/hSSB1/SOSS-C showed no additional density.

RNA binding properties of the Integrator

Other 3'-processing machineries like the CPSF or U7 snRNP show a high specificity for certain RNA sequences (see Section 1.1.2.4). In order to investigate whether the Integrator modules, identified here, are able to bind nucleic acid or exhibit a sequence or secondary structure specific behavior electro mobility gel shift assays (EMSA) were performed. The recombinantly purified Integrator modules were mixed with a structured RNA substrate containing the 3'hairpin of U1 snRNA followed by the canonical 3'-Box required for processing in vivo and an unstructured RNA substrate of comparable length 139 . A 2-fold dilution series of each module was prepared to estimate the apparent KD of each module. All three modules alone are capable of binding RNA substrates but none of the identified complexes showed any specificity for the RNA substrate resembling the snRNA sequence required for processing in vivo (Figure 35) 206 . INTS4/9/11 and INTS10/13/14 show a similar affinity to both RNA substrates with an apparent kd of approximately 1µM. The RNA affinity of INTS5/8 was significantly lower. At the maximum protein concentration of 10 µM a fraction of the input RNA remained unbound whereas INTS10/13/13 and INTS4/9/11 shift all the available substrate at this concentration. Estimation of the apparent kd is difficult as the signal intensity of bound RNA fraction increases with the protein concentration above input level. However, the relatively low kd suggests that INTS5/8 does not contribute to RNA binding in the Integrator.

In an attempt to improve RNA affinity a possible cooperative binding effect was assessed but no increased kd for either substrate could be detected (Figure 35 d). Multiple distinct bands suggest binding of only a single module for each RNA.

Nuclease activity

As INTS11 carries the nuclease activity of the Integrator an RNA activity assay was performed according to the previously published protocol for CPSF73 244 . Identical RNA substrates as described for the EMSA were mixed with all three purified Integrator modules and compared to the native RNA substrate. None of the conditions showed any effect on either structure or unstructured RNA. Combining all modules could not reconstitute activity either (Figure 36).

Identification of C7ORF26 as novel subunit of the Integrator

Generating TAP-tagged stable cell lines of all 14 INTS aimed on the dissection of the internal architecture of the Integrator but as well on the identification of additional interactors (see Section 3.3.1 and 3.3.2). Many of the identified proteins are common contaminates derived from sample handling like keratin and dermcidin. Others are unspecific enrichments like heat shock proteins which are common interactors of ectopically expressed proteins or DNA/RNA binding proteins like RuvB, DNAJ. Among the many non-INTS hits C7ORF26 was observed to enrich strongly with INTS10/13/14 (Figure 37 a). In contrast to most other proteins no function has been assigned to this protein making it a likely candidate for an additional subunit. In order to test with which of the INTS C7ORF26 interacts an IP screen was designed where each of the canonical INTS was 3xFLAG-tagged and separately co-transfected with 3xHA-C7ORF26 in HEK293T cells. Immunoprecipitating 3xHA-C7ORF26 (see Section 2. To confirm the interaction of C7ORF26 with INTS10 both proteins were cloned into a pBIG1 vector for expression in insect cells. After performing a tandem affinity purification with the 8xHis-tag of C7ORF26 and the SBP-tag of INTS10 a heterodimeric protein complex with an apparent 1:1 stoichiometry was obtained. INTS10/C7ORF26 was injected on a size exclusion column where the heterodimer eluted in a symmetric peak. As INTS10 is as well part of a complex formed together with INTS13/14 a pBIG1 vector containing all the four proteins was designed. Interestingly, the correct tag combination changed the result of the purification significantly. Tagging INTS10 and C7ORF26 resulted in an almost complete loss of INTS13/14 confirming the observation from the IP (Figure 37 

Discussion

With the recent progress in cryo-EM data collection and processing it is possible to study increasingly complex and low abundant protein complexes 222 . However, methods for obtaining such difficult samples are still poorly established. A significant part of this work was dedicated to exploring these methods. In the end I was able to establish an efficient protocol to study the Integrator composition by dividing the multi subunit machinery into different modules with the aim of subsequent reconstitution.

In addition, I was able to structurally characterize the cleavage module of the Integrator and suggest an activation mechanism based on its similarity to its homolog CPSF73/100.

Endogenous purification

Multiple studies report purification of the 14 subunit Integrator complex by employing standard IP protocols with single bait proteins and western blotting against the remaining subunits. By simply upscaling this approach I attempted to enrich enough material for biochemical studies. However, after using multiple different baits none of the IPs was able to enrich sufficient material for further studies, and produced significant excess of bait protein which would interfere with any additional assay. Initial assessment of captured Integrator subunits was performed by gradient centrifugation and revealed the majority of the bait protein to be in a monomeric state. This is to be expected as a viral CMV promoter was used for overexpression which usually leads to protein concentrations several magnitudes higher than any endogenous binding partner 245 . Nonetheless, additional tailing into higher molecular weight fractions indicated a fraction of the bait protein to be in an oligomeric state. As tailing only appeared towards higher molecular weight fractions, but not into the lower MW fractions it is unlikely to be an artefact of overexpression and overloading the gradient. However, no signal appeared in fractions that would correspond to a MW of 1.4 MDa as indicated by literature 153,160 . Interestingly, other studies report endogenous INTS2 to be in higher molecular weight fractions using similar techniques as used in this work 146,153 . The severe discrepancy of the native Integrator migration reported, and the bait protein used in this study suggests a highly inefficient incorporation into the native complex and a significantly flawed experimental design. Classic approaches used for troubleshooting complex formation includes optimization of tag positions. However, successful IPs of the full Integrator have been reported by using multiple different subunits including INTS11 as performed in this study 153,154,157 . Another explanation is that the Integrator is a very transient complex consisting of different modules that assemble only on a substrate. Unfortunately, it is still not clear what represents the exact substrate of the Integrator, in particular as a multitude of different genes and RNA classes are identified as its targets [161][162][163][166][167][168]170,246,247 . Failure to capture the full Integrator might as well be a result of a very low affinity of the different subunits. Simultaneous overexpression of all INTS might increase successful complex formation and sample yield. However, due to a lack of an efficient mammalian co-expression system this approach was not tested. Subsequent attempts to purify and identify at least the submodules detected by gradient centrifugation resulted in clear bands of the overexpressed bait protein, but additional bands were only faintly visible if at all. Even transient expression of INTS9 failed to efficiently capture the well-established binding partner INTS11, indicating that a short, but strong expression of a bait protein is not sufficient to compete with endogenous INTS9 or simply very low abundance 155,157 . In order to obtain suitable amounts of sample for cryo-EM studies, vast quantities of expensive cell culture media would be required. In addition, the current approach led to significant excess of captured bait protein which would have to be removed for further studies. It is possible that other endogenous purification approaches as genomic tagging or the production of stable cell lines would be more suitable to capture the Integrator, however, given that this complex is still poorly characterized it is difficult to predict which subunit should be tagged to obtain a stoichiometric complex.

Recombinant Expression

Insect cells and baculoviral based expression systems have been used successfully in the past for the assembly of large protein complexes. The original publication describing the biGBac system shows the successful combination of 25 genes in a 49 kb plasmid 226 . It is reasonable to assume that the 14 INTS assembled in a 52 kb plasmid would also be within range of the capabilities of this system. Initial test purifications by expressing the known interactors INTS9/11, INTS3/6 and INTS1/12 showed promising results and yielded soluble protein, suggesting that this system could be suitable to produce the full Integrator. However, subsequent expression and purification attempts with all 14 recombinantly expressed INTS proteins did not yield a promising sample. Single step IPs with each of the different modules resulted in differing Coomassie patterns. This is not surprising considering that large protein complexes usually consist of multiple modules that assemble in a stepwise manner. Each bait might therefore enrich a different subset of INTS more strongly and purification via multiple tags might be required for a stoichiometric assembly. However, it might as well be possible that unfavorably placement of tags or mutually exclusive subunits could be responsible for different gel patterns. Subsequent in-solution MS showed enrichment of different sets of proteins by each bait, suggesting that not all INTS are equally suitable to enrich the full Integrator. However, neither bait protein was successful in enriching the full Integrator. INTS5, INTS7 and INTS11 could not be detected at all. However, at least INTS9 is expected to enrich INTS11. The only explanation for the absence of INTS11 is a loss of expression of this subunit due to corruption of the donor plasmid integrated into the Baculovirus genome. Integrity of the pBIG2abc vector containing all 14 subunits could be verified by analytical restriction digestion followed by agarose gel electrophoresis. Subsequently, the 52 kb donor plasmid had to be integrated into the roughly 140 kb Baculovirus genome 248 . Initial attempts showed that integration of a plasmid of this size was significantly less efficient than integration of plasmid carrying only two of the ORFs as done for INTS1/12, INTS3/6 or INTS9/11. Here, PCR based detection confirmed the presence of all 14 INTS, but it cannot be excluded that the plasmid was already corrupted at this stage and existed as multiple fragments. After transfection into SF21, it was impossible to continue tracking of Baculovirus genome integrity. A literature review revealed that Baculoviruses are not capable of integrating unlimited DNA amounts into their genome. After a certain size, efficiency of the Baculovirus capsid assembly decreases drastically. Viruses that have lost genes have a significant advantage in reproduction due to more efficient capsid assembly and compete with the viruses that still contain the full donor plasmid.

The assumption that an exemplified detection of the tagged INTS would suffice to show expression proved to be wrong. It was assumed that recombination events would be random and that multiple such events would occur and that subunits would be lost at random resulting in multiple viruses each expressing a different subset of genes. However, the lack of three specific subunits, indicates either a preference for specific subunits or loci or the occurrence of a single recombination event. Interestingly, all three subunits are located close to the transposition sites of the transfected plasmid which will be closest to the Baculoviral genome, suggesting that the peripheral regions are more stable. In an attempt to overcome this problem, the donor plasmid was split into two smaller plasmids, each carrying half of the INTS but this did not result in more promising results. Here, it was difficult to evaluate the efficiency of each virus. Considering that each virus contained a random collection of subunits without information about internal integrator architecture cotransfection of two viruses was crucial to allow a full assembly. With sufficient knowledge of submodules, it might have been possible to divide the ORFs accordingly, allowing the Integrator to assemble upon lysis. In addition, undescribed subunits of the Integrator might have been required for the full assembly.

With that many variables it was not possible to pinpoint why recombinant expression of the Integrator failed. Successful troubleshooting without further information about the Integrator seemed unlikely and therefore the recombinant expression of the full Integrator was abandoned.

Modularity of the Integrator

The initial experiments of my PhD focused on obtaining the full Integrator by either recombinant or endogenous purification but yielded no encouraging results. Interaction of the Integrator had only been shown by immunoblotting and ominous protein gels with significantly more bands than expected 153,166 . In addition, several publications claimed only a subset of INTS to be required for snRNA processing. Furthermore, yet other interactors had been postulated 166,195 . This, combined with the urgent need for more information about the internal architecture of the Integrator prompted a thorough re-evaluation of the direct interactome of each INTS to identify stable sub-modules and their relation to each other.

Generation of stable cell lines

Comparing the silver-stained SDS-PAGE obtained from a 2-step purification from nuclear extract of each stable mammalian cell line showed very distinct gel patterns for all bait proteins but INTS6 and INTS8. All lanes were clear of minor bands or smears characteristic for unspecific binders suggesting that the identified proteins were indeed direct interactors of the bait proteins. This proved to be a significant improvement over previous attempts relying on large scale, but transient transfection of bait proteins. The relative inefficiency of transient expression is most likely due to low endogenous protein levels and lack of sufficient interaction partners for the bait protein. Consequently, most of the bait protein is prone to aggregation due to missing stabilizing interaction partners and unspecific interactors like chaperones. In contrast, a consistent expression of a bait might enable the capture of low abundant interactors with a slow turnover. Furthermore, transient transfection of suspension cells could only be performed with approx. 20 % efficiency. Antibiotic based selection of stable cell lines has the potential for significantly higher transfection rate, despite being a polyclonal mixture, which might contribute to an increased yield. Regardless of the improved capture of INTS and the apparent specificity of the system, none of the bait proteins seem to have enriched the full 14 subunit Integrator complex. Differences in lane patterns might be a result of various modules existing in the cell or an indication that the full Integrator might not exist. However, the latter is unlikely as the original study could show co-elution of the 12-subunit Integrator complex by size exclusion chromatography on nuclear extract 153 . Co-migration of many INTS was as well confirmed by gradient centrifugation in several independent studies 146,170 . Furthermore multiple reports implicate most of the INTS in identical cellular processes and ChIPseq experiments showed similar binding patterns of INTS in promoter proximal regions 161,167,170 . However, those studies describe the Integrator under native conditions, whereas the approach used here is designed to purify only the most stable associated interactors with each bait protein. A possible, transient or weak binding is likely lost during the large-scale purification process. In addition, it cannot be excluded that certain cellular signals like phosphorylation might be required for full assembly. An example for this is the phosphorylation pattern of RNAPII CTD . Here, a defined Ser-5, Ser-7 di-phosphorylation is required for Integrator recruitment [START_REF] Egloff | Role of Ser7 phosphorylation of the CTD during transcription of snRNA genes[END_REF]164 . However, at this stage it is not possible to tell whether certain posttranslational modifications, specific substrates or other factors are required for assembly and extensive cell-based experiments beyond the scope of this work would be required. Despite not being able to purify the entire Integrator this approach still had potential to provide insights into the different Integrator modules which might be used for a reconstitution of the full complex later on. However, direct assignment of the different products based on size was not possible as most of the INTS are close to 100 kDa and gave overlapping band signals. Differences in MW of the bait protein to the native version due to the uncleavable SBP-tag further complicate subunit assignment. Based on hallmark subunits that are very distinctive, e.g. INTS1 and INTS2, certain estimates could be made. However, in the end, it was not possible to infer the internal Integrator architecture from this gel alone.

Quantitative Mass Spectrometry

Based on the gel pattern it was not possible to deduce the internal architecture of the Integrator. To obtain a more detailed picture of the proteins enriched in the 2 nd step elution of the purifications, the bait proteins INTS4, INTS5, INTS7, INTS10 and INTS14 were subjected to TMT-plex labelling and analyzed by Mass spectrometry. For completeness the tandem affinity purification was performed on the cytoplasmic fraction as well (see Section 3.3.1 and 3.3.2).

Nuclear extract preparation improves specificity for Integrator purification

Comparing the total number of co-purified proteins from cytosolic vs nuclear fractions confirms the importance of preparing nuclear extract before beginning an affinity purification. A tandem affinity purification from the cytosolic fraction co-precipitates many more contaminants, while a purification from the nuclear fraction yielded more INTS. The detection of only 42 non-Integrator subunits from the purifications starting from nuclear extract confirms the specificity indicated previously by silver staining. In contrast, 366 non-Integrator subunits were detected in the cytoplasmic fraction but only 10 INTS. Other common contaminants, e.g. Keratin or actin are introduced by improper sample handling, (skin contamination by the experimenter) or chaperones, which are frequently identified by overexpression of bait proteins. In addition, the Integrator is an RNA/DNA interacting complex. Contamination with secondary interactors bridged via RNA or DNA is likely and can explain the presence of DNA damage proteins, helicases and splicing related factors.

Tandem affinity purification and stable cell line generation greatly enhances IP specificity

Co-precipitation of almost all INTS by five bait proteins confirmed the notion that most INTS form one complex in cells, in particular when considering the achieved specificity. Most of the detected INTS are amongst the most abundant hits, others including INTS1, INTS6 and INTS12 are only poorly enriched. This could be explained by different endogenous expression levels or a loose association with the bait proteins via indirect contacts or small interfaces. Interestingly, INTS10 is detected in the cytosol but not in the nucleus despite enriching INTS13/14 in either case. This contradicts the general trend that more INTS were detected in the nucleus. It is possible that import of INTS10 into the nucleus is very inefficient or has a regulatory function therefore accumulating in the cytoplasm.

INTS3 does not co-precipitate in either condition

INTS3 and INTS6 are predicted to be part of a DNA damage repair complex with other proteins including SOSS-B and SOSS-C 158,159 . However, neither SOSS-B nor SOSS-C are associated to the Integrator but due to their small size (< 20 kDa) they are inherently difficult to detect by MS. A reverse experiment with INTS3 as bait would be important in order to see whether INTS3 association with INTS6 is mutually exclusive with enriching other INTS. In particular as INTS6 is significantly enriched in specific situations (Nuclear fraction -INTS14 vs INTS5) and should have co-precipitated INTS3 as both proteins form a stable dimer.

Other reported Integrator interactors

Despite being functionally associated to RNAPII, no polymerase proteins could be found. However, it is likely that association to the CTD of RNAPII is only transient and dissociation occurs during purification. Similarly, transcription related proteins like NELF could neither be identified, despite reported co-localization in cells [166][167][168] . However, their interaction is most likely indirect and bridged via RNAPII. In addition, it is possible that RNAPII interaction is mediated via the remaining 9 INTS not included in this MS screen. Proteins like DSS1 and WDR73 that were associated with the Integrator are missing as well, however those proteins have only been identified in one study each and are not considered parts of the canonical Integrator 153,237,238 .

