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IX 

Summary  

Transcription is a conserved fundamental cellular process carried out by RNA polymerases 

(Pol) that results in the synthesis of an RNA transcript. Transcription of protein coding genes 

by Pol II is the first step in conversion of the genetic information into cellular proteome. The 

Pol II transcription cycle is divided into three distinct phases of initiation, elongation, and 

termination. In this dissertation, we provide insights into two essential aspects of elongation: 

Pol II backtracking and co-transcriptional capping. Backtracking is a result of Pol II trying to 

overcome barriers like the nucleosome. It results in the nascent RNA being extruded into a 

pore, causing Pol II arrest. Transcription factor II S (TFIIS), rescues Pol II under such 

circumstances. TFIIS travels through the Pol II crevice, facilitates RNA cleavage with its domain 

III in the pore, generating a new 3’ end in Pol II active site. The first manuscript (published) 

focuses on the details of Pol II passage through the nucleosome with the help of TFIIS, where 

I resolve the structure of the mammalian Pol II-TFIIS. The structure reveals that the 

mammalian Pol II has a pre-opened crevice allowing insertion of human TFIIS without 

structural changes, unlike its yeast counterpart. The TFIIS domain III remains mobile, which 

might enable regulation of TFIIS entry into Pol II active site. The second manuscript (in-

preparation), and the primary focus of this dissertation is the co-transcriptional capping of the 

5’ end of the emerging RNA. In humans, all mRNAs carry a 5’ cap composed of a 7-

methylguanosine attached via an inverted phosphate to the first transcribed nucleotide (nt) 

which is methylated at 2’ O. This structure is essential to protect the RNA from exonucleolytic 

attacks and serves as a marker for ‘self-RNA,’ maintaining an antiviral state in the cell. DRB 

sensitivity inducing factor (DSIF), an elongation factor facilitates capping. Through this 

dissertation, I propose the first comprehensive model of mammalian co-transcriptional 

capping based on six structural intermediates of the process. The structures show that the 

human capping enzymes use Pol II stalk as a stable anchor to bind and act on the pre-mRNA 

at the exit channel. These structures enable us to capture the RNA movement between 

enzyme active sites, and the major structural rearrangements of DSIF that exemplify the 

importance of its modular nature. Failure to rescue a backtracked Pol II or to incorporate a 5’ 

cap result in pre-mature transcription termination. In summary, our elucidated structures help 

unravel the molecular mechanisms governing transcription elongation and provide a robust 

framework for the fundamental process of co-transcriptional capping.
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1. Introduction 

 

The central dogma first stated in 1957 by Francis Crick reports the sequence of 

information transfer in living organisms1. The framework describes the normal flow of 

biological information between the three major biopolymers: deoxyribonucleic acid (DNA) 

ribonucleic acid (RNA) and protein2. Transcription, a fundamental biological process of the 

dogma, involves copying the information from DNA segments into RNA molecules, of which 

the messenger RNAs (mRNAs) are translated into proteins3.  

Transcription of the cellular genome is carried out by multi-subunit enzymes called DNA-

dependent RNA polymerases (RNAP)4. Bacteria and archaea possess one RNAP, whereas 

eukaryotes have three to five RNAPs responsible for transcribing different subset of genes5. 

All of these multi-subunit RNAPs share a common structural core. This structurally conserved 

core consists of five subunits, mainly comprising the functional elements of the active center 

and thereby a shared molecular mechanism5–7. Eukaryotic RNAPs carry up to ten additional 

subunits, which is largely linked with RNAPs having to transcribe through the histone 

compacted, and hence more restrictive eukaryotic DNA8,9. 

The multi-subunit polymerases (Pol) that transcribe the eukaryotic genome are Pol I, Pol 

II, Pol III, and additionally Pol IV and Pol V in plants4. Pol I, II, and III are responsible for 

synthesizing the 25S ribosomal RNA (rRNA), messenger RNA (mRNA), and small RNAs including 

transfer RNAs and 5S rRNA, respectively10. While Pol is the central player in transcription, the 

development of promoter-specific in vitro transcription assays11,12 also revealed the 

importance and need for general transcription factors (GTFs)2,13. Pols together with the GTFs 

traverse through nucleosomes (the fundamental unit with histone proteins and DNA wrapped 

around) to generate the corresponding transcripts. Chromatin remodelers and histone 

chaperones help with this process14,15. 

RNA Polymerase II (Pol II) transcription is a complex yet coordinated event that results 

in the synthesis of an mRNA16. Pol II dependent transcription cycle is divided into three distinct 

phases of initiation, elongation, and termination (Figure 1)17. Initiation begins with Pol II and 

certain GTFs assembling at the promoter to start the synthesis of the precursor mRNA (pre-

mRNA)18. Initiation is followed by elongation wherein the Pol II moves through the gene 
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extending the transcript16. Once the Pol II reaches the end of the gene, transcription 

termination occurs by release of Pol II19. After termination, the transcription machinery 

including Pol II is recycled for the next round of initiation, thereby completing the cycle17. 

During the transcription cycle, a number of essential pre-mRNA processing events occur, 

resulting in the mature mRNA which is exported to the cytoplasm for translation20. 

Transcription is subject to regulation at various stages which is critical for gene expression and 

is the key to understanding the basis of cellular differentiation, identity and maintenance. In 

the next section, we therefore look at the details of Pol II transcription. 

 

 

 

Eukaryotic Pol II is a twelve-subunit protein complex, with a molecular weight of 

approximately 500,000 Da3. The Pol II core enzyme is formed by two large subunits, namely 

Rpb1 and Rpb2, that flank its positively charged active center 3. Additionally, a mobile clamp 

flanks one side of the cleft, with the smaller subunits are distributed around the periphery5,21, 

and the Rpb4-Rpb7 sub-complex forming the so-called stalk5,22. 

A unique feature of Pol II is the Rpb1 C-terminal domain (CTD), which consists of the 

consensus heptapeptide YSPTSPS repeated 26 (yeast) or 52 (human) times5. The CTD 

undergoes reversible phosphorylation at Y1, S2, T4, S5 and S7 as Pol II transcribes through a 

gene23,24. This tail-like feature of Pol II is therefore a target of multiple kinases that result in 

specific phosphorylation patterns through the transcription cycle25. The phosphorylation 

pattern acts as a signal for recruitment of several transcription and RNA processing factors, 

while the CTD itself serves as a binding platform for these factors26. 

 

Over the years, structural studies of Pol II elongation complexes (ECs) containing nucleic 

acids have helped shed light on how Pol II catalyzes the DNA-dependent addition of 

nucleotides27–29.  
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In a conserved multi-step process, a nucleotide triphosphate (NTP) binds the Pol II active 

site that is in a pre-insertion state28. This NTP is then selected for based on Watson-Crick 

pairing with the DNA template, as well as contacts with Pol II30. As a result, the NTP is 

sandwiched between the template DNA, 3’ RNA nucleotide, and the Pol II features called the 

bridge helix and the trigger loop28,29. Presence of the correct cognate base leads to nucleotide 

insertion to the 3’ end of the pre-mRNA transcript by phosphodiester bond formation and 

pyrophosphate release31,32. Formation of the pyrophosphate bond involves a nucleophilic 

attack by the RNA 3’-OH on the NTP gamma-phosphate in a metal ion dependent manner5,27. 

Pol II then translocates along the DNA by one base pair, thereby emptying the active site 

for the next incoming nucleotide (post-translocated state)33. An incoming nucleotide can then 

bind the active site of Pol II in this state, likely locking the bridge helix and the trigger loop in 

that position28. This cycle is repeated as the Pol II goes through the DNA template, resulting in 

elongation of the pre-mRNA transcript29. 

 

Initiation starts with the formation of pre-initiation complex (PIC)34. This entails the 

assembly of Pol II together with its initiation factors at the promoter DNA35. Years of structural 

and biochemical work have led to a conventional PIC assembly model. First, the transcription 

factor (TF) II D first recognizes promoter elements leading to TFIIA mediated binding of the 

TATA binding protein (TBP)36. These promoter elements upstream of the transcription start 

site (TSS) serve as nucleation points for transcription initiation37. In metazoans, there can be 

additional elements present downstream the TSS38. This is followed by TFIIB binding, that in 

turn allows for Pol II-TFIIF complex recruitment34. Subsequently, the multi-subunit mediator 

complex associates with the CTD, and makes additional contacts with the rest of the Pol II 

body39,40. Finally, TFIIE, followed by TFIIH recruitment result in the complete PIC39. This 

induces rearrangements within the PIC that in turn lead to DNA unwinding, and formation of 

an open promoter complex and the so-called initial ‘transcription bubble’41. This initially 

transcribing complex (ITC) can then use the unwound DNA and synthesize the pre-mRNA de 

novo 42.  

Once the RNA reaches a certain critical length of approximately 13-14 nt 39, the initiation 

factors dissociate from the ITC as the upstream DNA winds back and Pol II moves downstream 

through the transcription bubble42 . The ITC then transitions to an elongation complex (EC) 
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through an event called promoter escape17,43. Promoter escape is triggered as TFIIH kinase 

module (containing the CDK7 kinase) phosphorylates the CTD and destabilizes the PIC39. 

Mediator stimulates TFIIH activity, thereby allowing for rapid promoter escape44.  

After promoter escape, Pol II enters the early elongation phase45. At this stage, the 

essential elongation factor called 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB) 

sensitivity-inducing factor (DSIF) binds Pol II46. It is partially conserved in bacteria and archaea 

and is a heterodimer composed of two subunits called SPT4 and SPT547. SPT5 consists of an 

N-terminal NGN (NusG N-terminal) domain, seven Kyrpides, Ouzounis, Woese (KOW) motifs 

and a mobile C-terminal repeat region (CTR)48,49. Structures of the yeast14 and human50 Pol II-

DSIF ECs revealed that DSIF uses its modular KOW domains to clamp the upstream DNA and 

the exiting RNA, while the CTR can serve as a recruiting platform for processing factors51. 

Association of DSIF with the transcription machinery is enhanced by interaction with the 

emerging RNA, and therefore DSIF was shown to preferentially bind ECs with RNA length of 

22-24 nt52. DSIF likely remains bound to Pol II throughout transcription and undergoes 

rearrangements due to its highly modular structure to allow association of various factors 

downstream53.  

 

 
 

Figure 1: Pol II transcription cycle. Initiation factors (pink) assemble with RNA polymerase II at the 

gene promoter to initiate pre-mRNA synthesis. After the synthesis of about 10 nucleotides, the 

cycle enters the elongation phase during which Pol II extends the nascent transcript. Pol II-CTD 

phosphorylation state plays an important role in recruiting factors such as the capping machinery. 

The transcription machinery and the mature mRNA are released at termination and recycled for 

another round of transcription. Pol II in grey; DSIF in green; RNA in red; 5‘cap as a red circle; A(n) is 

3’ polyadenylation; DNA as a black solid line. Adapted from M. Hantsche and Cramer 201654. 
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In metazoans, the early elongation phase is characterized by a common feature called 

promoter-proximal pausing55. It is a state where Pol II is transcriptionally competent but not 

actively transcribing56. Based on Pol II density peaks, promoter-proximal pausing occurs 50 to 

80 nt downstream of the TSS and is believed to serve as the early elongation checkpoint 

(EEC)57,58. Pausing functions in regulating the development of an organism, environmental 

responses, and possibly acts as a kinetic window for various pre-mRNA processing events59,60. 

The two elongation factors, DSIF and the negative elongation factor (NELF), act in concert to 

stabilize the paused state45,61. NELF comprises four subunits namely NELF-A-B-C/D-E61. In this 

state, the DNA-RNA hybrid is in a ‘titled’ state, likely caused by post-translocation, wherein 

the DNA template backtracks by one position and the RNA does not, making it incompatible 

with elongation62. Moreover, NELF sterically blocks the access of TFIIS to Pol II active site which 

is required to rescue the backtracked Pol II and resume RNA synthesis62,63. We talk about TFIIS 

and its functions more in detail in section 1.2.4.  

The kinase CDK9 of the positive transcription elongation factor b (P-TEFb) plays an 

instrumental role in overcoming the pause64.It  phosphorylates Pol II CTD, DSIF and NELF, that 

cause the transition to productive elongation62. Structural and biochemical studies suggest 

that this phosphorylation plays multiple roles that together lead to pause release. Firstly, NELF 

binding is influenced by SPT5 and NELF phosphorylation65,66. Secondly, it facilitates binding of 

Pol II associated factor (PAF) complex, which sterically competes with NELF for Pol II binding 

surface67,68. And finally, phosphorylation of the linker from Pol II to the CTD recruits elongation 

factor SPT6, which in turn loosens the DSIF-RNA interaction67. Failure to transition from the 

paused to the productively elongating state leads to premature termination called 

transcription attenuation, that involves another multi-subunit complex called the integrator 

complex69. 

The resulting EC bound to DSIF, PAF and SPT6 forms the activated elongation complex 

(EC*), which can productively elongate the pre-mRNA67. PAF is composed of 5 subunits Paf1, 

Leo1, Ctr9, Cdc73, Rtf1 and an additional subunit WDR61 in humans70. It is required for 

processive elongation by mammalian Pol II, that to a large extent is mediated allosterically by 

its subunit Rtf171,72. Additionally, PAF is also needed for chromatin transcription, as it is 

implicated in histone modifications like ubiquitination and methylation, and can therefore 

have  both positive and negative impacts on transcription73. Human SPT6 is a 200,000 Da 

conserved elongation factor that binds around the Pol II stalk74. It interacts with Pol II via S2 
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phosphorylated CTD linker, and also with DSIF KOW domains75. It stimulates transcription in 

vitro, in vivo and serves as a histone chaperone for chromatin transcription74,76.  

Once Pol II reaches the end of the gene body which is marked by a polyadenylation 

(polyA) site, transcription terminates with the release of the newly synthesized and partially 

processed RNA77. Termination is critical for avoiding aberrant downstream transcription into 

the DNA as well as Pol II recycling78. Termination signals can be internal, such as DNA or RNA 

sequences, or external relying on termination factors79,80. Amongst the three transcription 

phases, termination remains the most elusive one with limited structural or biochemical 

information. However, two models have been suggested in the literature. The allosteric model 

relies on indirect destabilization of the EC* upon polyA site encounter by 3’ processing factors, 

whereas the torpedo model describes an active displacement of Pol II by RNA-exonuclease 

post RNA release81,82. Following Pol II dissociation upon termination, the CTD is reverted to a 

hypo-phosphorylated state, making Pol II transcription competent and ready to start a new 

cycle80. In the context of chromatin, recycling is facilitated by gene-looping that brings 

promoters and terminators in spatial proximity19.  

 

During elongation, Pol II pausing is often induced by DNA sequence, base 

misincorporation or nucleosome encounters83. While often the Pol II can escape the pause, it 

can also move backward on the DNA template, in a process termed as backtracking84. This 

dislodges the 3’ end of the transcript into a pore beneath the Pol II active site, leading to its 

arrest84. In order to escape this state, Pol II requires TFIIS, an RNA cleavage-stimulatory 

factor85. TFIIS stimulates the intrinsic RNA-cleavage activity of Pol II active center, which 

cleaves the RNA fragment in the pore resulting in the generation of a new 3’ end to resume 

transcription28. The RNA cleavage activity however resides with TFIIS itself in the human 

system28. Backtracking is prevalent across the genome, especially in the 5’ and the 3’ ends 

where Pol II stalling is observed for promoter-proximal pausing or 3’ end processing, 

respectively86.  

TFIIS was the first Pol II associated factor to be purified87. It is 309 amino acid (aa) in 

length and 33,970 Da in molecular weight88. TFIIS comprises three independently folding 

domains named I, II and III88. Domain I (aa 1-130), is a four-helix bundle that has been observed 

to interact with the initiation factors89. However, it is not necessary for the biochemical 
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activity of TFIIS, and therefore its function remains unknown90. Domain II (aa 131-240) forms 

a three-helix bundle88. It is connected to domain III (aa 265-309) via an unstructured 

interdomain linker (aa 241-264)85. Domain III is composed of three anti-parallel beta-sheets 

that form a zinc ribbon and is critical for TFIIS activity84.  