Identification of different Integrator modules

Evaluation of direct interactors was based on the relative enrichment of the different bait proteins. However, this means that proteins that bridge two modules would be well abundant but equally enriched by either bait, effectively cancelling out each other's enrichment. Intriguingly co-precipitation of INTS2/7, INTS4/9/11, INTS5/8 and INTS10/13/14 is a reoccurring feature of the MS screen. INTS9/11 is a well-established interaction and INTS4 was reported as an interactor of both at the time this screen was evaluated, confirming the effectiveness of this approach 239 . INTS5/8 are two subunits that were later on associated with the newly discovered phosphatase function and a direct interaction was indicated independently of this experiment [START_REF] Huang | Integrator Recruits Protein Phosphatase 2A to Prevent Pause Release and Facilitate Transcription Termination[END_REF] . In particular, the complex INTS10/13/14 is interesting. The original publication describing the Integrator for the first time used INTS10 as a bait protein but failed to identify INTS13 and INTS14 153 . As shown in this work INTS13 and INTS14 are direct interactors of INTS10 suggesting that the original composition of the Integrator might be incomplete and contain wrongly assigned subunits. In particular, the complete absence of INTS3 is intriguing as this subunit is missing in the recently reported structure of complete INTAC as well [START_REF] Zheng | Identification of Integrator-PP2A complex (INTAC), an RNA polymerase II phosphatase[END_REF] . It was not possible to infer any information regarding the position of INTS1, INTS3, INTS6 and INTS12 regarding interaction partners. This is most likely due to a general low abundance of these INTS. A broader evaluation of this experiment using those four subunits as bait proteins would greatly enhance understanding of INTS modules and their relation to each other. In particular the position of INTS2 and INTS7 could be central for scaffolding the Integrator. It is interesting that all modules were detected in the cytosol as well as in the nuclear extract. This might be a result of a contaminated cytosolic fractions or an artefact due to the stable cell line generation. Another possibility is formation of the described modules in the cytoplasm and subsequent import into the nucleus. On the other hand, INTS6, INTS7 and INTS12 were only detected in the nucleus. Interestingly, INTS10 was only found in the cytoplasm which might be an artefact due to very low abundance. Despite the many Integrator subunits, other proteins were detected to strongly associate to the utilized bait proteins. In particular INTS10 seems to enrich factors including ZMYND8 and C7ORF26. The latter factor was eventually confirmed to be a direct interactor of INTS10. Both proteins were described previously in context of the Integrator. C7ORF26 was suggested as an direct interactor and ZMYND8 is supposed to play a key role in transcription regulation, thus overlapping with the Integrator in function 249 . Nonetheless, it cannot be excluded that the Integrator exists as a 14-subunit protein complex. It is possible that many of the poorly enriched subunits are required to bridge the identified modules. Different expression levels of subunits as well as their stability might greatly influence their availability in the cell. In addition, detection might be hindered by MS issues e.g., few trypsin sites or hydrophobic peptides. Overexpression of single subunits might not work if other factors are missing, which are required for their stability. Such a mechanism was suggested for INTS1 which is stabilized by INTS12 160 . In addition, previously published functional data shows that almost all of the Integrator subunits are required for transcription attenuation and processing of snRNA 161,195 . In addition, it is possible that the integrator is highly modular and assembles only upon recognition of a proper substrate or that some of the 14 Integrator subunits are mutually exclusive.

Confirmation of Integrator modularity in vitro

In order to confirm the existence of the identified modules they were co-expressed in insect cells, purified and analyzed by SEC. Of the four identified modules only INTS4/9/11, INTS4/8 and INTS10/13/14 produced soluble protein complexes. Recombinant expression of INTS2/7 was unsuccessful. Most likely another subunit is required for its stabilization. Confirming the existence of at least three modules in vivo and in vitro might hint towards an assembly pathway of the Integrator. Interestingly, all three modules are associated to different functions. INTS4/9/11 is clearly the nuclease module required for 3'-processing activity. A recent crystal structure of INTS13/14 revealed the adoption of two Ku80-like domains and a function for nucleic acid binding was proposed 146 . This would fit well with the observation of INTS4/9/11 and INTS10/13/14 interacting weakly with each other.

INTS8 was recently identified as being required for recruitment of the PP2A phosphatase module [START_REF] Huang | Integrator Recruits Protein Phosphatase 2A to Prevent Pause Release and Facilitate Transcription Termination[END_REF] . It is tempting to speculate that all three functional modules assemble together on a common scaffold. INTS2/7 would be a prime candidate for such a scaffold as both proteins are well enriched by INTS5/8 and INTS4/9/11. It would be interesting to see whether the nuclease and the phosphatase module of the Integrator are coupled in function or whether both can act independently and might exist as functional subcomplexes. et al 146 . The Integrator as a transcription regulator that recycles stalled RNAPII would require substrate promiscuity. In addition, it would explain why the Integrator colocalizes at different gene structures like mRNA, eRNA, lncRNA, miRNA and snRNA 162,163,168,205,206 . Even processing of telomerase RNA template has been reported despite this RNA being a well-established RNAPIII substrate 247 . Substrate affinity of the related mPSF has been shown to be in the low nM range and thus approximately 1000-fold lower than the reported affinity for any of the substrates or modules used in this study [START_REF] Clerici | Structural insights into the assembly and polyA signal recognition mechanism of the human CPSF complex[END_REF] . A subsequent RNase activity assay showed no activity either. However, in this setup only eight of the described 14 INTS were used. A similar assay performed with the yeast CPSF complex shows activity only upon co-expression of several modules. Purification of single modules with subsequent mixing as performed in this study did not produce an active complex. The recently solved structure of the histone pre-mRNA processing machinery shows CPSF73 engaged to its substrate. In this conformation the β-CASP lid of CPSF73 is held open by a small peptide from LSM10 [START_REF] Sun | Structure of an active human histone pre-mRNA 3′-end processing machinery[END_REF] . Given the striking structural similarity between both machineries it is likely that a similar mechanism exists for INTS11 activation.

Modularity of the Integrator in context of the INTAC

While summarizing this work the structure of an almost complete Integrator-PP2A complex was published by Hu et al [START_REF] Zheng | Identification of Integrator-PP2A complex (INTAC), an RNA polymerase II phosphatase[END_REF] . This study provides detailed structural information about the Integrator and puts it into context of the PP2A phosphatase module. Purification of the Integrator was achieved by co-transfection of all INTS into HEK293Expi cells with a 4-fold Protein A tag on 4 different subunits. A similar approach was dismissed in this work due to inefficient transfection rate of suspension cells ranging around 20 %. The overall structure confirms the observation of this study regarding the internal architecture of the Integrator. The core of the INTAC is made of INTS1/2/7 which form the scaffold for the remaining modules. INTS4/9/11 and INTS5/8 bind at different ends of the INTAC core confirming our observation of independent modules. Overall, our model and the INTAC are in quite good agreement with each other with an RMSD of 2.2 Å over 5,400 atoms. However, several regions in the nuclease domains show significant differences in register assignment. Analyzing this discrepancy and comparing it to secondary structure prediction suggests that the model presented in this study is more likely to be correct. Additional differences can be found for INTS4. In the density determined here, map quality deteriorates rapidly after residue 360 and the HEAT motif degenerates in this region. Interestingly, the density provided by Hu et al. suggests an additional protrusion similar to proline rich repeat observed between Helix six and seven. Beyond that region, register assignment of Hu et al. is well reflected in the side chain density whereas before that region our model seems to be better suited to explain the density, suggesting that indeed a part of INTS4 is protruding in that area. The functional implications of that feature are yet to be explored. 

The future of Integrator research

While conceptualizing this work, information on the architecture and mode of function of the Integrator was scarce. This work adds to the understanding of modularity of the Integrator. Submodules described here are likely to exist in vivo as well and form building blocks for the full Integrator. Solving the structure of the INTS4/9/11 cleavage module revealed the existence of the previously unknown domain INTS9 NAD . However, its function remains elusive. Based on a similar positioning to the CPSF100 PIM it is likely to be involved in recruitment of additional factors. Comparing INTS9/11 to CPSF73/100 revealed a striking conservation of domain architecture. Both nucleases exhibit a similar head-to-head arrangement with a pseudo two-fold symmetry axis and extensive Cterminal dimerization domains (CTD1 and CTD2).

Some of these findings have as well be reported with the structure of the INTAC showing the cleavage module in context of most other INTS. However, several structural questions remain. For example, INTS1 is massive scaffolding protein with 2109 aa but the structure of Zheng et al. provides information for the C-terminal 800 residues. The function of the first 1,300 residues remain elusive. Interestingly, all INTS including both catalytic subunits bind this small area of the scaffold while the only confirmed protein to be binding the NTD is INTS12 which accounts for only 51 kDa. Another open question is the position of INTS3 and its dual function in the Integrator and as a DNA damage repair machinery. In particular it is unclear whether the DNA damage repair subunits hSSB1 and SOSS-C could be part of the Integrator. It is possible that only INTS6 has double function in the Integrator and INTS3 might be a wrongly assigned subunit. Carefully designed pulldown-experiments will be required to address this hypothesis.

Furthermore, the position of the INTS10/13/14 module is still unclear. Considering the discovery of C7ORF26 as a fourth interactor makes exploring its function highly interesting. In particular as multiple results suggest an interaction with the nuclease module 146 . In addition, the nuclease module itself requires more attention. Until now all structures depict it in an inactivated state and without a substrate. Based on its structural similarity to CPSF73/100 it is likely that a single peptide is required to open the cleft between the MBL and β-CASP domains. Identification of this subunit and the peptide is key to understand regulation of the Integrator and to determine the conditions under which activation occurs. In addition, the function of INTS9 NAD needs to be explored. Most likely it is crucial for recruitment of additional factors and ultimately for nuclease activation. Answering those questions could be facilitated by improving the sensitivity for assays measuring Integrator activity.

Functionally several additional questions remain to be addressed. Despite the original description of the Integrator as being required for snRNA maturation additional RNA substrates were described in quick succession including Herpes virus miRNA, eRNA, lncRNA and finally mRNA 162,163,205,206,240,246,251 . In addition, neither this work nor Sabath et al. were able to show a sequence specificity for any of the identified modules. This is in line with the many different substrates of Integrator but is contrasted by the proposed sequence specificity for the 3'-Box for snRNAs or Herpesvirus saimiri mRNA 139,153,206 . It could be shown that Integrator accumulates at the end of snRNA coding region. It would be interesting to know whether pausing is Integrator dependent or the signal for Integrator recruitment in this case 171 . Another important aspect of Integrator function was provided by ChIPseq experiments confirming the presence of most Integrator subunits in promoter proximal regions. Here, Integrator co-localizes with RNAPII pause related factors like NELF and contributes to releasing the stalled enzyme. Together, these results suggest that Integrator is a fine tuned, global regulator of transcription. It is likely that Integrator is recruited to stalled RNAPII, resets the dephosphorylation pattern of its CTD and cleaves of the nascent RNA. In contrast to CPSF and U7snRNP dependent histone pre-mRNA processing machinery the 3'-processing activity of Integrator seems to be mainly regulative than aimed on producing functional transcripts.

How subsequent termination happens is still being in investigated. Classical pathways like Xrn2 could be shown not to affect termination and it was proposed that Integrator might have an intrinsic termination activity 168 .

It is unclear how Integrator is recruited to RNAPII CTD . Certain phosphorylation patterns could immunoprecipitate Integrator, but it is unclear how they are recognized [START_REF] Egloff | Role of Ser7 phosphorylation of the CTD during transcription of snRNA genes[END_REF]164 . In addition, it is unclear how Integrator competes for those phosphorylation signals with other RNAPII regulating complexes. It would also be interesting to identify how Integrator interacts with RNAPII. Interaction with RNAPII CTD is likely to be transient and it is possible that a state of tightly associated INT-RNAPII exists not unlike the recently solved PIC or U1-RNAPII structure [START_REF] Zhang | Structure of a transcribing RNA polymerase II-U1 snRNP complex[END_REF] . However, tackling such complex tasks requires purification of many different factors and exact knowledge about Integrator function and assembly on its substrate but should ultimately be the aim of Integrator research. First of all, I have to extend my thanks to Wojtek Galej for the opportunity to join EMBL and his research group and to learn cryo-EM. He continues to be a source of valuable information and an amazing mentor. Furthermore, I have to thank all the other team members Michal, Sarah, Estelle and Angelique for continuous support.
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Thanks for the amazing lab support from Audrey, Sylvie and Laetitia. Without you this institute would surely collapse and no work would have gotten done at all. I am also grateful for the administration team for all the help with french bureaucracy and other daily affairs. Without your assistance I would have been desperately lost. Merci! (Proudfoot, 2011; Shi and Manley, 2015). Nearly all protein-coding RNAPII transcripts are cleaved and polyadenylated by the cleavage and polyadenylation specificity factor (CPSF) (Bienroth et al., 1993; Murthy and Manley, 1992; Preker et al., 1997). The exceptions include replication-dependent histone pre-mRNAs, which are processed by a partially overlapping machinery that depends on the U7 small nuclear ribonucleoprotein particle (snRNP) (Mowry and Steitz, 1987; Pillai et al., 2003), whereas non-coding RNAPII transcripts, such as small nuclear RNAs (snRNAs), are processed by the Integrator complex (Baillat et al., 2005). The Integrator was discovered as a factor required for 3 0 end processing of metazoan snRNAs (Baillat et al., 2005), which critically depend on snRNA promoters driving transcription (Hernandez and Weiner, 1986; Lobo and Hernandez, 1989), and the Integrator is believed to couple both processes (Egloff et al., 2007). More recent studies suggest that transcription termination of human snRNA genes may also occur in an Integrator-independent manner (Davidson et al., 2020).

Since its discovery, the Integrator has been shown to be involved in several other pathways, including biogenesis of enhancer RNAs (Lai et al., 2015), telomerase RNA (Rubtsova et al., 2019), long non-coding RNAs (Nojima et al., 2018), viral mi-croRNA (miRNA) biogenesis during Herpesvirus saimiri infection (Cazalla et al., 2011; Xie et al., 2015), as well as regulation of the RNAPII transcription pause/release cycle (Beckedorff et al., 2020; Gardini et al., 2014; Rienzo and Casamassimi, 2016; Skaar et al., 2015; Yamamoto et al., 2014). Most recent studies show that the Integrator can destabilize promoter-proximally paused RNAPII, leading to nascent RNA cleavage and transcription attenuation in a wide range of protein-coding genes (Elrod et al., 2019; Lykke-Andersen et al., 2020; Tatomer et al., 2019).

Given such a broad spectrum of functions, it is not surprising that several genetic disorders have been associated with mutations in the components of the Integrator complex (Krall et al., 2019; Oegema et al., 2017; Zhang et al., 2020a).

To date, 14 unique proteins have been identified as core components of the Integrator complex (Baillat et al., 2005; Chen et al., 2012), some of which interact with additional factors (Barbieri et al., 2018; Huang et al., 2020). None of the core Integrator subunits (INTS1-INTS14) are shared with the CPSF or the histone pre-mRNA processing machinery (Baillat and Wagner, 2015). However, based on sequence similarities, INTS9 and INTS11 have been identified as homologs of CPSF100 and CPSF73, respectively (Dominski et al., 2005b). Both proteins belong to the family of metallo-b-lactamase (MBL)/b-CASP (CPSF-Artemis-SNM1-Pso2) nucleases, which play important roles in various aspects of the RNA metabolism (Pettinati et al., 2016). Nucleases from this family are characterized by the presence of seven conserved sequence motifs (1-4 in (Mandel et al., 2006). Those sequence motifs, including the characteristic HxHxDH consensus sequence (motif 2), are conserved in INTS11 but not in INTS9, implying that the two proteins form a pair of active (INTS11) and catalytically impaired (INTS9) nucleases, reminiscent of CPSF73 and CPSF100 (Dominski et al., 2005b; Mandel et al., 2006). Indeed, mutations in the putative active site of INTS11 result in snRNA misprocessing and identify it as the bona fide catalytic subunit of the Integrator complex (Baillat et al., 2005).

Yeast two-hybrid and immunoprecipitation experiments showed that INTS9 and INTS11 form a heterodimer and do not cross-react with CPSF73 or CPSF100 (Albrecht and Wagner, 2012; Dominski et al., 2005b). The interaction of INTS9 and INTS11 is mediated by the C-terminal regions of both proteins and is necessary for proper pre-snRNA processing and stable association with other integrator subunits (INTSs) (Albrecht and Wagner, 2012; Wu et al., 2017). INTS4, a HEAT repeat-containing protein, has been identified as such a direct interaction partner of the INTS9/11 dimer (Albrecht et al., 2018). RNAi-mediated depletion of all three proteins results in a higher degree of pre-snRNA misprocessing than for any other INTS, suggesting that they form a minimal INTS4/9/11 core complex, hereafter referred to as the Integrator cleavage module (Albrecht et al., 2018). In the analogous mammalian cleavage factor (mCF) and in the histone cleavage complex (HCC), the CPSF73/100 dimer interacts directly with the HEAT repeat protein Symplekin, forming a catalytic core shared between the two machineries (Kolev and Steitz, 2005; Michalski and Steiniger, 2015; Sullivan et al., 2009). This, together with similarities in the primary sequence motifs, suggests that INTS4 and Symplekin might be functionally related factors (Albrecht et al., 2018).

In the past few years, tremendous progress has been made in structural studies of the 3 0 end-processing machineries, providing first insights into the architecture of the substrate recognition modules of the cleavage and polyadenylation factor (CPF)/CPSF (Casan ˜al et al., 2017; Clerici et al., 2018; Sun et al., 2018), their recruitment to the mCF (Zhang et al., 2020b) and activation of CPSF73 within a fully assembled histone pre-mRNA processing complex (Sun et al., 2020).