Structural studies of yeast27,84 and human (publication 1)91 Pol II-TFIIS complex have 

shed light on the mechanism of Pol II rescue by TFIIS and its implications in nucleosome 

transcription. The backtracked Pol II has approximately 10 nt in its pore28. TFIIS binds the Pol 

II funnel opening with its Domain II84. The interdomain linker penetrates the funnel leading up 

to the Pol II active center28. Domain III extends into the Pol II active site and positions its two 

highly conserved acidic residues D290 and E291 along with an activated water molecule to 

stimulate nucleophilic cleavage of the backtracked RNA92. The cleavage liberates the RNA 

from the pore, resetting the tilted DNA-RNA hybrid state, generating a new 3’ end and a free 

active site for the incoming NTP27,84. In context of chromatin, TFIIS mediated reactivation 

allows repeated attempts at passing the nucleosome, therefore increasing the likelihood of 

overcoming the nucleosome barrier93. 

 

Pol II nascent transcripts undergo various processing events to form the mature RNA 

that can be translated into proteins77. Some of these events are temporally coupled to 

transcription, and are therefore termed as co-transcriptional processes94. This functional 

coupling likely allows for efficient pre-mRNA maturation. First evidence for co-transcriptional 

coupling of RNA processing came from early experiments that suggested that intron removal 

(splicing) and transcription are spatially and temporally coupled94,95. The vast majority of RNA 

undergo three major processing events, namely, 5’ capping, splicing and 3’ end processing 

before their release96. Dynamic CTD phosphorylation patterns, and an intricate web of 

interactions between the transcription machinery and the pre-mRNA processing factors is 

responsible for ensuring efficient mature mRNA biogenesis97.  

Capping is an early co-transcriptional processing event, and a characteristic feature of 

Pol II transcripts98. It involves the addition of a 7-methyl guanosine cap structure to the RNA 

5’ end resulting in a cap(0) sructure (5’ m7GpppXRNA, where X is the first transcribed 

nucleotide)98. In all human mRNAs, the 2’O of the first transcribed nucleotide is further 

methylated (5’ m7GpppXmO-2pRNA) resulting in a cap(1) structure99. As co-transcriptional 
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capping is the focus of this dissertation, the current literature and details of capping are 

extensively covered in section 1.4 and section 1.5.  

Pre-mRNA splicing is essential for gene expression and involves the removal of non-

coding introns and ligation of the coding regions of the gene called exons100. It is catalyzed by 

an assembly called the spliceosome, that comprises of U1, U2, U4/6 and U5 small nuclear 

ribonucleopreotein particles (snRNPs)101. Splicing occurs in a two-step trans-esterification 

mechanism101. In the first set of steps, U1 snRNP binds and cleaves at the 5’ end of the exon, 

following which the U2 snRNP attaches to a conserved branch point sequence just upstream 

of the 3’ splice site adjacent to the exon102. U5 and U4/U6 then bind to form a pre-catalytic 

complex which allows for the recruitment of U6 to the 5’ splice site and the branch point 103. 

The 5’ splice site is then cleaved exposing a free 3’OH group and forming an intron lariat103. In 

the second step, U5 positions the 5’ and the 3’ end together by base pairing with both, leading 

to exon fusion, and excision of the lariat103. Spliceosome can then disassemble, and 

components recycled104. Splicing often begins co-transcriptionally and continues post-

transcriptionally105. Recent structural studies have suggested a growing loop model, which 

suggests that while the spliceosome is assembled co-transcriptionally, the catalytic steps may 

occur independent of Pol II106. 

The 3’ end processing often entails the synthesis of a 3’ polyA signal, that in humans can 

be up to 1500 bp upstream of the termination site107. It confers stability to the mRNA and is 

required for nuclear export108. Trans-acting proteins like cleavage/polyadenylation-specificity 

factor (CPSF) and cleavage stimulation factor (CstF) cut the pre-mRNA approximately 10-30 nt 

downstream of the polyA site prior to polyadenylation109. Subsequently, additional 

termination factors that tether to the CTD and include an exonuclease are recruited, which 

facilitate the release of the mRNA from the EC110. 

 

 

Occurring during early elongation, capping is the first co-transcriptional event, and a 

unique feature of Pol II transcripts107. Conserved from viruses to humans, capping is a key 

modification of essential biological importance that serves several functions111. It plays a 

critical role in mRNA stability, facilitates maturation and export, promotes translation 

initiation, and serves as a hallmark of ‘self-RNA’112. Details of these individual functions are 
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described in section 1.4.1. Mutating the capping apparatus and thereby disrupting the cap 

addition has experimentally been shown to be lethal in yeast, confirming its diverse roles and 

its importance in cell viability113. Figure 2 shows a conventional eukaryotic capped pre-mRNA. 

 

 

Figure 2: Structure of the RNA cap. Cap(0) is added as a 7-methylguanosine modification shown in 

green. Cap(1) and cap(2) additionally include a methylation of the 2’ OH of the first (orange) and 

the second (blue)transcribed nucleotide, respectively. Pre-mRNA elements are shown in red.  

 

Formation of the cap occurs in several catalytic steps and requires the activity of series 

of enzymes43. The catalytic steps and the enzymes involved are described in the sections 

below. However, the eukaryotic capping process however may not always reach 

completion114. In mammals, protein belonging to the DXO (decapping 

exoribonuclease)/Dom3Z and XRN families function as quality control systems of the 5’ cap115. 

For instance, the decapping exonuclease DXO recognizes and digests the partially capped but 

unmethylated transcripts115. 



Chapter 1: Introduction 

 

10 

 

A 5’ cap modification is indispensable for the growth and viability of cells113. Over the 

years, biochemical and structural studies of the capping enzymes (CEs) together with protein 

complexes and/or RNA substrate have revealed a diverse range of functions.  

5’ end protection. Capping stabilizes the transcript by protecting the emerging 5’ pre-

mRNA end and later the mature mRNA by shielding the 5’ end and thereby blocking the 5’-

3’exonuclease attack on the mRNA116.  

Pre-mRNA splicing and nucleocytoplasmic export. Cap(0) has been shown to play an 

important role in efficient pre-mRNA splicing in mammalian117 and yeast118 systems. It 

facilitates this process by helping in recruitment and binding of the nuclear cap-binding 

complex (CBC)119. CBC is a heterodimer composed of CBC80 and CBC20 that recognizes and 

binds the cap co-transcriptionally120. The resulting cap-CBC complex is critical for efficient 

interaction and binding of the 5’ splice site to the U1snRNP106. It also is critical for mRNA 

assembly into a ribonucleoprotein particle (RNP) which likely contains signals for export to the 

cytoplasm through the nucleopore complex101. Additionally, it is required for export of the 

spliceosome machinery, that is capping of the U snRNAs121. The CBC in turn promotes 

downstream processing, nucleocytoplasmic export, and other critical cellular functions122.  

mRNA turnover. The level of eukaryotic gene expression is defined by the mRNA 

synthesis114. On the other hand, de-capping determines the mRNA half-life123. An mRNA that 

lacks the cap is rapidly degraded by 5’-3’ exonucleases112. Cap removal is a critical step in the 

5’-3’ mRNA degradation and can be triggered for various reasons124. This suggests that the 

interplay between synthesis of capped mRNA and de-capping to degrade the mRNA allows 

fine-tuning and control of gene expression. 

Innate immunity. One of the most important roles of a capped mRNA is in 

differentiating the cellular transcripts from the foreign ones125. In humans, cap(1) methylation 

is present on all mRNA molecules and allows the cell to discriminate against foreign RNAs and 

generate an innate immune response126. In response to viral infections type I interferon (IFN) 

response is triggered by cytoplasmic pattern recognition receptors (PRRs) like retinoic acid 

inducible gene-I (RIG-I)127 and MDA5128. RIG-I was shown to recognize the 5’GpppXRNA and 

cap(0) RNA with similar affinity, while the presence of cap(1) significantly diminished the 

recognition129. Additionally, when the innate immune response is triggered, IFN induces the 

expression of IFN-induced proteins with tetratricopeptide repeats (IFIT proteins) which inhibit 
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the translation of mRNAs lacking cap(1) modification130. Finally, IFN induce the transcription 

of certain IFN stimulated genes (ISGs), including cap methyltransferase 1 (CMTR1 or also called 

as ISG95), which is the enzyme responsible for formation of cap(1) in humans131. CMTR1 in 

turn was shown to promote the rapid protein expression of other ISGs, without affecting their 

mRNA levels132. Taken together, these results suggest that CMTR1 itself and its 2’O 

methylation activity help establish an antiviral cellular state. 