In contrast, very little is known about the molecular architecture of the Integrator complex despite its emerging importance for transcription attenuation and 3 0 end processing of a wide range of substrates. The structure of a small INTS9/11 C-terminal domain 2 (CTD2) dimer provided first detailed insights into one of several interfaces between these two proteins (Wu et al., 2017); however, the majority of the cleavage module remains structurally uncharacterized. This poses several questions regarding the relative orientation of the two nuclease domains, the role of the INTS4 in assembly of the cleavage module, the mechanism of substrate recognition and nuclease activation, and how the specificity is achieved.

Here we analyzed the composition of the native Integrator complex, identified several stable Integrator sub-complexes, and report a 3.5-A ˚cryoelectron microscopy (cryo-EM) reconstruction of the 250-kDa INTS4/9/11 ternary complex. Our structure provides insights into the molecular architecture of the Integrator cleavage module, revealing a tight association of INTS9 and INTS11 and a stabilizing role of INTS4 for several mobile domains.

Comparison with other 3 0 end-processing machineries highlights the unique architecture of the Integrator's catalytic core.

RESULTS

Modularity of the Integrator complex

The Integrator complex consists of 14 different subunits (Baillat et al., 2005; Chen et al., 2012), but little is known about its internal architecture or the assembly mechanism. To gain more insights into the composition of the Integrator complex, we generated a series of stable HEK293F cell lines ectopically overexpressing tagged variants of INTS4, INTS5, INTS7, INTS10, and INTS14 (data for INTS7 and INTS14 not shown). We performed tandem affinity purification followed by quantitative mass spectrometry analysis to identify factors co-purifying with each bait protein (Figure 1A). INTS4 pull-down was used as an internal reference against which all enrichment ratios were calculated.

Using a stringent tandem affinity purification approach, we observed that each bait protein enriched a different subset of 1E). Other INTSs were also detected in our experiment, but their enrichments were significantly lower.

Because INTS4/9/11 has been described previously as a stable module of the Integrator (Albrecht et al., 2018), we concluded that two other assemblies detected here, INTS5/8 and INTS10/ 13/14, may also be similar, independent modules. To validate the newly identified subcomplexes, we expressed them in insect cells and purified and analyzed them by size-exclusion chromatography (SEC) (Figures 1F-1I). Each of the newly identified complexes eluted as a single symmetrical peak (Figures 1G and1I), indicating its biochemical homogeneity.

To reconstitute a larger core complex, we mixed all three modules at an equimolar ratio and subjected them to SEC. We observed a slight shift in the elution volume, which was also observed when mixing only INTS4/9/11 and INTS10/13/14, indicating that INTS4/9/11 and INTS10/13/14 interact with each other but not with INTS5/8 (Figures S1B-S1D). This interaction was confirmed further when the modules INTS4/9/11 and INTS10/ 13/14 were co-expressed in Hi5 cells and purified by tandem affinity purification with one tag on each module (Figure S1A)

Overall architecture of the Integrator cleavage module A ternary complex of INTS4/9/11 was produced by co-expression of full-length proteins in insect cells, followed by tandem affinity purification with an 83His tag attached to INTS4 and streptavidin-binding peptide (SBP) tag to INTS11 (Figures S2A andS2B). Using single-particle cryo-EM, we obtained a 3D reconstruction of the complex at an overall resolution of 3.5 A ˚(Figures 2 andS3-S6; Table 1).

The body of the structure is composed of two MBL/b-CASP domains of INTS9 (residues 1-506) and INTS11 (residues 1-449) facing each other in a head-to-head arrangement with a pseudo 2fold symmetry axis running along their interface (Figures 2A and2B). The C termini of INTS9 extend from the body of the complex and form a tightly intertwined composite domain, hereafter referred to as the CTD1 dimer. A small strands. Of 37 helical segments predicted in INTS4, 24 form helix-turn-helix motifs, which are clearly visible in our maps, and seven of them exhibit sequence signatures of a canonical HEAT repeat (Andrade et al., 2001).

Twelve HEAT repeat motifs (H1-H12) are well defined in our structure and constitute INTS4 NTD , which forms a curved solenoid-like structure (Figures 2C-2E). The inner, concave surface of INTS4 NTD is in contact with the MBL domain of INTS9, and H1-H5 interact with the INTS9 MBL domain by forming specific polar contacts (Figures 4B-4E). Other prominent contacts include the charged residues at the tip of H5, which interact with the CTD1 dimer, tethering it into its position (Figure 4E).

Additional contacts with the CTD1 dimer are formed by H6, which also forms a contact with INTS11 MBL .

The outer, convex surface of H7-H12 faces the nuclease domain of INTS11, but the quality of the map in this region does not allow us to confidently assign an amino acid register. It is possible that additional contacts between the two proteins exist.

Importantly, the simultaneous interaction of INTS4 NTD with INTS9 MBL and INTS11 MBL via its inner and outer surfaces locks the relative orientation of the two nuclease domains, which would otherwise be associated loosely. Similarly, the CTD1 dimer does not form any contacts with the nuclease domains 

Structural implications for RNA substrate binding

We performed electrophoretic mobility shift assays (EMSAs) to assess the RNA-binding properties of INTS4/9/11 and other reconstituted sub-complexes (Figures 6A-6C). Our data show that INTS4/9/11 can form an RNP complex with its cognate pre-U1 snRNA substrate, containing the 3 0 -box signal sequence (Ciliberto et al., 1986; Hernandez, 1985; Yuo et al., 1985), but also with an unstructured single-stranded RNA (ssRNA) (Figure 6A). Similarly, INTS10/ 13/14 and INTS5/8 (to a lesser extent) exhibit RNA binding properties (Figures 6B and6C). However, in all three cases, the binding appears to be non-specific and in a low-affinity range. The lack of sequence specificity in RNA binding is consistent with the genome-wide functions of the Integrator and a broad spectrum of different substrates.

Next we wanted to find out whether INTS4 NTD could be involved in substrate binding in the Integrator complex in a manner similar to Symplekin in the HCC. In the histone processing machinery, Symplekin NTD is critical for its activity in vitro, and it bridges the CPSF73/100 dimer to the U7snRNP, forming a cavity that accommodates the U7 snRNA:histone pre-mRNA duplex (Sun et al., 2020). Analysis of the surface electrostatic potential of the INTS4/9/11 complex reveals a highly positively charged cavity formed by all three proteins (Figures 6F and6H). This composite cavity is formed between the INTS9/11 MBL domains and traces along the concave side of INTS4 leading toward the INTS11 b-CASP domain (i.e., the nuclease active site). In contrast, a similar charged surface is not present at the equivalent position in the CPSF73/100 complex, and neither do we see any other charged surfaces in the INTS9/11 dimer in a place that would correspond to histone the pre-mRNA binding site in the HCC. Interestingly, the side chains in the helix-loop-helix motifs of INTS4 NTD point toward the putative RNA-binding groove in a manner resembling the Symplekin NTD , where the corresponding loops bind the phosphate backbone of the H2a pre-mRNA.

We performed mutagenesis of the charged residues in INTS4 and INTS11, which are involved in formation of this positively charged surface, and analyzed their effect using our U7 snRNA reporter in vivo. Of seven point mutations tested, three impair the Integrator's 3 0 -processing activity (INTS11 K462E , INT-S4 H164A/R167A , and INTS4 R210A ) (Figure 6D). Comparison with the histone pre-mRNA processing machinery reveals unique architectural features of the Integrator complex The arrangement of the INTS9/11 heterodimer closely resembles the one observed in the related CPSF73/100 complex (Sun et al., 2020), reported to be part of the histone pre-mRNA processing machinery (Figures 7A and7B). In both complexes, the two respective nucleases are brought together by dimerization of their two consecutive CTDs. Despite a similar overall conformation, the INTS11 MBL/b-CASP domain remains in a closed inactive configuration (Figure 5).

The most striking differences between the two structures are the positions of the HEAT-repeat proteins INTS4 and Symplekin, which are believed to be functionally related (Albrecht et al., 2018). In both cases, they interact predominantly via their N termini with the pseudonuclease (INTS9 or CPSF100) but are located on opposite sides of their respective nuclease heterodimers (Figures 7F-7H). In addition, Symplekin NTD binds head on with only two helices to the b-CASP domain of CPSF100, whereas INTS4 NTD stretches along the entire MBL domain of INTS9.

Because of limited resolution, we could not model INTS4 CTD , but our map shows a large elongated density associating with the INTS9 b-CASP domain, which we interpreted as the missing INTS4 CTD (Figure 2C). The CTD of Symplekin, on the other hand, associates with a distantly located CTD2 dimer of the CPSF73/100 (Sun et al., 2020; Zhang et al., 2020b). The NTDs and CTDs of Symplekin and INTS4 are not connected by a continuous density, indicating that a flexible central region might be functionally important in both cases. Our structure highlights that, despite similar primary sequence architecture and a bimodal binding manner, both proteins are recruited to distinct regions of their respective nuclease heterodimers.

DISCUSSION

The protein composition of the Integrator complex was established using affinity purification followed by western blotting and mass spectrometry (Baillat et al., 2005). Although this approach successfully uncovered factors involved in complex formation, it could not determine its stoichiometry or inter-subunit contacts, and such architectural information remained missing. Other biochemical approaches revealed the association of INTS4/9/11 (Albrecht et al., 2018) as well as INTS3/6 (Jia et al., 2020; Skaar et al., 2009; Zhang et al., 2013). Building on these findings, we developed a method that allowed us to identify two previously unknown sub-complexes, INTS5/8 and INTS10/13/14. The latter was recently confirmed by another study (Sabath et al., 2020), which revealed the structure of the INTS13/14 dimer and its RNA binding properties.

Our findings suggests that the Integrator complex is highly modular, not unlike the related CPSF/CPF complex (Casan ˜al et al., 2017; Zhang et al., 2020b). Furthermore, we provide evidence that two of the modules (INTS4/9/11 and INTS10/13/ 14) interact with each other (Figure S1), consistent with recent reports (Mascibroda et al., 2020; Sabath et al., 2020). Notably, other INTSs were also detected in our experiment, but their abundance was much lower compared with the three complexes discussed. It is possible that those subunits are required to bridge the three modules and act as the limiting factors for the complex assembly. INTS7 would be a prime candidate for such a subunit because it is highly abundant in our MS experiment but equally enriched by INTS5/8 and INTS4/9/11 (Figures 1B and1C).

The association of the Integrator complex with 3 0 end processing was initially based on the similarity between INTS9/11 and a nuclease dimer of CPSF73/100 found in the HCC and CPSF (Dominski et al., 2005a). Our structure confirms that each dimer consists of four independent elements: a pseudonuclease domain, a bona fide MBL/b-CASP domain, and two separate CTD regions (CTD1 and CTD2) (Figures 7A and7B). In both cases, dimerization is driven by their tightly entangled CTDs, which bring the nuclease domains into close proximity.

From multiple INTS9-INTS11 interfaces, disruption of the CTD2 dimer has been shown to abolish binding of both proteins in vivo and, consequently, recruitment of other INTSs (Wu et al., 2017). This implies that an intact CTD1 is not sufficient for maintaining the interaction in the absence of the CTD2 dimer interaction or that the CTD1 dimer interface is not formed in this context.

Given the extensive CTD1 dimer interface, we believe the latter is true and that formation of the CTD2 dimer is a prerequisite for establishing the secondary CTD1 dimer interface. Indeed, impaired formation of CTD1 does not affect the interaction between INTS9 and INTS11, but it has severe consequences for recruitment of INTS4, implying that its formation plays a role in assembly of a higher-order complex. It is tempting to speculate that assembly of the INTS9/11 heterodimer may involve progressive formation of multiple interfaces nucleating with the CTD2 dimer, followed by the CTD1 dimer, which brings together two nuclease domains and allows them to form weak interdomain contacts. Structures of MBL/b-CASP nucleases reported to date show that the b-CASP domain acts as a lid that can adopt an open (Dorle ´ans et al., 2011; Sun et al., 2020) or closed (Hill et al., 2019; Mandel et al., 2006) conformation, enabling or preventing access of the substrate to the active center. INTS11 falls into the second category, consistent with not being engaged with an RNA substrate (Figure 5A). It has been noted previously that CPSF73 and its yeast homolog Ysh1 require repositioning of the b-CASP domain to achieve catalytic competence (Hill et al., 2019; Mandel et al., 2006). The mechanism of such a rearrangement has been shown recently for the histone pre-mRNA processing machinery (Sun et al., 2020). In this case, Lsm10, a component of the substrate recognizing the U7 snRNP module, provides a loop that wedges between the MBL and b-CASP domains of CPSF73, allowing the active center to be engaged with its cognate substrate (Sun et al., 2020). It is plausible that a similar mechanism might exist for the Integrator complex, but the factor that would trigger such activation remains elusive.

Our work identified a structured insertion in INTS9 MBL , referred to as the NAD domain (Figures 2 and7). To our knowledge, this domain is unique to INTS9 and is not present in any other member of the MBL/b-CASP family. Notably, CPSF100 contains an unrelated, disordered insertion (approximately 145 residues) in a different region of the b -CASP domain (Figures 7A-7E and S7). This insertion has been shown recently to contain a linear sequence motif (mPSF interaction motif [PIM]) that is crucial for recruitment of the mammalian polyadenylation specificity factor to the mCF (Zhang et al., 2020b). It is tempting to speculate that the NAD in INTS9 might serve a similar purpose for recruitment of other INTSs. If true, then this observation would support a more general mechanism shared between different 3 0 end-processing machineries, where the inactive nuclease subunit mediates interactions with other modules to bring them into proximity of the endonuclease active site.

In a recent report (Zhang et al., 2020b), the nuclease domains of CPSF73 and CPSF100 in the mCF were captured at a wide angle, very different from our arrangement. A similar open arrangement has not been observed for the Integrator complex, but it is possible that such a configuration exists in the absence of INTS4. Our data suggest that INTS4 plays a role in achieving a compact nuclease/pseudonuclease configuration resembling that observed for CPSF73/100 in the histone-processing machinery (Sun et al., 2020).

INTS4 has been identified previously as a ''Symplekin-like'' factor (Albrecht et al., 2018) because both proteins interact directly with their respective nuclease heterodimers, and the resulting core complexes are critical for the activities of the corresponding machineries (Kolev and Steitz, 2005; Michalski and Steiniger, 2015; Sullivan et al., 2009). INTS4 and Symplekin are mostly a-helical HEAT repeat proteins and appear to be composed of two separate domains. Our structure reveals striking differences between the positions of INTS4 and Symplekin with respect to their nuclease heterodimer partners (Figures 7F-7H). Both proteins interact mainly via their NTDs with corresponding pseudonucleases (INTS9 or CPSF100) but are located on the opposite side of each complex. The CTD of INTS4 is poorly resolved in our map but identified unambiguously near the b-CASP domain of INTS9. An equivalent CTD domain of Symplekin binds the CPSF73/100 dimer at a very distant CPSF73/100 CTD2 dimerization domain (Zhang et al., 2020b). Such a differential binding mode is unexpected, given the high similarity of the nuclease heterodimer structures. This raises the question whether INTS4 and Symplekin are indeed functionally related. It is likely that the differences observed here are the result of a specialization of each machinery developed to recognize and process different sets of substrates. However, in principle, other INTSs could bind INTS9/ 11 in a manner resembling Symplekin binding, even in the presence of INTS4. Also, it cannot be excluded that each machinery could undergo a conformational rearrangement during assembly, and the two structures compared here may not represent the same functional state.

Our analysis revealed that INTS4/9/11 forms a highly electropositive composite groove leading toward the active site of INTS11, strongly suggesting a possible path for the RNA substrate within the complex (Figure 6). Currently, it is not clear whether this channel would accommodate a substrate upstream or downstream of the cleavage site because, in principle, both modes of binding could be supported. Importantly, such a binding mode would be very different from the one observed for the histone processing machinery, where Symplekin NTD forms an RNA-binding cavity on the opposite side of the nuclease heterodimer. The differences observed here may represent how the specialization necessary to accommodate different substrates or substrate recognition modules is achieved. However, despite the very different architecture of each complex, we recognize that the design principles of both machineries have some important similarities. Nuclease dimer formation and recruitment of two unrelated helical proteins may functionally play analogous roles in creating a substrate binding cavity. Functional characterization of additional modules identified in this work, in particular identification of the substrate binding module and the factors required to trigger nuclease activity, will be crucial to understand the underlying mechanism and the specificity of the Integrator complex.

While this manuscript was under review, a structure of the integrator-containing PP2A-AC complex (INTAC) was reported (Zheng et al., 2020), providing new insights into the architecture of a nearly complete Integrator complex and its function as a non-canonical RNAPII phosphatase. This new structure comprises two of the modules discussed in this manuscript, INTS5/ 8 and INTS4/9/11, which localize to opposite sides of the complex and do not interact, consistent with our biochemical data. INTS10/13/14 is present within the INTAC complex but not resolved in the cryo-EM map. INTS4/9/11, described by Zheng et al. (2020), shows overall good agreement with our structure (RMSD of 2.2 A ˚over 5,400 atoms), with only minor discrepancies in the amino acid register in the middle part of INTS4 (residues 280-340). The atomic coordinates of INTS4 CTD can be readily fitted into the density attributed to this domain in our map. Interestingly, INTS11 remains in an inactive state despite numerous other components present in the complex, and its nuclease activation mechanism remains unknown.