 

Capping involves the addition of an m7G linked via an inverted 5’-5’ triphosphate bridge 

to the first nucleotide of the mRNA133. This minimal m7GpppX-RNA is often referred to as the 

cap(0). In higher eukaryotes, cap(0) is methylated at ribose 2’OH of the first nucleotide, giving 

rise to m7GpppXmO-2-RNA, or the cap(1) RNA116. Cap(1) is the hallmark of cellular RNAs, 

whereas cap(0) is recognized by the innate immune system as foreign125. Approximately half 

of the capped RNAs undergo another methylation at the 2’OH of the second transcribed 

nucleotide, resulting in the cap(2) structure128. Further modifications of the cap are also 

possible, such as methylation at N6 position when the first nucleotide is an adenine (m7GpppN-

6AmO-2-RNA)134.  

Conventional pathway. Three enzymatic activities are responsible for generation of the 

cap(0) 5’ end: an RNA triphosphatase (TPase), a guanylyltransferase (GTase), and a 

methyltransferase (MTase)98. In higher eukaryotes, cap(0) often serves as a substrate for 

further modifications, which includes a series of methylations135. The most critical 

modification present on all human mRNA transcripts is the 2’-O methylation to form the cap(1) 

mRNA136. 

Eukaryotic and almost all viral capping is accomplished in three consecutive catalytic 

steps to achieve the minimal cap(0)116: i) hydrolysis of the 5’ -phosphate (5’pppX) of pre-

mRNA to a diphosphate (5’ppX) by an RNA 5’ triphosphatase (TPase)137; ii) transfer of a 

guanosine monophosphate nucleoside (GMP) moiety to the RNA diphosphate terminus 

(5’GpppX) by an RNA guanylyltransferase (GTase). This is mediated in a two-step reaction that 

involves the formation of a covalent GMP-enzyme intermediate followed by transfer of the 

GMP moiety and pyrophosphate (PPi) release138; iii) methylation at guanine-N7 position by 

RNA methyltransferase to produce the 7-methylguanosine cap (m7GpppX)139. In higher 

eukaryotes, cap(1) is the most prevalent 5’ end cap structure which requires a fourth step, iv) 
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methylation of the 2’OH ribose of the first nucleotide by cap methyltransferase (2’O 

MTase)140. S-adenosylmethionine (SAM) usually acts as a methyl donor and is converted to S-

adenosylhomocysteine (SAH)98. The reactions can be summarized by as follows: 

 

i. 5’pppX-RNA      TPase       5’ppX-RNA + Pi 

 

ii.  GTase + GTP    GTase      GTase-GMP + PPi 

 

iii. GTase-GMP + 5’ppX-RNA    GTase       5’GpppX-RNA + GTase 

 

iv. 5’GpppX-RNA + SAM   N7MTase    5’ m7GpppX-RNA + SAH 

 

v. 5’GpppX-RNA + SAM   2’O MTase    5’ m7GpppXmo-2RNA + SAH 

 

Unconventional pathways. The first evidence of unconventional capping pathways 

came from viral studies in the 1970s. It has since been shown that some viruses can synthesize 

RNA caps identical to the cellular cap using completely different mechanisms141. There are 

three well-studied pathways: capping with GDP (rhabdoviruses), cap snatching (influenza 

virus) and capping with m7GMP (alphavirus)142. For instance, E.Decroly et al., in their review 

describe the positive-sense single stranded (ss +) RNA alphavirus synthesizing a cap(0) using 

m7GMP. The first step involves a TPase yielding a diphosphate RNA by cleavage of the -

phosphate, and a methylation of a GTP molecule at N7 position by a guanine-N7-MTase. GTase 

then binds the N7-methylated-GTP covalently using a histidine, followed by the transfer of 

m7GMP molecule to the diphosphate end. This results in the formation of cap(0), identical in 

structure to conventionally capped RNA, albeit achieved by a different path141. Divergent 

pathways converging to a consensus structure suggests that there is high selective 

evolutionary pressure to maintain the cap structure.  

 

Two landmark studies in 1974 and 1976 revealed the function and mechanism of 

capping133,143. It has since been shown that, while the steps required to achieve capped RNA 

remain evolutionarily conserved from virus to eukaryotes, the enzymes responsible for cap 
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addition differ drastically in composition and structure144. In the following sections I discuss 

the CEs involved in the human cap(1) formation. I will focus on the structural aspects of these 

enzymes and compare them to well-studied CEs from other species. Figure 3 provides a 

summary of the human enzymes responsible for cap(1) formation, focusing on their activity 

and the isolated structures available in literature. 

 

 

Figure 3: Structures of the human capping enzymes. Addition of the 5’ cap is shown as a cartoon 

representation along with the enzymes responsible for each step. Crystal structures of the RNGTT 

(shades of blue) and RNMT/RAM (shades of yellow), as well as the predicted AlphaFold model of 

CMTR1 (orange) is shown.  

 

 

RNGTT (also referred to as mRNA capping enzyme or Mce1) catalyzes the first two steps 

of the capping process in metazoans98. The N-terminus harbors the TPase activity, while the 

C-terminus carries the GTase activity, and the two are linked via a flexible linker145. In yeast, 

for instance, TPase and GTase activities are harbored by two separate polypeptides, Cet1 and 

Ceg1, respectively,146 which interact together to form a heterodimer23. 

RNA triphosphatases. Two distinct families of RNA TPases exist: metal-dependent 

(lower eukaryotes like fungi and protozoa) which are sub-classified into three groups, and 

metal independent (nematodes, metazoan, and plants)126. Metazoan and plant TPase domain 

contain a signature HCxxxxxR(S/T) motif137. This motif is a characteristic feature of the cysteine 
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phosphatase superfamily and catalyzes the removal of 5’ phosphate in a ping-pong 

mechanism of action142. First, a nucleophilic attack by active cysteine results in a covalent 

cysteinyl-S-phosphoester intermediate, and second, the covalent intermediate is hydrolyzed 

to release inorganic phosphate142. 

X-ray crystallography of the RNGTT TPase domain (1-210 aa) by A. Changela et al., has 

shed light on the structure and mechanism of this RNA-specific bifunctional enzyme. It consists 

of five ß-strands, which form a central twisted sheet. These are flanked by two and four α-

helices on either side. The signature motif comprises a phosphate binding loop (P-loop), and 

together with other secondary structure elements forms a deep positively charged pocket. 

This is required to interact with the negatively charged phosphates of the RNA and guide it to 

the active site. Additionally, they showed that Arg132 is indispensable for the activity. The 

nucleophilic cysteine 126 (C126) is situated within the P-loop at the base of this cavity137. 

When compared to its yeast counterpart, Cet1, which is metal-dependent, no structural 

similarity between the two is observed. Cet1 is biochemically and structurally most similar to 

the metal-dependent TPases encoded by DNA viruses147. These TPases belong to the sub-

category called tunnel metalloenzyme family, with a triphosphate group as the preferred 

substrate; the crystal structure of Cet1 from budding yeast revealed a homodimeric 

arrangement, and a central eight-stranded anti-parallel ß-barrel (tunnel)137. The active site is 

located at the center of the tunnel which is also responsible for coordinating the metal ion146. 

Mutating conserved tunnel residues in Saccharomyces cerevisiae has shown to been lethal148. 

RNA guanylytransferase. GTases usually function in a reversible two-step ping-pong 

reaction as described in section 1.4. Structural studies of the various GTases have highlighted 

a bipartite domain architecture which comprises an N-terminal nucleotidyltransferase (NTase) 

domain, and a C-terminal oligonucleotide-binding (OB) domain149. The active site lysine lies 

within a characteristic Kx(D/N)G motif149. RNGTT GTase domain crystal structure (PDB code 

3S24) revealed that it comprises seven α-helices and fifteen β-strands which are distributed 

to have an overall GTase/DNA ligase fold. The NTase has an ATP grasp fold. The active site 

lysine (Lys294) is buried in a positive cleft formed by the interface of the two sub-domains 138. 

A general mechanism for the GTases has therefore emerged from these studies. First, 

magnesium and GTP bind an ‘open’ conformation, and induce domain ‘closure’ which 

facilitates the formation of the enzyme-(lysyl-N)-GMP intermediate. Second, GTP cleavage 

results in return to an ‘open’ conformation and release of pyrophosphate. Transfer of GMP to 



Chapter 1: Introduction 

 

15 

diphosphate RNA substrate and release of the partially capped RNA require an additional 

round of closure and opening, respectively142. This results in a partial cap structure 

5’GpppXRNA, which we annotate here as cap(-1). 

RNGTT shares sequence similarity with DNA and RNA ligases that are dependent on 

adenosine triphosphate or nicotine adenine dinucleotide and belong to the covalent NTase 

superfamily149. It also has high sequence identity (98%) with the other mammalian GTases138. 

On the other hand, it shares low sequence similarity with the Chlorella virus GTase PBCV-1150 

and the Candida albicans GTase Cgt1149. Despite the low sequence similarity, large structural 

similarity between the PBCV-1 GTase and RNGTT is observed when the structures are 

superimposed. Comparison revealed high structural conservation for the GTP binding site, and 

the elements that form the hydrophobic core active cleft, especially with PBCV-1138,150. 

However, large variations are observed in the OB-fold region (462-552 aa)138. While high 

structural similarity exists with the viral GTase, the yeast C.albican and S.cerevesiae structures 

showed large deviation in shape and charge distribution144. Consequently, while the overall 

fold of the enzyme is evolutionarily conserved, distinct surface and charge distribution could 

reflect differences in pre-mRNA capping process between mammalian and unicellular 

eukaryotic systems138.  

 

Human RNMT is a 476 aa protein that comprises an N-terminal regulatory domain (1-

120 aa) and a C-terminal catalytic domain (121-476 aa)135. The N-terminus mediates the 

recruitment to TSS139. An activating subunit of RNMT, called RNMT-activating miniprotein 

(RAM) consists of an N-terminal RNMT activation domain (1-55 aa), an RNA-binding domain 

(56-90 aa), and a C-terminal nuclear localization domain (91-118 aa)151. It is only present in 

vertebrates, and residues 2-45 comprise the minimal unit that binds the RNMT catalytic 

domain to enhance its activity152.  

Human RNMT structure has a high structural similarity to the Encephalitozoon cuniculi, 

cap methyltransferase, Ecm1 (PDB code 1RI5). These MTases display a typical class I MTase 

Rossmann fold motif (RFM), a conserved VLxI/LxxGxGxDL motif, and a deep SAM/SAH binding 

pocket153. RNMT differs from Ecm1 in additionally possessing the RNMT lobe, which is also 

present in its yeast (S. cerevisiae Abd1 and S.pombe Pcm1) and viral (Vaccinia virus D1) 
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counterparts. Additionally, it differs also in the length of helix A (170-194 aa), and some other 

loops154.  

Structural study of RNMT-RAM by D.Varshney and colleagues revealed that the 

negatively charged residues of RAM (35-45 aa) interact with the positively charged groove of 

RNMT. This groove comprises RNMT α-helix hinge (319-415 aa) and the lobe. They showed 

that the binding results in optimally orienting critical substrate binding residues in RNMT 

active site. They propose that it does so by stabilizing the RNMT lobe and the α-helix hinge, 

thereby orienting the active site helix A in a more favorable position for substrate binding and 

methylation155. Comparison between the viral and human MTase complexes reveals parallel 

modes of action between RAM and Vaccinia virus D12, in that they both allosterically activate 

their cognate RNMT156. An evolutionary advantage of such an allosteric system might be that 

controlling the RAM expression could allow the cells to regulate cap methylation levels.  

 

CMTR1 is a 95,300 Da protein composed of 835 aa140. CMTR1 as the human 2’O MTase 

was only identified recently by F.Belanger and colleagues140. It is a multi-domain protein that 

comprises a disordered N-terminus containing a nuclear-localisation signal (2-19 aa), a G-

patch domain (85-133 aa), an MTase domain (170-550 aa), a non-functional GTase-like 

domain (560-729 aa) and a WW domain (755-790 aa)157. Similar to RNMT, the CMTR1 MTase 

domain has an RFM fold154. However, in contrast, CMTR1 relies on a conserved catalytic KDKE 

triad which is responsible for optimally positioning the 2’OH of the base, allowing a 

nucleophilic attack on SAM methyl group158.  

The human CMTR1 structure by Smietanski M et al., revealed the characteristic RFM 

domain core, and the peripheral regions that resembled the other cap modifying MTases like 

the vaccinia virus VP39157. They also showed that the RNA binds in a deep pocket, and that 

the active site does not interact with RNA bases, suggesting a sequence independent nature 

for the reaction157.  

Deletion of the C-terminal GTase-like and WW domains has been shown to reduce 

CMTR1 activity in vitro, which suggests its role in either substrate recruitment or structural 

stabilization140. The WW domain has been implicated in interacting with the S5 

phosphorylated CTD of Pol II140. Although CMTR1 requires a cap(-1) structure, it methylates 

cap(-1) and cap(0) equally, and is therefore independent of the N-7 methylation140. 
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Additionally, CMTR1 has been observed to be enriched at TSS while RNMT not159. This raises 

the possibility that CMTR1 may act prior to RNMT. 

 

Over the years, several studies on cap addition have been conducted for comprehensive 

structural and biochemical characterization of CEs from different taxonomical orders. 

Biochemical studies have revealed remarkable features of the capping process such as the 

selectivity of CEs for Pol II transcripts and the high efficiency of co-transcriptional capping in 

comparison to that of free RNA24,160. Co-transcriptional capping has been suggested to occur 

between initiation and early elongation, and as soon as the emerging RNA becomes available, 

around 20-25 nt161.The stimulation of capping during early elongation is likely two-fold: Pol II 

dependent (CTD and direct interactions) and Pol II independent (elongation and pausing 

factors) mechanisms162. Additionally, capping has been proposed to serve as a quality check 

for the mRNA, thereby preventing the extension of uncapped transcripts163. 

Co-transcriptional capping has been proposed to require additional factors that 

facilitate the recruitment and the stimulation of the CEs. Discovery of selectivity of the CEs for 

the Pol II transcripts directed the focus towards studying the inherent features of Pol II, such 

as the CTD149. Pol II CTD was found to be essential for pre-mRNA processing and recruitment 

of the CEs coincided with its Ser2 and/or Ser5 phosphorylation164. The CDK7 kinase subunit of 

TFIIH phosphorylates the CTD at these positions149. Several models based on biochemical 

characterization have been proposed for the recruitment of capping factors. The tethering 

model is based on the fact that CEs can stably bind to phosphorylated CTD heptad and 

hypothesizes that it acts as a scaffold for tethering the CE to elongating Pol II165. Second, the 

allosteric model is based on evidence that CTD repeats phosphorylated at Ser5 and not Ser2 

increases the formation of covalent Pol II-CE intermediates, and allosterically activate the 

CE166. Both RNGTT and RNMT recruitment has been shown to rely on CTD 

phosphorylation139,167. Crystal structures of individual CEs with the CTD have confirmed the 

importance of these interactions113.  However, studies have also shown that inhibiting CTD 

phosphorylation causes only a modest reduction in capping and that CTD alone is not 

sufficient for efficient capping168. For instance, the yeast CE interacts with both the CTD and 

the Pol II Rpb1 foot domain169.  
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Stimulation of the capping process additionally involves other factors. RNGTT has been 

shown to bind to transcription factors such as the Spt5 subunit of DSIF170.  Studies have shown 

that under limited RNGTT conditions, DSIF stimulates capping170,171. In the same study, 

increasing TPase domain amounts was shown to abolish the stimulation by DSIF170. Therefore, 

while DSIF plays a generally important role during elongation, its precise role in capping is 

unclear.  