Limitations of study

Our tandem affinity purification approach was designed to detect abundant sub-complexes containing unique components. Low-abundant INTSs, which were not enriched sufficiently in our analysis, might bridge different modules in vivo. Therefore, we cannot exclude the possibility that each of the modules described here could also exists within a larger assembly.

In addition, the nature of the control in our pull-down experiment (INTS4) implies that subunits shared between different sub-complexes would be well abundant but not enriched by either bait protein.

The RNA-binding properties of all three modules were tested in vitro on a model substrate. Although we observed reproducible and consistent formation of an RNP complex between INTS4/9/11 and the model substrate, we cannot prove that this binding is mediated by the electropositive patch identified as a putative RNA-binding surface. Mutagenesis of this surface and an in vivo assay (Figure 6) suggest that this surface is functionally important; however, INTS4 residues with the strongest misprocessing effect are also partially involved in binding of INTS9, and their mutation may have a more convoluted effect.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following: Freestyle media to a density of 1x10 6 cells/ml and harvested at 300 g (JA14) for 10 min and 4 C. The cells were disrupted and fractionated following Dignam's nuclear extract preparation protocol (Dignam et al., 1983) Nuclear extract and S100 fractions were frozen in liquid nitrogen and stored at À80 C until further use. The S100 or the nuclear extract fractions were thawed, and incubated with IgG beads for 2 h on a turning wheel at 4 C. Subsequently the beads were washed with Buffer3 (150 mM KCl, 20 mM HEPES-KOH pH 7.8) and 200 mL Buffer3 containing 12.5ug of TEV protease was added to the IgG beads to elute the proteins.

d KEY RESOURCES
The digestion was performed at 20 C for 90 min and the resin was additionally eluted 4 times with 200 mL of Buffer3. The elution fractions were pooled, added to Steptavidin beads and incubated again for 90 min on a turning wheel at 4 C. Subsequently, the beads were washed and eluted in 70 mL Buffer4 (150 mM KCl, 20 mM HEPES-KOH pH 7.8, 10 mM desthiobiotin). The eluate was spun down at 17,000 g and 4 C or 5 min, the supernatant collected and flash frozen in liquid nitrogen and stored at À80 C or on dry ice until further use.

For the mass spectrometric analysis, 40 mL of SBP elution fractions obtained from nuclear extract (INTS4 and INTS5, shown in Figures 1B and1C) or S100 fraction (INTS4 and INTS10, shown in Figures 1D and1E) were subjected to an in-solution tryptic digest using a modified version of the Single-Pot Solid-Phase-enhanced Sample Preparation (SP3) protocol (Hughes et al., 2014; Moggridge et al., 2018). Samples were added to Sera-Mag Beads (Thermo Scientific, #4515-2105-050250, 6515-2105-050250) in 20 ml 15% formic acid and 60 ml of ethanol. Binding of proteins was achieved by shaking for 15 min at room temperature. SDS was removed by 4 subsequent washes with 200 ml of 70% ethanol. Proteins were digested with 0.4 mg of sequencing grade modified trypsin (Promega, #V5111) in 40 ml Na-HEPES, pH 8.4 in the presence of 1.25 mM TCEP and 5 mM chloroacetamide (Sigma-Aldrich, #C0267) overnight at room temperature. Beads were separated, washed with 10 ml of an aqueous solution of 2% DMSO and the combined eluates were dried down. Peptides were reconstituted in 10 ml of H 2 O and reacted with 80 mg of TMT10plex (Werner et al., 2014) (Thermo Scientific, #90111) label reagent dissolved in 4 ml of acetonitrile for 1 h at room temperature. Excess TMT reagent was quenched by the addition of 4 ml of an aqueous solution of 5% hydroxylamine (Sigma, 438227). Peptides were mixed to achieve a 1:1 ratio across all TMT-channels. Mixed peptides were subjected to a reverse phase clean-up step (OASIS HLB 96-well mElution Plate, Waters #186001828BA) and analyzed by LC-MS/MS on a Q Exactive Plus (Thermo Scentific) as previously described (Becher et al., 2018).

Briefly, peptides were separated using an UltiMate 3000 RSLC (Thermo Scientific) equipped with a trapping cartridge (Precolumn; C18 PepMap 100, 5 lm, 300 lm i.d. 3 5 mm, 100A ˚) and an analytical column (Waters nanoEase HSS C18 T3, 75 lm 3 25 cm, 1.8 lm, 100A ˚). Solvent A: aqueous 0.1% formic acid; Solvent B: 0.1% formic acid in acetonitrile (all solvents were of LC-MS grade). Peptides were loaded on the trapping cartridge using solvent A for 3 min with a flow of 30 ml/min. Peptides were separated on the analytical column with a constant flow of 0.3 ml/min applying a 2 h gradient of 2 -28% of solvent B in A, followed by an increase to 40% B. Peptides were directly analyzed in positive ion mode applying with a spray voltage of 2.3 kV and a capillary temperature of 320 C using a Nanospray-Flex ion source and a Pico-Tip Emitter 360 lm OD 3 20 lm ID; 10 lm tip (New Objective). MS spectra with a mass range of 375-1.200 m/z were acquired in profile mode using a resolution of 70.000 [maximum fill time of 250 ms or a maximum of 3e6 ions (automatic gain control, AGC)]. Fragmentation was triggered for the top 10 peaks with charge 2-4 on the MS scan (datadependent acquisition) with a 30 s dynamic exclusion window (normalized collision energy was 32). Precursors were isolated with a 0.7 m/z window and MS/MS spectra were acquired in profile mode with a resolution of 35,000 (maximum fill time of 120 ms or an AGC target of 2e5 ions).

Acquired data were analyzed using IsobarQuant (PMID: 26379230) and Mascot V2.4 (Matrix Science) using a reverse UniProt FASTA Homo sapiens database (UP000000589) including common contaminants. The following modifications were taken into account: Carbamidomethyl (C, fixed), TMT10plex (K, fixed), Acetyl (N-term, variable), Oxidation (M, variable) and TMT10plex (Nterm, variable). The mass error tolerance for full scan MS spectra was set to 10 ppm and for MS/MS spectra to 0.02 Da. A maximum of 2 missed cleavages were allowed. A minimum of 2 unique peptides with a peptide length of at least seven amino acids and a false discovery rate below 0.01 were required on the peptide and protein level (Savitski et al., 2015).

The raw output files of IsobarQuant were processed using the R programming language (ISBN 3-900051-07-0). Only proteins that were quantified with at least two unique peptides were considered for the analysis. Raw signal-sums (signal_sum columns) were normalized using variance stabilization normalization (Huber et al., 2002). Ratios were computed using these normalized TMT reporter ion signals. The top3 value is the average log10 MS1 intensity of the three most abundant peptides for each protein and serves as an estimator for the average abundance of a protein in the multiplexed mass spec run.

The mass spectrometry experiment and data analysis was conducted by the EMBL Proteomic Core Facility in Heidelberg.

RNA in vitro transcription and labeling RNA substrates for binding studies were generated by T7 run-off transcription using the Milligan transcription method from annealed template DNA oligonucleotides (Milligan et al., 1987). The U1 stem-loop 4 substrate comprises human U1 snRNA nucleotides 137-164 followed by 34 downstream nucleotides, including the 3 0 -box sequence. The control RNA is a scrambled sequence of the same size. Transcription products were gel purified, enzymatically capped with the vaccinia capping enzyme (NEB) following manufacturer recommendations and labeled with fluorescein at the 3 0 end. Briefly, the 3 0 vicinal diol was oxidized by re-suspending the RNA in 100 mL of freshly made oxidation solution (0.1 M sodium periodate and 0.1 M sodium acetate (pH 5.0)) and incubated at room temperature for 1.5 h in the dark. The reaction was quenched by the addition of 10 mL of 3 M KCl, placed on ice for 10 min, and the resulting insoluble KIO 4 was pelleted by a brief centrifugation. A thiosemicarbazide derivative of fluorescein (100 mM in DMSO) was added to a final concentration of 50 mM and incubated at room temperature for 4 h, as previously described (Hardin et al., 2015). Labeled products were purified using a denaturing PAGE.

EMSA

Fluorescein labeled RNA was adjusted to a final concentration of 10 nM, mixed with a 2-fold dilution series of purified INTS4/9/11 with a maximum concentration of 10 mM and incubated on ice for 2h. Subsequently the sample was loaded onto a 1% TBE-Agarose gel and run for 120 min at 50 V and 4 C. Gels were visualized with the Chemidoc imaging system (Bio-Rad).

Dot blot

Dot-Blots were used to trace the crosslinked protein samples after the GraFix. A PVDF membrane was incubated for 5 min in PBS and installed on a Dot blot rack (BioRad) and washed twice with 100 mL PBS. 10 mL of the crosslinked and fractionized GraFix were mixed with 100 mL PBS and blotted onto the PVDF membrane. Subsequently, the membrane was washed twice with 100 mL PBS and transferred to 5% milk in PBST. After 1 h incubation the milk was replaced by Anti-SBP antibody (Merck, cat. MAB10764), 1:5000 dilution) in 5% milk in PBST. 1 hour later, the antibody was removed, the membrane washed twice for 5 min with PBST and incubated again for 1 h with goat Anti-Mouse-IgG-HRP conjugate (Thermo Fisher, 3cat. 1430, 1:2000 dilution). Subsequently, the membrane was washed 4 times with PBST, developed with Pirece TM ECL Western Blotting Substrate (Thermo Fisher, cat. 32106, 1ml) and imaged with a Bio-Rad Chemidoc system.

GFP-based in vivo reporter assay

The reporter plasmid was cloned by inserting U7 snRNA gene (including 200 nt of the promoter and 70 nt of the downstream regions) into a modified backbone of the pFLAG_CMV10 vector (SIGMA) followed by EGFP ORF, based on the previously described design (Albrecht and Wagner, 2012).

Integrator subunit knock-downs were performed in HEK293T cells (ATCC) using Lipofectamine RNAiMAX (Invitrogen) and the following siRNAs: scrambled control (UGCACCGAGUGGCGACACCUU), INTS4 (GUAGGCUUAAGGAGUAUGUGAUU) and INTS11 (CAGACUUCCUGGACUGUGUUU) used in a previous study (Albrecht et al., 2018).

Integrator subunits for the rescue experiments were cloned into a modified pFLAG_CMV10 vector with N-terminal affinity tags: 3xFLAG for INTS11, 3xHA for INTS9 and SBP for INTS4. 3xFLAG_INTS11 was carrying silent mutations providing resistance to the siRNA treatment.

24 h before transfection, cells were seeded into 24-well plates to reach 60%-80% confluency at the time of transfection. For each condition 0.8 pmol of siRNA was diluted in 50 mL of opti-MEM and mixed with 50ul of opti-MEM containing 2.4ul of RNAi-MAX (Invitrogen). After 5 min incubation, the transfection mixture was added dropwise to each well, containing 500 mL of DMEM/10% FBS (GIBCO). After 24 h incubations the cells were split and re-seeded in a 1:3 ratio. After 24 h incubation the cells were transfected again with siRNA as described above. The following day, cells were split in 1:2 ratio, 12h before transfection of the reporter and rescue plasmids. For each well, 300 ng of the U7_GFP reporter plasmid was mixed with 50 ng of P2A-mCherry-N1 (Addgene #84329) and 300 ng of the rescue plasmids (or pFLAG_CMV10 negative control) in a total volume of 50 mL with DMEM (GIBCO), without FBS. The reporter/rescue/DMEM solution was mixed with 50 mL DMEM (no FBS) containing 1.95ul of LipoD293 (Sinagen). After 15 min incubation at room temperature, the mixture was added dropwise to each well.

Cells were harvested 36 h later by removing the media, adding 500 mL of cold PBS and gentle pipetting until the cells were detached. The harvested cells were spun down at 300 g for 2 min in a cooled table top centrifuge, resuspended in 50 ul RIPA buffer (150mM NaCl, 50mM Tris-Cl pH 8.0, 1%NP-40, 0.5% deoxycholate, 0.1% SDS) and transferred to a black, 96-well plate (Corning) for the fluorescence readout using a Clariostar plate reader.

The raw GFP fluorescence intensity (FI) was divided by mCherry FI (transfection control) and normalized against the mock-treated control. Each condition was done in biological triplicates. The error bars in the figures correspond to the standard deviation of the measurements.

After FI readout, samples were analyzed for transgene expression by western blot.

Immunoprecipitation assay HEK293T cells were seeded into 6-well plates with a density of 500 000 cells per well in 1.5 mL D-MEM medium supplemented with 10% FBS. Cells were transfected 24 h later by preparing 50 mL Opti-MEM with 1 mg of each transfected plasmid and 50 mL Opti-MEM with 3 mg PEI25k per mg plasmid for each well. Subsequently, PEI and Plasmid were mixed, incubated at room temperature for 30 min and dropwise added into the cells. After 24 h of transfection 1.5 mL D-MEM/FBS was added to each well. 48 h after transfection the cells were harvested by removing the media, adding PBS and detaching the cells by gentle pipetting. The cells were spun down, resuspended in 400 mL lysis buffer (150 mM KCl, 20 mM HEPES-KOH pH 7.8 and 0.1% Triton X-100) and sonicated for 10 s at 30% amplitude. Next, the sonicated cells were spun down using a table top centrifuge at 20 000 g at 4 C for 30 min and the supernatant was added onto affinity resin (HA agarose) to capture the bait protein. The beads and the lysate were incubated for 2h on a turning wheel. Subsequently, the beads were spun down, the supernatant removed and the beads were washed 3 times with 150 mM KCl and 20 mM HEPES-KOH pH 7.8. Finally, the beads were resuspended in SDS sample buffer and heated up to 85 C for 5 min to release bound proteins. Input and elution fractions were analyzed by western blotting.

Western blot

A PVDF membrane (Merck) was activated for 2 s in 100% EtOH and incubated for 5 min in transfer buffer (1xTris-Glycine, 20%EtOH). A wet transfer was performed for 60-90min at 30V in an Invitrogen blotting chamber. The membrane was blocked with 5% milk in PBS supplemented with 0.1% Tween 20 (hereafter referred to as PBST) for 1h at room temperature. Primary antibodies were added (anti-INTS4 -1:2000; anti-FLAG -1:5000; anti-GAPDH -1:10000, anti-HA -1:5000; all antibodies were diluted in 5% milk with PBST) and incubated for 1h at room temperature. The membrane was washed 3 times for 5 min with PBST and in case of INTS4 or GAPDH detection anti-rabbit IgG (1:10 000 in 5% milk in PBST) was added and incubated at room temperature for 1h. The membrane was washed 3 times for 5min with PBST and imaged using chemiluminescent substrate detection based on HRP (Pierce) in a Chemidoc imager (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS

The error bars in Figures 3 and6 correspond to the standard deviation of the 3 individual measurements.

For the EMSA assay (Figures 6 andS1), individual bands were quantified in Image lab (Bio-Rad) to calculate fraction of RNA bound by protein in each condition. The titration curves were modeled using a modified Hill equation, as previously described (Ryder et al., 2008). The uncertainty of the apparent Kd estimation (Figure S6) was estimated based on standard deviation of the nearest experimental titration point.
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Figure 1 :

 1 Figure 1: Gene structure of rDNA ETS: external transcribed spacers, ITS: internal transcribed spacers

Figure 2 :

 2 Figure 2: Schematic illustration of RNAPI transcription initiation CE: Control Element; UCE: Upstream Control Element; UBF: Upstream Binding Factor; TAF: Transcription activation associated factor; TIF: Transcription Initiation Factor

Figure 3 :

 3 Figure 3: Illustration of different protein coding genes and their mRNA transcripts

Figure 4 :

 4 Figure 4: Phosphorylation pattern of POLR2A during the transcription cycle Schematic Illustration of factors and stages involved in modulating RNAPII activity. CPSF: Cleavage and Polyadenylation Specificity Factor; TFIIF/H: Transcription Factor II F/H; Positive Transcription and Elongation Factor
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 5 Figure 5: Idealized promoter structure Schematic illustration of features arranged in a focused promoter. BREu/d: B recognition element upstream/ downstream; Inr: Initiator element; DPE: Downstream Promoter Element; TATA: TATA-box; MTE: Motif ten element

Figure 6 :

 6 Figure 6: Schematic illustration of RNAPII dependent transcription initiation on protein coding genes

Figure 7 :

 7 Figure 7: Molecular Architecture of the U7 snRNP dependent histone pre-mRNA processing machinery Figure based on PDB entry: 6V4X

Figure 8 :

 8 Figure 8: Schematic comparison of 3'-processing machineries of yeast and mammals Mammalian and yeast protein factors forming separate modules are surrounded by dotted lines. The corresponding binding sites on the RNA substrate are indicated. Figure adapted from: https://gsbs.tufts.edu/facultyResearch/faculty/moore-claire/research -accessed on 27.05.2021
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 9 Figure 9: Current Structural information on the human CPSF a) Tethering of the cleavage module (mCF) to polyadenylation specificity factor (mPSF). b) Interaction of the cleavage stimulating factor (CstF) with mPSF. CPSF73 -dark blue, CPSF100 -dark red, CPSF100 PIM -black, CPSF160 bright blue, CPSF30 -yellow, WR33 -green, CstF77 -pink and dark pink.Figure based on PDB entries 6V4X, 6URG and 6URO.

  Figure 9: Current Structural information on the human CPSF a) Tethering of the cleavage module (mCF) to polyadenylation specificity factor (mPSF). b) Interaction of the cleavage stimulating factor (CstF) with mPSF. CPSF73 -dark blue, CPSF100 -dark red, CPSF100 PIM -black, CPSF160 bright blue, CPSF30 -yellow, WR33 -green, CstF77 -pink and dark pink.Figure based on PDB entries 6V4X, 6URG and 6URO.
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 131 Initiation and elongation Transcription initiation differs depending on the substrate. In general, RNAPIII genes are divided into 3 different classes (Class I -III) with 5S RNA belonging to Class I, tRNA to Class II and U6 snRNA to Class III. Many other transcripts like Y RNA or 7SK show a similar promoter structure as Class III genes 126 . Interestingly, transcription initiation signal sequences of RNAPIII Class I and II genes are not found outside the coding region but within. Specific RNAPIII sequences are A-, B-or C-Boxes that are recognized by specific transcription factors. As their sequence lies within the coding region, the signal boxes are transcribed and remain part of the RNA. In some cases, posttranslational modification removes the signal boxes. Class I -5S RNA Like RNAPI dependent ribosomal RNA, 5S rDNA is clustered in multiple repeats and present on different chromosomes 127,128 . A correlation in copy number of 5S and 54S cDNA copies could be shown 3 . In vertebrates, 5S rDNA is marked by three elements: Box A, Box C and an intermediate element (IE) 129 . All three signal sequences are recognized by the 38.5 kDa TFIIIA and its 9 ZnF domains. ZnF 1 -3 bind to the Box C element while ZnF 7 -9 have been proposed to interact with Box A and ZnF 5 binds the IE sequence 129 . Interestingly, TFIIIA is specific for 5S RNA and dispensable for transcription of Class II and Class III genes. Subsequently TIIIA recruits TFIIIC which binds to the same Box A and Box C as TFIIIA and forms the platform for recruitment of TFIIIB. TFIIIC consists of 2 modules with 6 subunits each (tauA: TFIIIC63, TFIIIC102, TFIIIC35 and tauB: TFIIIC220, TFIIIC110, TFIIIC90) 130 . A recently solved cryo-EM structure of tauA suggests TFIIIC to function as a placeholder defining the distance between Box A and placement

Figure 10 :

 10 Figure 10: Illustration of different types of RNAPIII transcribed genes

Figure 11 :

 11 Figure 11: Schematic sketch of a snRNA DSE: Distal Sequence Element; PSE: Proximal Sequence Element

Figure 12 :

 12 Figure 12: Illustration of the snRNA maturation pathway SMN: Survival motor neuron 1; CBC: Cap binding complex; Ran: Ran GTPase

  in 3'-processing was based on the structural similarity of INTS9 and INTS11 to the catalytic core of canonical 3'-processing machineries. By generating cell lines with permanently transfected catalytically inactive INTS11 and subsequent northern blotting analysis Baillat et al. could detect unprocessed U1 and U2 snRNA transcripts 153 . The strong homology of INTS9 and INTS11 to CPSF73 and CPSF100 were described shortly before their description as part of the Integrator and indicated their importance for progression of the cell cycle. None of the other INTS share any homology with other known 3'-processing proteins. As neither Integrator IPs or CPSF IPs identified proteins from the other machinery they were treated as independent complexes 155 . Analyzing the remaining 12 INTS revealed most of them to lack obvious domain structures and to be almost exclusively helical consisting of Armadillo, HEAT and TPR domains 156 .

Figure 13 :

 13 Figure 13: Sequence bar representation of the Integrator complex Known sequence features and and regions with structural information are indicated. Sequence bar colouring is according to module organization.

  . The differences of both studies were suggested to be an artefact of the used cell lines 153 .The last study bySkaar et al. shows an additional function in transcription termination168 . Depletion of Integrator resulted in misprocessing of diverse gene classes including snRNA and replication dependent histone mRNA. In the end, all three studies show Integrator function to be strongly coupled to paused RNAPII and associated factors. However, each study reports different consequences of this interaction.

Figure 14 :

 14 Figure 14: Antagonistic function of INTS-PP2A and CDK9 on RNAPII transcription in promoter proximal regions

Finally

  , Integrator-PP2A was shown to regulate global transcription via a fine balanced axis with CDK9, the kinase from PTEF-b (seeSection 1.1.2.1 and 1.1.2.3) where the Integrator phosphatase and PTEF-b counteract each other, regulating the RNAPII CTD phosphorylation pattern173 . The antagonistic effect of both players was shown to regulate acute transcriptional responses from immediate early genes due to EGF stimulation. In this setup CDK9 (PTEF-b) is promoting transcription by phosphorylating RNAPII CTD , NELF and DSIF whereas Integrator-PP2A attenuates transcription by dephosphorylation of the same factors. It is important to note that INTS11 plays a minor role in regulating this axis 173 .

Herpesvirus saimiri produces 7

 7 Sm class U RNAs (HSUR) that belong to the most abundant viral transcripts and are strongly associated to T-cell leukemia 203 . Much like their host counterpart, HSURs contain a canonical Sm binding site, 3'-terminal stem loops and a 5'-TMG-cap 203 . It was shown that HSURs downregulate host miRNA-27 although it is not clear what the exact function is 204 .

Figure 15 :

 15 Figure 15: CTF curves at different defoci Curves calculated with https://www.ccina.org/stahlberg/research/tools/soft/ctf-simulation/

  respectively. The data acquisition at the ESRF was performed using the Thermo Fisher EPU software while data at the EMBL was acquired with serialEM. ESRF movies were acquired at a flux of 11.7 e • Å -2 • s -1 for 4 s and resulting in a total fluence of 46.8 e • Å -2 , fractionated into 40 movie frames. EMBL movies were acquired at a flux of 7 e • Å -2 • s -1 for 6 s resulting in a total fluence of 42 e • Å -2 , fractionated into 40 movie frames. A total of 6182 (ESRF) and 13,086 (EMBL) movies were acquired with a defocus range from -0.5 to -3merging of datasets was done with Relion 3.0. To correct for beaminduced motion Relion implemented MotionCorr2 with a 5x5 patch model without binning was used followed by CTF estimation with CTFFIND 4.1. Datasets ESRF1 (1.02 million particles) and EMBL2 (4.65 million particles) were initially processed separately with a standard Relion workflow, yielding two density maps with 4.08 Å (118 k particles) and 3.98 Å (84 k particles) resolution respectively.

  Figure 16: Endogenous purification of the Integrator complex a) Workflow used to assess the efficacy of the different bait proteins. b) SDS-PAGE of tandem affinity purified bait proteins. c) Dot-blot against the epitope tag (3xFLAG) of the bait proteins in nuclear extract after a gradient centrifugation (light blue arrow: migration of -Amylase (200 kDa), dark blue arrow: migration of Thyroglobulin (669 kDa).

Figure 17 :

 17 Figure 17: Tandem affinity purification of protein complex from recombinant expression INTS9/11 and INTS3/6 were cloned into the biGBac system and expressed in insect cells. The final wash step and the elution form the second step SBPpurification are shown.

Figure 18 :

 18 Figure 18: Recombinant expression of 14 subunits in insect cells a) Western blot against the tagged subunits 3xFLAG-TEV-INTS1, SBP-INTS6 and 3xHA-INTS9. b) SDS-PAGE comparing the co-purified proteins captured by the indicated subunits. c) In-solution mass spectrometry of the elution fractions shown b. Grey dots represent unspecific insect cell proteins, colored dots correspond to the recombinantly expressed proteins.

Figure 19 :

 19 Figure 19: Stable cell lines for all 14 Integrator subunits with TAP-tagged bait proteins a) Western blot against the Protein A tag of the different permanently transfected cell lines. GAPDH was used as a loading control. b) Silver stain of tandem affinity purification from nuclear extract of the generated stable cell lines.

  INTS7 is a prime example for such a bridging subunit. It is strongly enriched by INTS5 and INTS4 but is not part of either module suggesting it might have a central scaffolding function. Interestingly, INTS7 strongly enriched INTS2, confirming the observation from analyzing the silver stain patterns that both proteins might interact (Figure 19 b).

Figure 20 :

 20 Figure 20: Quantitative mass spectrometry -S100 (Cytosolic fraction) The average abundance is plotted against the relative enrichment of each bait protein. Light brown -background, blue -candidates, red -hits.

Figure 21 :

 21 Figure 21: Quantitative mass spectrometry -Nuclear fraction The average abundance is plotted against the relative enrichment of each bait protein. Light brown -background, blue -candidates, red -hits.

Figure 22 :

 22 Figure 22: Recombinant expression of Integrator subcomplexes. a) SEC of purified subcomplexes from insect cells. b) Interaction test by SEC of the identified subcomplexes by mixing and the modules prior injection. c) Identification of the interacting modules by mixing all three modules with subsequent SEC. d) SDS-PAGE of fractions corresponding to the SEC runs a -c. e) Schematic illustration of the interaction of Integrator subcomplexes.

Figure 23 :

 23 Figure 23: Densities obtained from datasets before and after merging All datasets were collected on a Titan Krios equipped with a K2 Summit camera at 165 kx magnification. ESRF1: 2,899 micrographs -1.4 million particles; EMBL: 13,086 micrographs -6.1 million particles; ESRF2: 3283 micrographs -1.5 million particles. Dataset ESRF2 was not processed alone

Figure 24 :

 24 Figure 24: Structure of the Integrator cleavage module. a) cryo-EM map of the high-resolution map used for de-novo modelling coloured according to domain: INTS11 in blue (β-CASP -dark blue; MBL -light blue; CTD1 -cyan), INTS9 in red (β-CASP -dark red; MBL -light red; CTD1pink, INTS9 NAD -yellow), INTS4 NTD in green. b) Ribbon representation of the atomic model built into the highresolution map -identical view as in (a). c) cryo-EM map at lower resolution showing additional HEAT repeats in INTS4 NTD , additional density for the INTS4 CTD and INTS9/INTS11 CTD2 domain -back view to (a) and (b). d) Full model of the INTS4 NTD /INTS9/INTS11 -same orientation as in (c). e) Sequence bars showing the domain organization the ternary complex.

Figure 25 :

 25 Figure 25: Dimerization of INTS9/11 a) Surface representation of the dimerization Interface of INTS9 with INTS11 along the pesudeo-2-fold axis. b/c) closeup on the interface of the nuclease domains. No direct interactions could be observed. d) Closeup on CTD1 showing the extensive interface and composite β-barrel domain if INTS9/11. e) Topology plot of the composite CTD1. f) crystal structure of CTD2 and main dimerization interface.

Figure 26 :

 26 Figure 26: Validation of dimerization Interfaces of INTS9/11 3xFLAG-INTS11 constructs were co-transfected with 3xHA-INTS9 (WT) and subsequently immunoprecipitated with anti-HA affinity resin.

Figure 27 :

 27 Figure 27: Comparison of the nuclease domains of INTS9, INTS11 and CPSF73. a/b) Surface representation of INTS11 and CPSF73. The cleft between b-CASP and MBL of INTS11 is closed while for CPSF73 it is engaged by a substrate. c) Surface representation of the INTS9 nuclease module with INTS9 NAD .. d-f) Close-up on the active centers of INTS11, CPSF73 and INTS9. The location of the active site residues of INTS11 and CPSF73 are conserved and allow for binding of catalytic Zinc ions. The active center of INTS9 is highly degenerated.

  Interestingly INTS9/11 consists of multiple, mobile elements (INTS9 MBL/β-CASP , INTS11, Nuclease, CTD1 and CTD2) where all domains are tethered together via flexible linkers. INTS4 interacts with all domains but CTD2, which is flexible in this structure, suggesting that INTS4 plays a crucial role in stabilizing and scaffolding several INTS9/11 domains. Previous studies reported that INTS4 binds neither INTS9 nor INTS11 alone but only upon dimerization 239 . Based on this report and on the presence of two dimerization domains, I speculated that INTS4 might sense proper dimerization via the shared CTD1 domain. In order to validate the involvement of CTD1 for INTS4 recruitment SBP-INTS4 and 3xFLAG-INTS11 were co-transfected into HEK293T together with different 3xHA-INTS9 mutants for immunoprecipitation studies (Figure 29 a). To validate the previously established requirement of CTD2 for dimerization INTS9 deletion constructs lacking CTD1, CTD2 or CTD1/2 were designed (INTS9 CTD1 , INTS9 CTD2 and INTS9 CTD1/2 ). In addition, point mutations disrupting the dimerization interface of CTD1 (INTS9 H480P/T482P , INTS9 V454P/G455P and INTS9 F490P/L492P ) and CTD2 (INTS9 R510P/T512P ) were created. Co-transfection of all three WT proteins resulted in proper assembly of the Integrator cleavage module (Figure 29 a, lane 2). Truncation of CTD1 was able

Figure 28 :

 28 Figure 28: Low resolution density of INTS4. INTS9 -red/ surface representation; INTS11 -blue/ surface representation; INTS4 NTD -green/ density; INTS4 CTD -grey/ density

Figure 29 :

 29 Figure 29: Binding mode of INTS4 a) IP and Western blot of the INTS4/9/11 nuclease module with different INTS11 variants. b) Ribbon presentation of INTS4/9/11 with indicated crosslinks and positions of mutated AA used in (a). c) Sequence bar indicating the detected crosslinks. d/e) closeup on the binding interface of INTS4 with INTS9/11.

Figure 30 :

 30 Figure 30: Surface charge of INTS4/9/11 a) Open book representation of the composite surface charge cavity formed by INTS4/9/11. b-e) Residues used for mutagenesis studies to elucidate the importance of the positively charged groove for nuclease activity. f) Schematic illustration of the reporter assay. g) Change in the mEGFP/mCherry ratio obtained by rescue with different INTS4 variants. h) western blot to confirm expression levels of INTS4 variants.

Figure 31 :

 31 Figure 31: Integrator Cleavage Module and Histone Cleavage Complex a/b) front view of the structure of the nuclease heterodimers (INTS9/INTS11 and CPSF73/CPSF100) showing overall good agreement between the two structures and similar position of INTS9 NAD and CPSF100 PIM domains (PDB: 6V4X). c-e) closeup and superposition of the CPSF100 and INTS9 specific inserts. The two independent chains of the INTS9 NAD are colored in yellow (40-86) and orange (148-177). c) Schematic depiction of the differences in the positioning of INTS4 and Symplekin in their respective complexes. d) side view of the INTS4/INTS9/INTS11 complex. e, side view of the CPSF73/CPSF100/Symplekin complex shown in the same orientation as INTS4/INTS9/INTS11 in d, highlighting different positions of INTS4 NTD and Symplekin NTD . f/g/h) comparison of Symplekin/ INTS4 binding to their respective nuclease dimer

Figure 32 :

 32 Figure 32: EM and data processing of INTS5/8 a) Negative stain micrograph of INTS5/8 at 49 kx magnification. b) 2D classes obtained from processing negative stained INTS5/8. c) Vitrified INTS5/8 with WARP picked particles at 150 kx magnification. d) 2D classification of INTS5/8.

  . However, INTS3 has only been characterized in context of its DNA damage repair function (see Section 1.3.3) 180 . Its direct interaction partner INTS6 was recently identified as a scaffolding protein for the INTAC phosphatase module but it is unclear what function INTS3 has in context of the Integrator 41 . Structurally characterizing the relationship of the INTS3/INTS6/hSSB1/SOSS complex may give insights into the dual function of INTS3. In particular, it is unclear whether hSSB1 and SOSS-C are part of the Integrator or whether INTS6 is part of the DNA damage repair complex. Their dual role has been a long standing question and binding of the DNA binding protein hSSB1/2 was often suggested to be involved in recruiting Integrator to DNA or in substrate recognition 168,185 . Despite earlier success to obtain small quantities of INTS3/INTS6 (see Section 3.2, Figure 17) it was not possible to purify a tetrameric INTS3/INTS6/hSSB1/SOSS-C complex. Nonetheless, INTS3/hSSB1/SOSS-C formed a stable and well-expressed trimeric module and negative stain confirmed homogeneity of the sample (see Figure 34 a, b and Section 7.1 panel

Figure 34 :

 34 Figure 34: EM and data processing of INTS3/hSSSB1/SOSS-C. a) negative stain micrograph. d) 2D classes derived from processing negative stain data. c) 2D classes of vitrified complex. d) 3D model derived from c with the published crystal structure of the complex.

Figure 35 :

 35 Figure 35: RNA binding properties of different Integrator subcomplexes. a) Illustration of the two substrates used (The U1 stem loop with a the 3'-box) and an unstructured RNA. b-d) EMSA with indicated subcomplex and substrate. Important features of the RNA substrates are illustrated as cartoons.

  4.5) revealed a strong enrichment of INTS10 and weaker enrichment of INTS11 and INTS13 (Figure 37 b). The remaining 11 canonical INTS were not enriched indicating that they only interact indirectly, bridged via other INTS, with C7ORF26.

Figure 36 :

 36 Figure 36: Nuclease activity of different Integrator modules Proteins and conditions are indicated above each lane. Cartoons of the RNA substrates with 3'-label and important features are placed above the gels. a) Coomassie stained SDS-PAGE of the nuclease reaction after incubation. b) Urea-SDS-PAGE of the nuclease assay with detection of the fluorophore

  b) that INTS10 is the main interactor of C7ORF26 (see Section 7.1 -panel e). In this setup 8xHis-INTS10/SBP-INTS13/INTS14/MBP-3C-C7ORF26 were co-expressed in insect cells. A two-step affinity purification with Amylose and Ni-NTA resin yielded pure dimer. To confirm solubility, the MBP tag was removed via 3C-cleavage, subjected to SEC to remove the MBP-tag and 3C protease. A second SEC of the concentrated peak fractions corresponding to 8xHis-INTS10/C7ORF26 is depicted in Figure 38 a. Tagging of C7ORF26 and INTS13 (INTS10/SBP-INTS13/INTS14/8xHis-C7ORF26) however, yielded a stable heterotetrameric complex which migrated as a symmetric peak on SEC (Figure 38 b).