DSIF binds Pol II and recruits NELF during early elongation, which induces promoter-

proximal pausing during which capping likely occurs62. Studies show that the recruitment of 

RNGTT can relieve the inhibition by NELF, and that the TSS proximal mRNAs are uncapped, 

while those that are distal are largely capped172. This has given rise to a ‘capping checkpoint 

model’ which ensures that only the transcripts that are properly capped are subjected to 

productive elongation163. Therefore, implying that pausing ensures recruitment of CEs, which 

in turn recruits pause release factors upon signal for complete cap108. In yeast however, NELF 

is absent and there is no promoter-proximal pausing which means that the timing of cap 

addition and its regulation is likely to differ from that of metazoans160. 

Regarding methylation of the cap, chromatin immunoprecipitation sequencing (ChIP-

seq) studies have suggested RNMT occupancy throughout the gene length46. RNMT along with 

its activating subunit RNMT-activating mini protein (RAM) has also been observed to stimulate 

Pol II-dependent transcription independent of capping and was shown interact with 

transcription elongation components such as SPT6 and PAF153. It however remains unknown 

how the elongation factors stimulate capping, when methylation occurs and if it serves other 

functions. 

Finally, structural evidence for co-transcriptional capping machinery came from a yeast 

study by F.Martinez-Rucobo et al. They solved the yeast Pol II-CE complex and revealed that 

the capping machinery docks onto the Pol II wall, positioning the CE active site at the RNA exit 

tunnel. While the study was limited due to resolution, it gave important topological insights 

into the mechanism of co-transcriptional capping169.   

Mammalian capping pathway is catalytically fairly well understood owing to being a 

subject of intense biochemical investigation. However, the timing, the order of recruitment of 

CEs and their structures in complex with the transcription machinery still remain elusive. 
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Over the last years, advances in single particle cryo-EM, have allowed high-resolution 

structural studies of the pre-initiation complex39, the elongation complex50, the paused 

complex62, and the activated elongation complex67. However, our structural and mechanistic 

understanding of fundamental processes like Pol II transcription through a nucleosome and 

human co-transcriptional capping remain limited. 

In manuscript 1 (published), we aim to answer some open questions regarding the 

passage of Pol II transcription through nucleosomes with emphasis on the role of elongation 

factors. In particular, the role of TFIIS in rescuing backtracked Pol II has been well studied and 

described in section 1.2.4. We further investigated how TFIIS coordinates Pol II rescue with 

the EC* and the elongation factors to help transcription through the nucleosome.  

We proposed a three-step model that explains Pol II passage through nucleosome with 

the help of TFIIS. This was based on: structures of the Pol II EC*-nucleosome (Farnung, L.) Pol 

II EC*-TFIIS (Vos, S.) and the Pol II EC-TFIIS (Garg, G.), and biochemical data revealing the 

efficiency of Pol II transcription through the nucleosome in the presence of various factors 

(Ochmann, M.). While the mammalian Pol II EC-TFIIS complex showed similar binding interface 

as in the previously resolved yeast structures, it did also reveal some differences28. For 

instance, the Pol II crevice is in a pre-opened state in mammalian system, and therefore TFIIS 

binding does not induce any further opening as in the yeast system. Additionally, the trigger 

loop and TFIIS domain III remain mobile in the human system as opposed to a locked trigger 

loop and stabilized domain III in the yeast, potentially having implications in TFIIS entry 

regulation. 

In manuscript 2 (in- preparation), we cover the major focus of the dissertation, which is 

to understand the molecular mechanisms involved in human co-transcriptional capping. In the 

recent years, single-particle studies of the human transcription complexes have shed light on 

how Pol II interacts with a large number of factors in the different stages of transcription. 

Figure 4 illustrates some of these structures and emphasizes on the minimal structural 

understanding of co-transcriptional capping. 

Biochemical and structural advances in the field have proposed that capping serves as 

an early elongation check point sincce failure to cap the nascent transcript results in pre-

mature transcription termination at the promoter-proximal region108. Given its importance in 
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the cell, viruses have also evolved various capping mechanisms for efficient translation and to 

escape host immune responses148. Recent work by Martinez-Rubico et al., sheds light on the 

yeast co-transcriptional capping machinery, and highlights the importance of this temporal 

coupling169. However, the study does not include elongation factors and mammalian CEs differ 

vastly from their yeast homologs. Structural studies with the mammalian co-transcriptional 

capping complexes are therefore a critical missing link in the understanding of this 

fundamental process in humans. 

 

 

 

Figure 4: Structural depiction of the transcription stages. Over the years, a concerted effort 

to capture structural intermediates of the transcription stages has been made. However, 

capping which occurs between during the early elongation stage is still a prominent missing 

link in the picture. The PDB code for each structure is indicated in brackets. 

 

Through this dissertation, I structurally answer major long-standing questions in the 

field. How does the 5’ pre-mRNA end move between the multiple active sites? How does the 

capping machinery interact with the actively transcribing Pol II? What role do elongation 

factors play? And finally, taken together, how are these steps of capping coordinated with 

transcription? The answers to these questions are discussed in detail in section 4. In summary, 

I propose a model for human co-transcriptional capping which entails the following steps. 

First, RNGTT is recruited to the Pol II surface, with the TPase domain binding the RNA and the 

GTase domain anchoring it to the stalk. Upon γ-phosphate cleavage, TPase loses its affinity, 

and GTase domain swings-in to displace the TPase domain as it guanylates the diphosphate 

end RNA, resulting in a cap(-1) structure. The RNA is extended further until it can be 

methylated. Around 29 nt, CMTR1 can dock onto the stalk with its C-terminal, while its MTase 
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domain binds and adds a methyl group to the RNA. Large rearrangements in DSIF are observed 

throughout, exemplifying its modular nature, which are likely required for RNGTT binding and 

activity. 
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Figure S1. Protein components and transcription assays. Related to Figure 1 and 

4. 

(A) SDS-PAGE of all purified protein components (0.75 µg proteins per lane). 

(B) Transcription assay of the EC* with and without RTF1 on either linear or a 

nucleosomal template DNA in the presence of wild-type TFIIS or a catalytically dead 

TFIIS variant (DEAA). 

(C) Quantification of the full-length RNA product of the transcription assay depicted in (B) 

(n = 4). The full-length RNA signal was determined by measuring the integrated signal 

density, subtracting the background and normalizing the value through the signal of the 

lane and the gel (Methods). Mean ± SD values are shown. P-values were determined 

using unpaired two-tailed t tests (*P < 0.05, **P < 0.01). 

(D) Quantification of the full-length RNA product from transcription assay time courses of 

Pol II elongation complexes on a nucleosomal template in the presence of different 

combinations of elongation factors DSIF, TFIIS, SPT6, PAF1, RTF1 (n = 3). Mean ± SD 

values are shown. P-values were determined using unpaired two-tailed t tests (*P < 0.05, 

**P < 0.01). 

(E) Schematic of the principle and calculation of the barrier index. 
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Figure S2. Formation of complexes. Related to Figure 2, 5 and 6. 

(A) Chromatogram of EC*-nucleosome complex formation (Superose 6 Increase 

3.2/300).  

(B) SDS-PAGE of EC*-nucleosome complex formation. 

(C) Denaturing gel of EC*-nucleosome complex formation. 

(D) Chromatogram of EC*-TFIIS complex formation (Superose 6 Increase 3.2/300). 

(E) SDS-PAGE of EC*-TFIIS complex formation. 

(F) Chromatogram of Pol II-TFIIS elongation complex formation (Superose 6 Increase 

3.2/300). 

(G) SDS-PAGE of Pol II-TFIIS elongation complex formation. 
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Figure S3. Data acquisition, processing, and data quality metrics for the EC*-

hexasome complex. Related to Figure 2. 

(A) Representative denoised micrograph of data collection with scale bar (50 nm). 

(B) 2D classes of final refinement show RNA polymerase II, transcription elongation 

factors, and nucleosome-like shape with scale bar of 10 nm. 