Figure 37 :

 37 Figure 37: Identification of C7ORF26 as a direct interactor of the Integrator. a) Mass spec results of stable transfected cell lines sorted according to relative enrichment (logFC). b) Cotransfection of 3xFLAG-INTS and 3xHA-C7ORF26 with subsequent Immunoprecipitation with anti-HA resin.

Figure 38 :

 38 Figure 38: Recombinant expression of different C7ORF26 modules a) Size exclusion chromatogram of recombinantly expressed INTS10/C7ORF26. b) Size-exclusion chromatogram of recombinantly expressed INTS10/13/14/C7ORF26.

Figure 39 :

 39 Figure 39: Schematic representation of different Integrator modules Information about opaque subunits is provided in this study. Black dotted lines and arrows indicate a relationship which is experimentally determined in this work. No information was derived for transparent subunits. Grey dotted lines indicate relationships which were determined in by other research groups.

Figure 40 :

 40 Figure 40: Cartoon of the assembled Integrator complex The integrator consists of multiple modules arranged around the backbone of INTS1/2/7 (grey): the cleavage module (INTS4/9/11 -blue), the phosphatase module (INTS6/PP2AC/PP2A -green/purple) and the shoulder module (INTS5/8 -green). The RNA binding module (INTS10/13/14/14 -orange) was placed tentatively.

  the MBL and A-C in the b-CASP domains) (Dominski et al., 2013) typically coordinating two catalytic Zn 2+ ions within the active site, located in a deep cleft between the MBL and b-CASP domains 1246 Molecular Cell 81, 1246-1259, March 18, 2021 ª 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

  INTSs. INTS8 co-purified mainly with INTS5, whereas INTS10 co-purified INTS13 and INTS14. Similarly, INTS4 showed coenrichment with INTS9 and INTS11 compared with two other pull-downs (Figures 1B-

  HxHxDH sequence in catalytic motif 2 is changed to NYHC, not only eliminating 3 of 4 ligands for the catalytic Zn 2+ ions but also causing significant changes in the geometry of the active site. This and other alterations render the INTS9 MBL/b-CASP domain incapable of coordinating catalytic divalent ions, reinforcing the notion that INTS9 is a pseudoenzyme.INTS9 and CPSF100 share 23% sequence identity, and their superposition reveals a very good correspondence of their tertiary structures (root-mean-square deviation [RMSD] = 1.8 A ˚). Despite this similarity, INTS9 has some unique features that are not present in other MBL/b-CASP proteins. The most prominent are two large loops inserted into the canonical MBL fold, with the first one (residues40-82) between helix 4 and b strand 5 and the second (residues 148-192) between helices 2 and 3 (Figures2 and 7). These two loops are well-ordered in our structure, interact with each other, and together form a structurally distinct domain in INTS9, referred to as the INTS9 accessory domain (INTS9 NAD ). Although conserved among Integrator sequences, the functional implications of these insertions remain unknown.

Figure 4 .

 4 Figure 4. INTS4 recruitment to the cleavage module and its scaffolding role in organizing mobile domains of the complex (A) Western blot showing the results of the HAagarose pull-down experiments from HEK293T cells co-expressing the 33HA-INTS9, SBP-INTS4, and 33FLAG-INTS11 variants. Deletion of CTD2 or CTD1/2 (lanes 3 and 4) as well as point mutations in CTD1 (lanes 7-9) result in reduced recruitment of INTS4 compared with wild-type (WT) INTS11 (lane 2). INTS11 K462E (lane 6) was not meant to disrupt CTD1 and recruitment of the INTS4. Elevated levels of INTS4 in this pull-down likely originate in higher INTS4 levels already in the input sample and/or additional electrostatic interactions between newly introduced 462E and the neighboring positively charged surface of INTS4. (B) Model of the cleavage module, showing intermolecular cross-links with a distance of less than 35 A ˚. (C) Cross-linking and mass spectrometry (XL-MS) data mapped along the sequence of each protein. (D and E) Interactions of the INTS4 NTD with the nuclease heterodimer.

  INTS11 K462E and INTS4 H164A/R167A are located around a highly positively charged composite tunnel formed by INTS9, INTS11, and INTS4 (Figure 6H). INTS4 R210A is located in a deep cleft, in close proximity to CTD1 (Figure 6F). The remaining point mutations tested (IN-TS4 K217E , INTS4 K304E , and INTS4 R333E ) are located at the center of the INTS4 HEAT repeat, farther away from the charged tunnel, suggesting that the charge of the groove is less important for RNA processing.

Figure 5 .

 5 Figure 5. Structure of MBL/b-CASP of INTS9, INTS11, and their homolog CPSF73 (A-C) Surface representation of the 3 nuclease domains, highlighting the cleft leading to the active site of CPSF73 and its absence in INTS11 because of a closed conformation. (D) Nuclease active site of INTS11, showing that all residues required for coordination of catalytic zinc ions are present. (E) The active site of CPSF73 (PDB: 6V4X) with the two catalytic zinc ions, shown as spheres. (F) Disintegrated active site of INTS9, showing the altered geometry and lack of the key metal-binding residues.

Figure 6 .

 6 Figure 6. Electropositive surface of INTS4/9/11 and RNA-binding properties of different Integrator sub-complexes (A-C) EMSA titration assay showing the weak RNA-binding properties of the INTS4/9/11 complex toward a 3 0 -box-containing U1 pre-snRNA substrate (left panel) and scrambled RNA sequence of the same length (right panel). The same EMSA assay was performed for INTS5/8 (B) and INTS10/13/14 (C). (D) mEGFP/mCherry fluorescence intensity readout from the depletion/reconstitution experiment assessing functionality of INTS4 variants designed to disrupt the putative RNA-binding surface. ''Empty'' refers to the condition where no protein was overexpressed. Error bars represent standard deviation from 3 individual measurements. (E) Western blot showing protein expression levels of the INTS4 variants used in the depletion/reconstitution experiment (D). The lack of signal for INTS4 in lane 4 was expected because the antibody used for detection was raised against the peptide comprising residues 913-963. (F and H) Surface electrostatic potential calculated with Adaptive Poisson-Boltzmann Solver (APBS) of the INTS4/9/11 complex, showing the location of the point mutations tested with the reporter system. (G and I) Magnified view of the structural environment of the discussed residues.

Figure 7 .

 7 Figure 7. The Integrator cleavage module and HCC (A and B) Front view of the structure of the nuclease heterodimers (INTS9/11 and CPSF73/ 100), showing overall good agreement between the two structures and similar positions of the IN-TS9 NAD and CPSF100 PIM domains (PDB: 6V4X). (C-E) Close up and superposition of the CPSF100and INTS9-specific inserts. The two independent chains of INTS9 NAD are colored yellow (40-86) and orange (148-177). (F) Schematic depiction of the differences in positioning of INTS4 and Symplekin in their respective complexes. (G) Side view of the INTS4/9/11 complex. (H) Side view of the CPSF73/100/Symplekin complex, shown in the same orientation as INTS4/ INTS9/INTS11 in (D), highlighting different positions of INTS4 NTD and Symplekin NTD .

  

  

  

  

  

  

  

  

  On rapporte que le complexe intégrateur est constitué d'au moins 14 sous-unités (INTS1-14) et des phosphatases récemment décrites PP2AC et PPP2AR1A formant un assemblage d'environ 1,5 MDa. La prédiction de domaine a indiqué qu'INTS9 / 11 appartenaient à la famille des nucléases MBL / β-CASP et étaient des homologues de CPSF73 / 100, mais aucun domaine ou caractéristique connus n'a pu être identifié pour les 12 sous-unités d'intégrateur restantes (INTS), ni leur relation les unes aux autres.

Table 1 :

 1 Enzymes involved in regulation RNAPIICTD structure and its posttranslational modifications

	Position	Protein	Enzyme
	Tyr-1	Abl1	Kinase
		Abl2	Kinase
		PP1	Phosphatase
	Ser-2	CDK9/ Cyclin T (P-TEFb/ 7SK snRNP)	Kinase
		CDK8/ Cyclin C (PIC)	Kinase
		CDK12/ Cyclin K	Kinase
		PP2A	Phosphatase
		Fcp1	Phosphatase
	Pro-3	Pin1	Prolyl Isomerase
	Thr-4	Plk3	Kinase
		CDK9/ Cyclin T (P-TEFb/ 7SK snRNP)	Kinase
	Ser-5	CDK7/ Cyclin H (TFIIH)	Kinase
		CDK8/ Cyclin C (PIC)	Kinase
		Ssu72 (CPSF)	Phosphatase
		PP2	Phosphatase
	Pro-6	Pin1	Prolyl Isomerase
	Ser-7		

Table 2 :

 2 Factors of the yeast and mammalian 3'-processing machineries and their organization in different modules

Table 3 :

 3 Overview of human snRNAs their function, length and RNAP dependency 1.2.1. Structure of snRNA genes and transcription

  Tatomer et al. identify Integrator during a screen for factors required for regulation of inducible promoters. In line with the previous studies inducible promoters are often associated with promoter proximal pause/release. Assessing the effect of different Integrator subunits on transcription revealed that all subunits are required to maintain transcription attenuation. However, INTS3, INTS10, INTS13 and INTS14 knock downs resulted in a less severe phenotype. Interestingly, processing of snRNAs was mainly affected by INTS4, INTS9 and INTS11 whereas knock down of the remaining 11 subunits showed only minor defects, indicating that snRNAs processing is a fundamental different process than attenuation of protein coding genes 161 . In contrast to previous publications most affected genes were negatively regulated by Integrator.

  1.3.3. Disease implicationWith its function as a key regulator of RNAPII transcription the Integrator is a central component in cells. Its importance is highlighted by the Mouse genome informatics database stating that a homozygous knock-out of any INTS is lethal during embryogenesis. Nonetheless, some pathological phenotypes have been linked to the Integrator such as neurodegenerative diseases and cancer. However, given the importance of the Integrator for development most associated mutations are likely only partial impairment of Integrator function.CancerCancer cells frequently show de-regulation of transcription making Integrator an interesting target for cancer research. In particular, as INTS6/DICE1 was described to be involved in DNA damage repair before its association with the Integrator 174 .

INTS6 started to be of interest as frequent allelic deletions were observed in a variety of lung tumors and dubbed DICE1 (Deleted in cancer 1)

174 

. Later on DICE1/INTS6 was implicated in squamous skin cancer

175 

. In 2009 three different research teams reported INTS3 to be part of a DNA damage repair complex acting independently of Integrator

[176][177][178] 

. The newly identified complex was dubbed SOSS (sensor of ssDNA) and a direct interaction with hSSB1/2 (human ssDNA binding protein 1/2, SOSS-B) and the newly identified C9ORF80 (SOSS-C, MISE -minute INTS3/hSSB1-associated element, INIP -INTS3 interacting protein) was reported. hSSB1 was discovered as a key player in genome maintenance a year earlier 179 . All three papers suggest SOSS to be required for detecting DNA lesions and to recruit the MRE complex which in turn triggers downstream DNA damage signals. Later, a direct interaction of INTS3 with INTS6 was reported 159 . Immunoprecipitation studies indicated the heterotrimeric complex to function mostly independently of the Integrator, including INTS6 177 . A crystal structure of the NTD of INTS3 with its two interactors SOSS-B and SOSS-C bound to ssDNA could show that SOSS-B1 adopts an oligonucleotide binding fold (OB-fold) and interacts with 10 nt of ssDNA via its bases 180 . SOSS-C seems to be dispensable for DNA binding and its function remains elusive 180 . Despite scaffolding, SOSS-B and SOSS-C INTS3 is required for nuclear localization of SOSS-B-SOSS-C and is recruited to chromatin upon UV light exposure 181 . A second crystal structure of the CTD of INTS3 revealed a putative nucleotide binding patch 182 .

  . However, in 2017 first evidence was provided for neurodegenerative diseases linked to the Integrator based on mutations ofINTS1 and INTS8 200 . In total this study provides data for 6 different individuals from four families (three individuals with INTS8 mutations, three with INTS1 mutations). In all cases diseased individuals showed biallelic Integrator mutations and severe phenotypes with strong impaired cognitive abilities. For INTS8 one allele produced an unstable RNA due to a missense mutation and the second allele contained a 3-residue deletion which was shown to be the predominant protein in the patients. Comparing Integrator formation of this deletion protein with WT INTS8 showed significant reduction in enrichment of other INTS in human cell culture. Consistent with biochemical data of the Integrator, patients lacking INTS8 showed several proteins to be significantly up-/ downregulated compared to healthy individuals and changes in splice patterns. The mutation of INTS1 could be associated to strong reduction of mRNA levels in skin fibroblasts 200 .

Additionally, 5 patients were reported, carrying biallelic mutations in INTS1. The phenotype manifests in severe cognitive impairment and craniofacial anomalies

201 

. In 2020, two additional siblings were identified with facial dysmorphisms and neuropathic phenotypes that carried mutations INTS1 and INTS8, inherited from their grandparents 202 .

  of the 14 Integrator proteins. Although INTS9 was captured by INTS1, INTS11, the direct binding partner of INTS9 was missing. Furthermore, INTS5 and INTS7 could not be detected either. 3xHA-INTS6 successfully enriched INTS3 which is a reported, strong binding partner and the dimer INTS1/12. Again, even though INTS9 was enriched, by INTS11 is missing. Similar to the INTS1 pull down INTS5 and INTS7 were not detected and neither was INTS8. Even INTS9 as a bait protein itself failed to capture the direct binding partner INTS11 but enriched 6 additional INTS among them the dimers INTS3/6 and INTS1/12. In general, this bait protein enriched the least Integrator subunits

  . /11 and served as an internal positive control, confirming the feasibility of this approach 239 . The existence of an INTS10/13/14 complex was indirectly indicated in other studies at the same time and could be reproduced here240 . In contrast, the interaction of INTS5/8 was not reported by any other research group.

	contrast, the strong association of INTS10/13/14 was lost when using INTS14 as a bait (Figure
	20, Panel C5).
	In the condition INTS14 vs INS10, INTS13 showed a > 4-fold enrichment with INTS10 suggesting
	a tighter association with INTS10 than INTS14. Comparing enrichment with the bait proteins
	INTS5 and INTS7 did not reproduce the INTS10/13/14 interaction either. However, using INTS4
	as a bait compared to INTS5, INTS7, INTS10 or INTS14 always resulted in a strong co-enrichment
	of INTS9/11.
	The same clustering of different INTS was found for the nuclear fraction (Figure 21). Despite
	INTS10 not being detected by the other bait proteins from nuclear extract it did still capture
	INTS13/14 (Figure 21, Panel N2). Similarly, INTS4/9/11 continued to show a strong association
	with each other much like INTS2/7 (Figure 21, Panel N1, N9).
	In the end INTS4/9/11, INTS5/8 and INTS10/13/14 are reoccurring patterns among the different
	conditions, regardless of cytosolic or nuclear localization. INTS4 was previously reported to
	form a complex with INTS9
	Internal Architecture of the Integrator
	Comparing the relative enrichment of the different TAP tagged INTS revealed that each bait
	associated more strongly to a different subset of subunits indicating a modular architecture.
	Relative enrichment of cytosolic INTS10_vs_INTS4 showed that INTS10 co-purifies INTS13 and
	INTS14 while INTS4 associates with INTS9 and INTS11 (Figure 20, Panel 1). A similar grouping
	was found when comparing cytosolic INTS10 to INTS5 where the INTS10/13/14 association was
	maintained, while INTS5 enriched INTS8 (Figure 20, Panel C2).
	Interestingly, in this condition INTS4/9/11 co-enriched with INTS10/13/14 but not with INTS5/8,
	suggesting a stronger association of INTS10/13/14 to INTS4/9/11 than to INTS5/8 (Figure 20,
	Panel C2). Similarly, INTS10 enriched INTS13/14 compared to INTS7 as a bait protein which in
	turn enriched INTS2 (Figure 20, Panel C3). The strong association of INTS2 and INTS7 was
	maintained when comparing the enrichment of INTS4 vs INTS7 (Figure 20, Panel C9). In

  The domain architecture of MBL/β-CASP nucleases is well known and homology were calculated for both proteins, fitted in the map and adjusted according to the density. This revealed a novel domain in INTS9 composed of two separate insertions (residues 40 -86 and 148 -177) into the MBL domain which was named Nine Accessory Domain (NAD, INTS9 NAD ) (Figure24e and Section 7.2). The CTDs of INTS9 and INTS11 protrude from the nuclease domains and form a tight but independent dimerization domain hereafter referred to as CTD1 (INTS9 ).No prior information about this region was available but map quality allowed for de novo modelling. Additional density without high resolution information allowed rigid body docking of the previously reported INTS9/11 dimerization domain. The position of the crystal structure could be assigned unambiguously as a small, helical linker is present in the deposited structure as well as in CTD1, yielding a complete model for INTS9/11. A helical repeat traces along the MBL domain of INTS9 and wedges between the INTS9/11 nuclease interface and finally protrudes from between their β-CASP lids. This density could be assigned to INTS4 which is predicted to be almost exclusively helical with exception of the CTD which contains β -sheet features. Crosslinking mass spectrometry (see Supplementary Table4) identified this repeat as a part of the INTS4 NTD and side chain density was used to assign the register. Additional, low resolution density can be observed on top of the β-CASP lid of INTS9 which could be interpreted as the NTD of INTS4 although modelling of this area was not possible.