(C) Sorting and classification tree of EC*-hexasome complex dataset. 

(D) FSC curve of overall map. Resolution at FSC threshold criterion 0.143 is indicated. 

(E) Angular distribution of particles employed to reconstruct EC*-hexasome complex. 

(F) Local resolution of EC*-hexasome complex. 
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Figure S4. Data acquisition, processing, and data quality metrics for the EC*-TFIIS 

complex. Related to Figure 5. 

(A) Representative denoised micrograph of data collection with scale bar (50 nm). 

(B) 2D classes of final refinement show RNA polymerase II, transcription elongation 

factors, and TFIIS with scale bar of 10 nm. 

(C) Sorting and classification tree of EC*-TFIIS complex dataset. 

(D) FSC curves of EC*-TFIIS complex. Resolution at FSC threshold criterion 0.143 is 

indicated. 

(E) Angular distribution of particles employed to reconstruct EC*-TFIIS complex. 

(F) Local resolution of map EC*-TFIIS complex. 
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Figure S5. Data acquisition, processing, and data quality metrics for the Pol II-TFIIS 

EC complex. Related to Figure 6. 

(A) Representative denoised micrograph of data collection with scale bar (50 nm). 

(B) 2D classes of final refinement show RNA polymerase II and TFIIS with scale bar of 

10 nm. 

(C) Sorting and classification tree of Pol II-TFIIS EC complex dataset. 

(D) FSC curve of Pol II-TFIIS elongation complex and map-to-model. Resolution at FSC 

threshold criterion 0.143 is indicated. 

(E) Angular distribution of particles employed to reconstruct Pol II-TFIIS elongation 

complex. 

(F) Local resolution of Pol II-TFIIS elongation complex. 
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Figure S6. Cryo-EM densities of complexes. Related to Figure 2, 5, and 6. 

(A) EC*-hexasome structure with corresponding cryo-EM map. Cryo-EM map is shown in 

grey. 

(B) Pol II active site of EC*-hexasome structure structure with corresponding density. 

Metal A is shown as a pink sphere. 

(C) RPB1 funnel helices with corresponding density from EC*-hexasome complex. 

(D) Hexasome with corresponding density (map from masked refinement) from EC*-

hexasome complex. 

(E) Cryo-EM map of EC*-TFIIS complex. 

(F) EC*-TFIIS structure with corresponding cryo-EM map. Cryo-EM map is shown in grey. 

(G) TFIIS with corresponding density from EC*-TFIIS complex. Domain III is indicated. 

(H) RPB1 funnel helices with corresponding density from EC*-TFIIS complex. 

(I) Pol II active site of EC*-TFIIS structure with corresponding density. Metal A is shown 

as a pink sphere. 

(J) Cryo-EM map of Pol II-TFIIS EC complex. 

(K) Pol II-TFIIS elongation complex structure with corresponding cryo-EM map. Cryo-EM 

map is shown in grey. 

(L) TFIIS with corresponding density from Pol II-TFIIS elongation complex. 

(M) TFIIS domain density from Pol II-TFIIS elongation complex. 

(N) RPB1 funnel helices with corresponding density from Pol II-TFIIS elongation complex. 

(O) Active site of Pol II-TFIIS EC structure with corresponding density. Metal A is shown 

as a pink sphere. 
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Figure S7. Interactions of Pol II and transcription elongation factors with the 

hexasome. Related to Figure 2. 

(A) Interaction of the RPB1 jaw domain with H3–H4. Density in grey. 

(B) Interaction of DSIF with nucleosomal DNA at SHL +4.5. Density in green. EC* 

indicated as outline. SPT5 N-terminal tail indicated as dashed line. 

(C) Interaction of the CTR9 C-terminus with nucleosomal DNA at SHL –2. Density shown 

in grey and putative CTR9 density highlighted in orange. 
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Figure S8. Binding of FACT is compatible with the observed nucleosome position 

in front of the transcribing EC* complex. Related to Figure 2. 

The nucleosome–FACT structure (PDB ID 6UPK) was superimposed onto the EC*-
hexasome structure. No clashes are observed between FACT and the EC*. It is 
possible that FACT can redeposit a H2A–H2B dimer in the observed conformation. 
FACT with subunits SPT16 and SSRP1 is shown in purple.  
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Table S1. Cryo-EM data collection, refinement, and validation statistics. Related 

to Figures 2, 5, and 6 

 EC*-hexasome 

(EMD-15127) 

(PDB 8A3Y) 

EC*-TFIIS 

(EMDB-15128) 

(PDB 8A3Z) 

EC-TFIIS 

(EMDB-15129) 

(PDB 8A40) 

Data collection and processing    

Magnification  81,000 81,000 105,000 

Voltage (kV) 300 300 300 

Electron exposure (e–/Å2) 43-45 43-45 39.87 

Defocus range (μm) 0.25-4 0.25-4 0.25-4 

Pixel size (Å) 1.05 1.05 0.834 

Symmetry imposed C1 C1 C1 

Initial particle images (no.) 9,819,841 1,713,362 3,617,066 

Final particle images (no.) 32,933 51,218 82,497 

Map resolution (Å) 

    FSC threshold 

3.6 

0.143 

3.8 

0.143 

3.1 

 

Map resolution range (Å) 3.1-17.8 3.4-16 2.8-4.7 

    

Refinement    

Initial models used (PDB code) 6TED, 3LZ0 6TED, 5IYB 5IYB, 5OIK, 6GMH 

Map sharpening B factor (Å2) -36 -86 -10 

Model composition 

    Non-hydrogen atoms 

    Protein residues 

    Nucleotides 

    Ligands 

 

65,421 

7894 

293 

10 

 

61,283 

7437 

106 

10 

 

34,003 

4054 

81 

7 

B factors (Å2) 

    Protein 

    Nucleotide 

    Ligand 

 

201 

486 

170 

 

49.80 

111.84 

68.20 

 

47.41 

70.06 

67.48 

R.m.s. deviations 

    Bond lengths (Å)  

    Bond angles (°)  

 

0.005 

0.867 

 

0.003 

0.552 

 

0.004 

0.698 

Validation 

    MolProbity score  

    Clashscore   

    Poor rotamers (%)  

 

1.91 

7.91 

0.76 

 

2.05 

10.34 

1.67 

 

1.45 

4.43 

0.00 

 Ramachandran plot 

    Favored (%) 

    Allowed (%)  

    Disallowed (%) 

 

92.16 

7.28 

0.55 

 

95.02 

4.94 

0.04 

 

96.53 

3.44 

0.02 
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SUMMARY 

Co-transcriptional capping of the nascent pre-mRNA 5’ end prevents degradation of RNA 

polymerase (Pol) II transcripts and suppresses the innate immune response. Here we provide 

mechanistic insights into the three major steps of human co-transcriptional pre-mRNA 

capping based on six different cryo-EM structures. The human mRNA capping enzyme first 

docks to the Pol II stalk to position its triphosphatase domain near the RNA exit site. The 

capping enzyme then moves and the pre-mRNA 5’-diphosphate end is transferred to the 

guanylyl transferase. Addition of a GMP moiety can occur when the RNA reaches ~22 

nucleotides in length. For subsequent RNA methylation, the methyltransferase CMTR1 binds 

between the Pol II stalk and the guanylyl transferase and can receive RNA once it is grown to 

~27 nucleotides. The observed rearrangements of capping factors on Pol II appear to be 

triggered by the completion of catalytic reaction steps and are accommodated on the Pol II 

surface by domain movements in the modular elongation factor DSIF. 

 

INTRODUCTION 

Capping of the nascent pre-mRNA is an essential event that occurs early during RNA polymerase 

II (Pol II) transcription (McCracken et al., 1997; Shatkin, 1976; Wen et al., 1998). Capping 

facilitates further pre-mRNA processing, nuclear export, and efficient mRNA translation (Changela 

et al., 2001; Furuichi et al., 1977; Konarska et al., 1984). In higher eukaryotes and many viruses, 

the predominant cap structure is a 7-methylguanosine linked via a triphosphate bridge to the first 

transcribed nucleotide, which is methylated on the ribose O-2 position (Furuichi et al., 1977; 

mailto:patrick.cramer@mpinat.mpg.de
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Shatkin, 1976). This structure is often referred to as cap1 and is annotated as 

m7G(5’)ppp(5’)XmRNA, where Xm is the methylated first transcribed RNA nucleotide (Cowling, 

2010; Furuichi et al., 1977). In humans, cap1 is present on all Pol II transcripts (Darnellt, 1975). 