  CASP nucleases. Both proteins adopt the canonical ββ-fold of MBL domains with a canonical β-CASP insertion 241 . In case of INTS9 two separate inserts are located between two of the MBL-helices and into the MBL β-sheet (Figure24and Alignment inSection 7.3). Despite being separated in the protein sequence both loops form the compact NAD region facing away from the core of the pseudo symmetry axis.

	length,
	3xFLAG-tagged INTS11 into HEK293T cells.
	Comparing the enrichment 3xFLAG-INTS11 by immunoprecipitating 3xHA-INTS9 ΔCTD1 with the
	enrichment of wild type (WT) 3xHA-INTS9 showed no difference in affinity, suggesting that
	CTD1 indeed has no impact on dimerization. Deletion of CTD2 or CTD1/2, however, abolished
	binding and thus co-precipitation of INTS11 with INTS9. In addition, this pull-down confirmed
	that no significant interactions between INTS9 MBL/β-CASP and INTS11 MBL/β-CASP exist.
	Subsequent, targeted point mutations that were aimed at disrupting only the Interface of CTD1
	had similar effect than deletion of CTD2. Reproducing the point mutations performed by Wu et
	al. in CTD2 indeed abolishes binding.
	Features of the INTS9/11 nuclease domains
	INTS9 and INTS11 belong to the family of MBL/β-

Structure based alignment with similar nucleases, in particular the homologs CPSF73/100 revealed both inserts to be unique to INTS9 (see

Section 7.3)

.

Table 4 :

 4 7.10. Mass spectrometry data Crosslinking Mass spectrometry statistics of INTS4/9/11 INTRODUCTION 3 0 end processing of nascent RNA polymerase II (RNAPII) transcripts is one of the key steps in gene expression

	8xHis-INTS4 KPVEAESVEGVVR INTS9 NKDIQR 2308.238 578.067	8xHis-INTS4 LTKPSK INTS9 NKDIQR 1582.899 396.733	8xHis-INTS4 AKELYSSGEFSSGR SBP-INTS11 KMEFLK 2449.221 613.313	8xHis-INTS4 AKELYSSGEFSSGR SBP-INTS11 ERDFLKK 2589.309 648.335	Protein1 Id Protein2 Mr Mz	Low concentration crosslinker	8xHis-INTS4 LVDVACKHLTDTSHGVR SBP-INTS11 KGLPQAPS 2841.482 711.378	INTS9 HLLQPPPRPAQPTSGKK SBP-INTS11 KGLPQAPS 2785.560 697.398	8xHis-INTS4 LTKPSKSAALHIDLCK INTS9 NKDIQR 2691.470 539.302	SBP-INTS11 QKIEQELR INTS4 KRTAHER 2077.138 416.435	8xHis-	SBP-INTS11 LVSSEQALKELGLAEHQLR INTS9 AEVLALPFK 3400.912 681.190	SBP-INTS11 LVSSEQALKELGLAEHQLR INTS9 RAEVLALPFKR 3557.007 712.409	8xHis-INTS4 LTKPSK INTS9 NKDIQR 1582.902 396.733	8xHis-INTS4 KPVEAESVEGVVR INTS9 NKDIQR 2308.236 578.067	8xHis-INTS4 VVQPQEEIATKKLR SBP-INTS11 IAVDKK 2448.430 490.694	8xHis-INTS4 AKELYSSGEFSSGR SBP-INTS11 QKIEQELR 2697.362 675.348	Protein1 Peptide 1 Protein2 Peptide 2 Mr Mz	High concentration crosslinker
	4.000	4.000	4.000	4.000	z		4.000	4.000	5.000	5.000		5.000	5.000	4.000	4.000	5.000	4.000	z	
	35.2	40.3	35.0	28.8	seriesscore		6.3	8.6	15.7	13.2		21.3	14.7	34.7	36.8	19.2	25.1	seriesscore	
	0.44	0.67	0.84	0.12	deltaS		0.90	0.80	0.42	0.00		0.69	0.73	0.68	0.40	0.94	0.14	deltaS	
	43.46	44.21	45.97	52.68	Score	ld-	16.88	29.12	30.85	33.98		35.44	38.50	45.64	46.75	46.93	48.52	Score	ld-
	Supplementary																	

Table 1 .

 1 Cryo-EM data collection, model refinement, and validation statistics 

		High-resolution EMDB:		INTS4-focused EMDB:	CTD2-focused EMDB:
		EMD-12165	Medium-resolution (ESRF1) EMDB:EMD-	EMD-12164	EMD-12163
		(PDB: 7BFP)	12166 (PDB: 7BFQ)	(PDB: 7BFQ)	(PDB: 7BFQ)
	Data collection and processing			
	Magnification	165,000	165,000	165,000	165,000
	Voltage (kV)	300	300	300	300
	Electron exposure (e-/A ˚2) 42-46.8	46.8	46.8	46.8
	Defocus range (mm)	À0.5 to À3.0	À0.5 to À3.0	À0.5 to À3.0	À0.5 to À3.0
	Pixel size (A ˚)	0.83	0.83	0.83	0.83
	Symmetry imposed	C1	C1	C1	C1
	Initial particle images (no.) 9,124,445	1,017,432	1,017,432	1,017,432
	Final particle images (no.) 26358	21,866	21,235	19,938
	Map resolution (A ˚)	3.	4.1	6.5	6.5
	FSC threshold	0.143	0.143	0.143	0.143
	Map resolution range (A ˚)	3.4-5	4-6	5-9	5-9
	Refinement				
	Model resolution (A ˚)	4.1 (average)			
	FSC threshold	0.5			
	FSC average (Refmac)	0.7 (at 3.5 A ˚)			
	Model resolution range (A ˚) 3.4-5			
	Map sharpening B	À50			
	factor (A ˚2)				
	Model composition				
	Non-hydrogen atoms	10,668			
	Protein residues	1340			
	B factors (A ˚2)				
	Protein	148			
	RMSDs				
	Bond lengths (A ˚)	0.01			
	Bond angles ( )	0.16			
	Model validation				
	MolProbity score	2.2			
	Clashscore	8.7			
	Poor rotamers (%)	2.4			
	Ramachandran plot				
	Favored (%)	93.1			
	Allowed (%)				

TABLE

  Analytical pull-down and quantitative mass spectrometry The cell lines expressing Protein A -TEV -SBP N-terminal tagged INTS4, INTS5, INTS7, INTS10 or INTS14 were grown in 150 mL

	High Capacity Streptavidin Agarose Resin	Thermo Fisher	Cat#20361
	His60 Ni Superflow Resin	Takara	Cat#635660
	IgG Sepharose TM 6 Fast Flow	GE Healthcare	Cat#17-0969-01
	Amylose Resin	NEB	Cat#E8021S
	Deposited data		
	High-resolution cryo-EM map	This paper	EMDB: EMD-12165
	Medium-resolution cryo-EM map	This paper	EMDB: EMD-12166
	INTS4-focused cryo-EM map	This paper	EMDB: EMD-12164
	CTD2-focused cryo-EM map	This paper	EMDB: EMD-12163
	Model refined against high-resolution map	This paper	PDB: 7BFP
	Pseudoatomic model fitted into medium-	This paper	PDB: 7BFQ
	resolution map		
			(Continued on next page)
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0 end-processing machineries in higher eukaryotes. The study reveals the modular nature of the Integrator complex, and the cryo-EM structure of its catalytic core provides detailed insights into its architecture and assembly mechanism. Pfleiderer & Galej, 2021, Molecular Cell 81, 1246-1259 March 18, 2021 ª 2021 The Author(s). Published by Elsevier Inc. https://doi.org/10.1016/j.molcel.2021.01.005
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Supplementary Table 1: Statistics for data collection, processing, model building and refinement .... Supplementary Table 2: INTS11). All 3 protein complexes were well expressed in insect cells and in quantities sufficient for further biochemical characterization. The quality of the recombinantly expressed complexes was assessed by size exclusion chromatography where all modules eluted in a single peak suggesting a stable and homogeneous assembly (Figure 22 a). Further analysis of the SEC peaks by SDS-PAGE showed no signs of degradation (Figure 22 d). Interestingly, INTS4/9/11 eluted at a later retention volume than INTS5/8 and INTS10/13/14 which is usually associated with a lower molecular weight. However, the calculated molecular weight of the TAP tagged INTS4/9/11 ternary complex is 257 kDa while INTS5/8 accounts for only 228 kDa and INTS10/13/14 has a molecular weight of 226 kDa. With the complexes of INTS4/9/11, INTS10/13/14 and INTS5/8 at hand we could express 8 out of the 14 reported Integrator subunits. In order to evaluate a possible interaction between the different complexes all three complexes were mixed in a 1:1:1 molar ratio and higher complex formation was assessed by SEC (Figure 22 b). Mixing of all three subcomplexes resulted in a small shift towards a lower elution volume suggesting formation of higher order complex. To further disseminate the interaction INTS5/8, INTS4/9/11 and INTS10/13/14 were mixed separately and injected onto the SEC. INTS5/8 and INTS4/9/11 were not able to reproduce the peak shift. Both protein complexes alone migrated at different retention volumes which are reproduced when reinjected together. INTS5/8 and INTS10/13/14 alone, elute at the same retention volume which remained unchanged when injected together. However, INTS4/9/11 and INTS10/13/14 were able to reproduce the small shift in retention volume observed earlier, indicating an interaction of both modules (Figure 22 c). However, the peak shift is not as large as anticipated for a doubling in molecular weight.

Structural studies on other Integrator modules

While the structure determination of Integrator cleavage module resulted in an atomic model of INTS4/9/11 other modules proved to be more challenging.

INTS5/8

Cryo-EM analysis of INTS5/8 yielded 2D classes with well-defined secondary structure showing mostly helical features in agreement with secondary structure prediction. Even though promising, further sample improvement will be required as it was not possible to obtain a reliable 3D model. It is likely that the small surface area of the top-view prevented proper particle alignment and consequently a 3D reconstruction. Identification of additional interaction partners could improve alignment and might give insights into the function of the INTS5/8. However, this path of the Integrator project became obsolete with the identification of INTS8 as a scaffold for a phosphatase module and the complete structure of the INTAC [START_REF] Huang | Integrator Recruits Protein Phosphatase 2A to Prevent Pause Release and Facilitate Transcription Termination[END_REF][START_REF] Zheng | Identification of Integrator-PP2A complex (INTAC), an RNA polymerase II phosphatase[END_REF] . INTS10/13/14 and INTS10/13/14/C7ORF26 INTS10/13/14 proved to be stable and biochemical characterization suggested a satisfactory degree of homogeneity for structural studies. However, negative stain EM of the purified sample showed a rather heterogenous array of different forms. Initial 2D classification suggested a similar sample quality as INTS5/8 but subsequent cryo-EM derived 2D classes did not yield any secondary structure features (see Section 3.4.3 and Figure 33). Interestingly, a small core seems to be folded with an extensive, flexible arm at its periphery, preventing alignment. A recently reported crystal structure of INTS13/14 confirms the existence of a folded core and could show that the C-terminus of INTS13 is unstructured 146 . It is likely that INTS10 itself is flexible and in combination with the relatively small size of folded INTS13/14 prevented alignment.

INTS3

Interestingly, it was not possible to obtain a stable complex consisting of INTS3/INTS6/hSSB1/SOSS-C, despite earlier success of co-expressing INTS3/6. The inability to capture INTS6 despite formation of INTS3/hSSB1/SOSS-C might be a result of mutually exclusive complex formation. However, the current structural knowledge of the INTS3/6 interaction suggests an interaction in the C-terminal region whereas the other two binding partners hSSB1 and SOSS-C bind in the N-terminal region. The recent structure of the INTAC complex shows that INTS6 is a scaffolding protein for the phosphatase module and provides structural insights into the N-terminal region but lacks information about the supposed INTS3 binding site [START_REF] Zheng | Identification of Integrator-PP2A complex (INTAC), an RNA polymerase II phosphatase[END_REF] . As INTS3 is flexible it is likely bound in the C-terminal region as previously suggested. Based on the current structural knowledge it should be possible to incorporate the INTS3/hSSB1/SOSS-C trimer into the Integrator unless other, unknown factors prevent this. In addition, no function can be assigned to INTS3 as its binding partner INTS6 is capable of recruiting the phosphatase module without INTS3.

Despite lack of the full module, I attempted to improve the current structural model of the INTS3/hSSB1/SOSS-C complex and continued with EM studies. Cryo-EM analysis of the ternary INTS3/hSSB1/SOSS-C complex yielded a reliable 3D-reconstruction with visible secondary structure features. Rigid body docking of the previously reported INTS3 crystal structure revealed no additional density. A recent sturdy, exploring the C-terminal region of INTS3 suggests this part to be involved in homodimerization, which would result in a convoluted assembly with unclear stoichiometry 182 . Despite not yielding any additional information, this project is worth continuing, in particular considering the potential insight into two different pathways. With optimizing sample preparation, it should be possible to obtain the full tetrameric complex. If not, it would be interesting to identify the reasons for a mutually exclusive association. In addition, the function of INTS3 in the Integrator is still unknown and recent evidence for a multimerization would make this module an interesting target for further cryo-EM analysis. 4.5. Integrator and CPSF share a highly conserved architecture of the nuclease module.

Involvement of the Integrator in RNA processing was originally based on the similarity of INTS9/11 to CPSF73/100. The structure of INTS4/9/11 presented here shows that both 3'processing machineries adopt a highly conserved pseudo symmetric arrangement, likely a consequence of a conserved evolutionary origin and a similar mode of action. However, distinct differences pointing towards a specialization of each machinery for their respective substrates and environments. INTS9 and CPSF100 both contain non-canonical insertions in their nuclease domains. Despite those insertions being unrelated to each other the position of the insertions is conserved. In case of CPSF100 this approximately 140 aa insertion contains a highly conserved PIM domain which is required to recruit the mPSF for substrate specificity. It is likely that the newly described INTS9 NAD serves a similar function 105 . The signal recognition motif of the CPSF has been identified long ago and subjected to extensive structural studies [START_REF] Casañal | Architecture of eukaryotic mRNA 3'-end processing machinery[END_REF][START_REF] Clerici | Structural basis of AAUAAA polyadenylation signal recognition by the human CPSF complex[END_REF]109,157,250 . The existence of a similar module for the Integrator is likely but still elusive. Considering the weak interaction of INTS4/9/11 with INTS10/13/14 and its involvement in RNA binding makes INTS10/13/14 a prime candidate for such a module. A recent study showing the complex of mPSF with CPSF73/100 depict the nuclease dimer in a flexibly tethered state 105 . In addition, the nuclease domains are arranged in a wide angle towards each other. It is possible that a similar state exists for the Integrator without scaffolding of INTS4.

RNA interaction of the Integrator

The Integrator was originally described as an RNA processing complex. However, recent progress suggests a more general role in transcription regulation. This is in line with the observation that no substrate specificity for snRNA could be detected in this study or by Sabath 
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Supplementary Table 2: DNA vectors used in this work ), which we define as the CTD2 dimer (Wu et al., 2017). Superposition of the two structures, together with focused classification and refinement, allowed unambiguous placement of the CTD2 dimer within our cryo-EM reconstruction (Figures 2C, 2D, andS5A). An a-helical repeat that wedges between the two nuclease domains has been identified as the N-terminal domain of INTS4 (INTS4 NTD ), consistent with the visible side-chain densities, secondary structure predictions, and cross-linking and mass spectrometry data (Figures 2 and4). INTS4 CTD is not well resolved in our map, but the density near the INTS9 b-CASP domain could be unambiguously assigned to this part of the protein. INTS9 CTD1 and INTS11 CTD1 , in contrast, form a composite domain and account for a significantly larger interaction surface despite its small size (1,200 A ˚2 BSA, 11.5 kDa). The structure of the CTD1 dimer resembles a b-barrel with hydrophobic residues facing its inner core (Figures 3D and3E). Extensive interactions between these two domains are achieved via formation of two intermolecular b-sheets involving INTS9 CTD1-b1 and INTS11 CTD1-b1 as well as INTS9 CTD1-b32 and INTS11 , which connect the two halves of the barrel (Figure 3E). Formation of the CTD1 dimer tethers the two nuclease domains together and restricts their movement, facilitating formation of other weak interactions.

Another major contact involves INTS9 CTD2 and INTS11 CTD2 , which form the second independent dimerization domain, as reported previously (Wu et al., 2017). The CTD2 region appears flexible in our cryo-EM reconstruction, and it was modeled entirely by rigid body docking of the available crystal structure.

Formation of the INTS9/11 CTD1 dimer is functionally important and necessary for assembly of the cleavage module

To analyze to what extent CTD1 dimer formation is important for Integrator function, we generated a series of INTS11 variants that aimed to disrupt the interface observed in the structure. We screened those variants for the effect on RNA processing in vivo in a depletion/reconstitution assay utilizing the U7 snRNA reporter (Albrecht and Wagner, 2012). In this experimental setup, impaired 3 0 end cleavage of the U7 transcript results in transcriptional readthrough, allowing translation of the downstream GFP gene, which can be quantified by fluorescence intensity measurement (Figure 3G).

Deletion CTD2 or CTD1 and CTD2 domains of INTS11 has a significant effect on the processing activity of the Integrator (Figure 3H). This is to be expected, considering that CTD2 is required for dimerization of INTS9/11, as shown previously (Wu et al., 2017). Deletion of INTS11 CTD1 alone has a severe effect on reporter RNA misprocessing, even though this domain is not required for dimerization of INTS9/11, as analyzed by co-expression and pull-down of the 33hemagglutinin (HA)-INTS9 and 33FLAG-INTS11 protein variants (Figure S1F). To analyze this further, we designed a series of point mutations in INTS11 CTD1 in which pairs of amino acids located at the interface of the intermolecular b-sheet were substituted with prolines. These muta- tions are predicted to disrupt the secondary structure and, consequently, formation of the composite b-barrel-like domain. Although none of the introduced point mutations affected its dimerization properties (Figure S1F), they increased reporter RNA misprocessing to levels comparable with deletion of the entire INTS11 CTD1 or introduction of the catalytic mutation E203Q at the INTS11 active site (Figures 3H and3I). This suggests that CTD1 dimer formation is important for Integrator function.

We hypothesized that this domain might be important for assembly of higher-order complexes, providing a quality control checkpoint. INTS4 recruitment control would be a likely target for such a checkpoint. To test this hypothesis, we co-expressed SBP-INTS4 with 33HA- INTS9 and33FLAG bimodal binding is supported by previous yeast two-hybrid studies (Albrecht et al., 2018) and could have important consequences for complex assembly and substrate recruitment.

The INTS11 MBL/b-CASP domain exhibits features of an inactive conformation

The INTS11 MBL domain is composed of a typical abba-fold, with the b-CASP domain inserted into one of its loops (Figure S7). The nuclease domain of INTS11 shares 40% sequence identity with CPSF73, and the invariant residues include all 7 sequence motifs (1-4 in the MBL and A-C in the b-CASP domains (Figure S7), which, in CPSF73, coordinate two catalytic Zn 2+ ions within a deep cleft between the MBL and b-CASP domains (Mandel et al., 2006). The geometry of these motifs is preserved in INTS11 and capable of supporting a similar coordination of the catalytic Zn 2+ ions (Figures 5D and5E). This implies that INTS11 forms a bona fide MBL/b-CASP nuclease active site.

The relative orientation of the MBL and b-CASP domains of INTS11 resembles that observed for CPSF73 (Mandel et al., 2006) and its homologs Ysh1 (Hill et al., 2019) and CPSF3 (Swale et al., 2019). In this configuration, a cleft leading to the active site is too narrow to accommodate the RNA substrate, suggesting that the nuclease was captured in a closed, inactive conformation (Figure 5). The local resolution for the INTS11 b-CASP domain is relatively low (Figure S6), indicating the dynamic nature of this region. It is consistent with the idea that displacement of the b-CASP domain would allow it to achieve an active configuration similar to the one observed for CPSF73 (Sun et al., 2020) or RNase J (Dorle ´ans et al., 2011). 

The INTS9
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Wojciech P. Galej (wgalej@embl.fr).

Material availability

Unique and stable reagents generated in this study are available upon request.

Data and code availability

Cryo-EM maps obtained within this project have been deposited in the EMDB database with the following accession codes: EMD-12165 (High-resolution map), EMD-12166 (Medium-resolution, ESRF1 map), EMD-12164 (INTS4-focused map), EMD-12163 (CTD2focused map). The atomic coordinates have been deposited in PDBe with the following accession codes: 7BFP (model refined against the high-resolution map) and 7BFQ (pseudoatomic model fitted into the medium-resolution map).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK293T cells (ATCC) were propagated in DMEM medium (GIBCO) supplemented with 10% FBS (Thermo Fisher) and Pen Strep (GIBCO). SF21 Insect cells were cultured in SF-900 TM II SFM media (GIBCO). Hi5 cells were grown in Express Five TM SFM media (GIBCO) supplemented with L-Glutamine (GIBCO).

METHOD DETAILS Protein expression and purification

Full-length open reading frames (ORFs) of INTS4 (N-terminally 8xHis-tagged), INTS9 and INTS11 (N-terminally SBP-tagged) were assembled into one vector using the biGBac system (Weissmann et al., 2016). Similarly, INTS5 (N-terminally 8xHis-tagged) and INTS8 (N-terminally SBP-tagged) as well as INTS10 (N-terminally 8xHis-tagged), INTS13 (N-terminally SBP-tagged) and INTS14 were cloned into a single vector containing two or three ORFs respectively. Baculovirus was generated in SF21 cells grown in SF-900 TM II SFM media, as previously described (Bieniossek et al., 2012). Hi5 cells, used for protein production, were grown in Express Five TM SFM media and infected at a density of 1x10 6 with 1% volume of the SF21 pre-culture and incubated for 72h at 27 C.

Cells were split into 500 mL aliquots, harvested at 300 g for 15 min at 4 C (JLA8.1000), resuspended in PBS and transferred to 50 mL tubes. The cells were spun down again at 500 g for 10 min (A-4-62), frozen in liquid nitrogen and stored at À80 C until further use.

The cell pellets were thawed in 10 volumes Buffer1 (150 mM KCl; 20 mM HEPES KOH pH 7,8; 30 mM Imidazole) and sonicated (4 times 1 min, 30% Amplitude, 10 s ON/OFF cycle). The membrane fraction was pelleted at 48.384 g for 45 min at 4 C (JA-25.50) and the supernatant incubated on 10% (v/v) Ni-NTA resin (QIAGEN) at 4 C for 2 h on a turning wheel. The resin was transferred to Poly-Prep Chromatography Columns (Bio-Rad) washed 5 times in 2 volumes Buffer1 and subsequently eluted in 5 3 1ml Buffer2 (150 mM KCl; 20 mM HEPES KOH pH 7.8; 250 mM Imidazole). The elutions were pooled, transferred to 200 ml Streptavidin agarose resin and again incubated for 2h at 4 C on a turning wheel. Subsequently, the resin was washed 5 times with 1 mL Buffer3 (150 mM KCl; 20 mM HEPES KOH pH 7.8) and eluted in 3 steps with Buffer4 (150 mM KCl; 20 mM HEPES KOH pH 7.8; 10 mM desthiobiotin). Crosslinking gradient (GraFix)

The elution fractions of the freshly purified complexes were pooled and transferred to a crosslinking gradient, GraFix (Kastner et al., 2008), with the following buffer composition: 10% -30% Glycerol, 150 mM KCl, 20 mM HEPES KOH pH 7.8; 0,05% Glutaraldehyde and spun for 14 h at 160,000 g (SW60Ti). The gradient was aliquoted in 150 ml fractions, quenched with 20 mM Tris-HCl pH 7.8 (final concentration) and the protein complex traced with a Dot-Blot against the SBP-tag. Fractions containing cross-linked complex were pooled and the glycerol was removed by multiple rounds of concentration using an 0.5 mL Amicon spin column (50 kDa cut-off).

Size exclusion chromatography 50 mL of the freshly purified complexes at 1-2 mg/ml were injected into a Superose6Ò Increase 3.2/300 column and eluted over 3.3 mL equilibrated in Buffer3 at the flowrate of 0.04 ml/min. Fractions of 100 mL were collected and subsequently analyzed by SDS-PAGE.

Interactions were assessed by mixing the purified protein complexes in 1:1 molar ratio and incubating them on ice for 30 min before injections.

Sample vitrification

R1.2/1.3 UltrAuFoil 300 mesh grids were glow-discharged from each side for 20 s at 25 mA at 0.3 bar using a Pelco EasyGlow device. The protein concentration was adjusted to 0.5 mg/ml as described above and 2.5 ml sample applied to each side of the grid. Excess of the sample was blotted away using a Vitrobot MARK IV at 4 C, 100% humidity for 2 s at À10 blotting force and plunge frozen in liquid ethane.

Cryo-EM data collection

The grids were loaded into a Titan Krios (FEI) electron microscope at the CM01 ESRF beamline (Kandiah et al., 2019) (dataset ESRF1 and ESRF3) or at the EMBL Heidelberg cryo-EM platform (dataset EMBL2), both equipped with a K2 Summit direct electron detector and a GIF Quantum energy filter (Gatan). Microscopes were operated at 300kV acceleration voltage in an EF-TEM mode. The cryo-EM data was acquired using Thermo Fisher EPU software (ESRF) or serialEM (Mastronarde, 2005) (EMBL) at a nominal magnification of 3 165 000, resulting in 0.83 A ˚$ pixel -1 (ESRF) and 0.81 A ˚$ pixel -1 (EMBL). ESRF movies were acquired for 4 s at a flux of 11.7 e $ A ˚-2 $ s -1 and the total fluence of 46.8 e $ A ˚-2 was fractionated into 40 movie frames. EMBL movies were acquired for 6 s at a flux of 7 e $ A ˚-2 $ s -1 and the total fluence of 42 e $ A ˚-2 was fractionated into 40 movie frames. A total of 6182 (ESRF) and 13,086 (EMBL) movies were acquired with a defocus range from À0.5 to À3.0 mm.

Cryo-EM data processing

All image processing was performed within Relion 3.0 (Zivanov et al., 2018), unless stated otherwise. For all three datasets beaminduced motion correction was performed using Relion's implementation of MotionCorr2 (Zheng et al., 2017) with a 5x5 patch model without binning followed by CTF estimation with CTFFIND 4.1 (Rohou and Grigorieff, 2015).

The datasets ESRF1 (1.02 million particles) and EMBL2 (4.65 million particles) were processed separately using a standard Relion workflow (Scheres, 2012), yielding 4.08 A ˚(118 k particles) and 3.98 A ˚(84 k particles) resolution respectively.

Automated particle picking of the ESRF1 dataset identified 1.02 million particles which were subjected to 3 rounds of 2D classification which reduced the particle number to 691 k. Two subsequent rounds of 3D classification with 3 classes each and a subsequent refinement resulted in a 8.3 A ˚resolution map with 302k particles. The refined map was classified further into 3 classes, the best class refined and again split into 5 classes. The best class containing 22 k particles was refined and yielded a 4.08 A ˚resolution map.

In case of the EMBL2 dataset automated picking in Relion identified 4.65 million particles. Due to the high number of particles, extraction was performed with 2-fold binning. The particles were subjected to 6 rounds of 2D classification to remove broken and poorly aligning particles, which reduced the particle number to 241 k. Those particles were re-extracted with their full pixel size and subjected to 3D classification into 6 classes. The best class, containing 84k particles, was refined and yielded a 3.98 A ˚resolution map.

The ESRF3 dataset was not processed separately as it was collected with the intention of merging the data with the previously collected datasets.

The final density of the EMBL2 dataset was used for template picking on all 3 datasets (ESRF1, EMBL2, ESRF2), yielding 2.9 million particles for the ESRF datasets and 6.1 million particles for the EMBL dataset. The ESRF particles were extracted from datasets 1 and 3 with full pixel size and merged. 2 rounds of 2D classification reduced the particle number to 786 k. The EMBL dataset was extracted 4-fold binned and subjected to 4 rounds of 2D classification which reduced the particle number to 1.6 million.

Since none of these datasets achieved the resolution required for de novo model building, we decided to merge all available data to improve the overall resolution. In order to do so, we determined a relative scaling factor between the maps from two different microscopes by iterative adjustment of the pixel size in one of the maps, followed by calculation of the correlation-coefficient in ChimeraX against the reference map (Wilkinson et al., 2019). As a result, a relative pixel size for the EMBL dataset was adjusted to 0.816 (instead of 0.810) and the CTF parameters were determined again for this dataset. To achieve the best possible scaling of this dataset against the ESRF reference (0.83 A ˚$ pixel -1 ), we determined optimal box sizes for the extraction and the 786 k preselected ESRF particles were re-extracted in a 348x348 pixel box, while preselected 570 k EMBL particles were re-extracted in a 354x354 pixel box, downscaled to 348x348 pixels during the extraction. Both datasets were merged and the resulting 1.35 million particles were subjected to 2 rounds of 2D and one round of 3D classification. The best 3D class containing 541 k particles was refined to 4.9 A ˚resolution. Further 3D classification into 5 classes gave 2 equally good reconstructions, which differed in angular distribution. As previous data processing indicated a missing angle problem, both classes (312 k particles) were used in a subsequent 3D refinement yielding a reconstruction at 3.9 A ˚resolution. This reconstruction was used for CTF refinement and Bayesian polishing (Zivanov et al., 2019). Although we could not identify any significant heterogeneity in our data at this stage, further 3D classification allowed us to select a subset of particles, with presumably higher signal-to-noise ratio, which refined to 3.6 A ˚-resolution (from 99K particles) and 3.5 A ˚-resolution (from 27 k particles). The latter was used for subsequent model building.

The map used for de novo model building is missing some of the peripheral regions including the INTS9/11 CTD2 dimer and INTS4 CTD . While we were performing focused classification and refinement, we realized that classes containing well-defined peripheral regions originate almost exclusively in the ESRF1 dataset. It is possible that variation in sample preparation, vitrification conditions and/or ice thickness preserved those fragile elements only in 1 out of 3 datasets. Therefore, we performed focused classification and refinement on this dataset alone. Briefly, the initially picked 1.4 million particles were subjected to 3 rounds of 2D and 3 rounds of 3D classifications in order to remove broken particles and to select well-aligning classes. The resulting 115 k particles were refined to 4.4 A ˚-resolution. The angles assigned in this refinement were used for subsequent signal subtraction (Bai et al., 2015) followed by 3D classification without image alignment and T = 40. The best classes were reverted to the original particles and refined. Both maps yielded a final resolution of 6.5 A ˚.

All reported resolutions were calculated within Relion using gold standard Fourier Shell Correlation (FSC) procedures (Scheres and Chen, 2012).

Model Building and Refinement

For INTS9 and INTS11 homology models were calculated using the I-TASSER web server (Zhang, 2008) and fitted into the cryo-EM map in ChimeraX (Goddard et al., 2018). Based on the slightly larger molecular weight of INTS9, this subunit was assigned to the larger lobe, which was later confirmed by the amino acid register and identification of a unique insertion (NAD) in the INTS9 MBL domain. Homology models were rebuilt manually in Coot (0.8.9.2-pre EL) (Emsley and Cowtan, 2004). The density of the CTD1 dimer was good enough for de novo modeling. The CTD2 dimer was modeled by rigid-body docking of the previously reported coordinates (PDB ID: 5V8W) into a low-resolution lobe protruding from the end of the CTD1 dimer. Additionally, the linker helix connecting the CTD1 and CTD2 of INTS11 (495-504), which is as well part of the previously reported crystal structure of CTD2 (PDB ID: 5V8W), associates more tightly with the CTD1 dimer in our structure and its position is in agreement with the current CTD2 assignment.

The directionality of the INTS4 helical repeat was identified by crosslinking and mass spectrometry. The model for HEAT repeats 1-9 was built de novo into the high-resolution map and the register assignment was based on visible side-chain densities and secondary structure predictions (Kelley et al., 2015). The length of predicted helices is in good agreement with the visible density. Additionally, residues 264-280 are predicted to form a short extended loop between repeats H6 and H7, which is indeed visible in our map and provides a landmark verifying a correct sequence assignment.

A medium resolution map obtained from focused classification and refinement was used to extend the model with 3 additional HEAT repeats, whose register was tentatively assigned based on the secondary structure predictions.

The atomic model was refined in reciprocal space with Refmac5 (Murshudov et al., 2011) with the secondary structure restrains generated in ProSMART (Nicholls et al., 2014) within the CCP-EM (1.3.0) software suit (Burnley et al., 2017) . Half-map validation was performed as previously described (Brown et al., 2015). The atomic model was visualized in ChimeraX (Goddard et al., 2018) and PyMol and the electrostatic calculations were performed with the APBS plugin in PyMol (Schro ¨dinger).

Cross-linking Mass spectrometry

Protein complexes were purified as previously described and adjusted to a concentration of 1 mg/ml in a 50 mL volume. DSS (disuccinimidyl suberate) was dissolved in Dimethylformamide with a final concentration of 50 mM. The dissolved crosslinker was added to the protein aliquot with a final concentration of 1 mM and 10 mM respectively and incubated at 35 C for 30 min. The reaction was quenched with 0.1 volumes of 1M Ammoniumbicarbonate and again incubated for 10 min at 35 C. Subsequently the sample was treated with 0.8 volumes of 10 M Urea and 250 mM Ammoniumbicarbonate as well as 0.05 volumes RapiGest SF Surfactant (Waters, cat. No. 186008090) and sonicated for 1 min in an ultrasound bath. Later, DTT was added with a final concentration of 10 mM, incubated for 30 min at 37 C and freshly prepared Iodoacetamide was added with a final concentration of 15 mM and again incubated for 30 min at room temperature (protected from light).

Subsequently, the sample was treated with different proteases beginning with Endoproteinase Lys-C (5 mL of an 0.1 mg/ml stock in Ammoniumbicarbonate) and incubated for 4 h at 37 C. The Urea concentration was adjusted to 1.5 M with HPLC grade water and Trypsin was added (1 mL of an 1 mg/ml stock) and incubated over night at 37 C. Subsequently the sample was acidified with Trifluoroacetic acid (1% v/v final concentration), incubated at 37 C for 30 min and spun down at 17,000 g for 5 min. The supernatant was discarded and the pellet was frozen in liquid nitrogen and stored at À80 C or dry ice. The mass spectrometry experiment and cross-links identification was performed by the EMBL Proteomics Core Facility in Heidelberg.