The cap1 structure serves as a crucial player of cellular immunity in two ways. First, it is recognized 

as self-RNA and prevents the triggering of an innate immune response (Devarkar et al., 2016; 

Stepinski et al., 2010). Second, it helps establish an antiviral state by promoting the expression of 

genes required during the type I interferon response (Williams et al., 2020). An RNA with a cap0 

(m7G(5’)ppp(5’)XRNA) structure that lacks the methyl group on the first transcribed RNA 

nucleotide is recognized as non-self and activates a RIG-I or MDA5 mediated innate immune 

response in the host (Stepinski et al., 2010; Züst et al., 2011). 

The formation of a 5’ cap entails three major consecutive catalytic steps. In mammals, the 

first two steps are catalyzed by a bifunctional RNA guanylytransferase and 5’-phosphatase 

(RNGTT). In the first step, RNGTT catalyzes the removal of the RNA gamma-phosphate via its N-

terminal triphosphatase (TPase) domain resulting in 5’ppXRNA and inorganic phosphate (Pi). This 

is followed by a second step, the addition of a GMP moiety by the RNGTT C-terminal 

guanylytransferase (GTase) domain that uses GTP as a substrate (Changela et al., 2001; Rodriguez 

et al., 1999). The resulting partial cap, 5’GpppX, that we annotate as cap(-1) serves as a substrate 

for several methylation events that usually use S-adenosylhomocysteine (SAH) as the methyl donor 

(Tomasz and Shatkin, 1976). Conventionally, in the third step, RNA methyltransferase (RNMT) 

together with the RNMT activating miniprotein (RAM) adds a methyl group to N-7 of the cap 

guanosine to generate the cap(0) structure (5’m7GpppX) (Varshney et al., 2018). Further, the cap-

specific methyltransferase 1 (CMTR1) methylates the 2’O of the first transcribed nucleotide, 

resulting in the cap(1) structure (5’GpppXmO-2RNA). However, as CMTR1 has a similar affinity 

for cap(-1) and for cap(0) structures, the order of methylation is unclear and it is possible that 

CMTR1 acts prior to RNMT (Smietanski et al., 2014; Stepinski et al., 2010).  

There is strong evidence for the co-transcriptional nature of pre-mRNA capping, in 

particular from in vivo data (Bentley, 2014; Gonzalez et al., 2018; Neugebauer, 2002). However, 

there is also biochemical and structural evidence for co-transcriptional capping. First, the 

phosphorylated C-terminal repeat domain (CTD) of the largest Pol II subunit RPB1 can serve as a 

recruitment platform for enzymes involved in capping (Rasmussen and Lis, 1993; Rodriguez et al., 

1999). Second, mammalian capping has been shown to occur during early elongation, with the 

general elongation factor DRB sensitivity inducing factor (DSIF) stimulating the process (Mandal 

et al., 2004). Interestingly, DSIF was shown to stimulate guanylyation only for the full-length 

RNGTT, while it had no effect on the GTase domain alone. This DSIF induced enhancement was 

abolished in the presence of increasing amounts of the TPase domain (Mandal et al., 2004; Wen 

and Shatkin, 1999). Additionally, DSIF was shown to bind to elongation complexes containing 
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atleast 22 nt RNA, and preferentially to complexes with 25 nt RNA (Cheng and Price, 2008; 

Palangat et al., 2005). These observations therefore leave the precise role and extent of DSIF 

involvement in capping unclear. Third, recruitment of RNGTT to Pol II relieves the inhibition by 

negative elongation factor (NELF), according to the capping checkpoint model (Kachaev et al., 

2020; Mandal et al., 2004). Finally, although yeast uses capping enzymes that are entirely distinct 

from the mammalian counterparts, early low-resolution structural studies have shown that a yeast 

capping enzyme can bind to the Pol II surface near the end of the RNA exit tunnel of Pol II, 

suggesting how the nascent RNA 5’ end can be capped as soon as it reaches the Pol II surface 

(Martinez-Rucobo et al., 2015). Such direct interaction between a polymerase and a capping 

enzyme was also observed for the poxviral machinery (Grimm et al., 2019).  

There are currently no structural insights into mammalian co-transcriptional capping 

complexes, and structural information is only available for isolated mammalian capping factors 

(Decroly et al., 2012). Therefore, the mechanisms that underlie the functional coupling of 

transcription to the various steps of capping are unknown. Here we report structures of six 

transcribing Pol II complexes with various factors including RNGTT, DSIF and CMTR1. From 

these results emerges a model for the highly dynamic multistep process of co-transcriptional pre-

mRNA capping. 

 

RESULTS 

Reconstitution of human capping machinery on the Pol II surface 

In order to prepare functional complexes of transcribing Pol II with human capping factors, we first 

purified endogenous porcine (S. scrofa) Pol II, which is almost identical to the human Pol II, and 

recombinant human factors RNGTT, DSIF, NELF, RNMT/RAM, and CMTR1 (Methods). We also 

prepared RNAs of various lengths carrying different cap structures, i.e. uncapped, cap(-1) and 

cap(0) (Methods). We were able to reconstitute RNA guanylyation in vitro (Fig S1) and observed 

that efficient capping of RNAs that are associated with their 3’ end with the Pol II active site in 

transcribing complexes requires a minimum length of 22-24 nucleotides (nt) (Fig S1B) (Shatkin 

and Manley, 2000). We then checked the binding of RNGTT and CMTR1 variants to the 

transcribing Pol II complex in the presence and absence of DSIF, and assembled the different 

complexes in vitro for their imaging by single-particle cryo-EM (Methods, Fig S1E,F). The 

complexes were further subjected to crosslinking mass-spectrometry (Methods, Fig S7). 

 

Structure of transcribing Pol II-TPase complex 

To visualize the first step in co-transcriptional pre-mRNA capping and to understand the structural 

dynamics in the absence of DSIF, we prepared a minimal transcribing Pol II-RNGTT complex. We 

used a 22 nt uncapped RNA, which corresponds to the minimal RNA length required for activity 
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(Methods). In order to trap the 5’ triphosphate end of the RNA in the TPase domain active site, we 

prevented its dissociation after catalysis by using a RNGTT variant with a mutation in the TPase 

active site (Cys126 to Ser126, and called it C126S) (Fig 1A) (Changela et al., 2001). We imaged 

the complex by cryo-EM and resolved its structure to a nominal resolution of 3.6 Å with the Pol II 

core resolved at 3.1 Å and the peripheral regions at 3.5 Å to 7.5 Å (Fig S2). 

In the resulting structure 1, we observed both the domains of the RNGTT located docked 

onto the Pol II surface (Fig 1 B and D). RNGTT domain organisation reveals how the TPase and 

the GTase remain mobile relative to each other. Apart from TPase domain N-terminal helices in 

proximity to the GTase OB-domain, no extensive interface is observed (Fig 1 C). 

The TPase domain is positioned at the end of the Pol II RNA exit tunnel and receives the 

RNA. The positively charged active site pocket, formed largely by the characteristic phosphate-

binding loop (P-loop) of the TPase domain faces the RNA 5’ end (Fig 1F). This allows the emerging 

negatively charged phosphate backbone of the nascent RNA to interact with the TPase, guiding it 

to the active site Cys126 residue for catalysis. RNA can be modelled up to 19 nt, and additional 

density, likely from the RNA backbone is observed in the TPase active site (dashed line in Fig 1F).  

The Pol II-TPase interface reveals two primary contacts (Fig 1E,F). One of these contacts 

involves a surface loop (residues 114-118) (Changela et al., 2001) that gets ordered in the complex 

structure by forming a hydrophobic interface with the RPB7 tip domain (Armache et al., 2005). The 

other contacts are formed between the TPase domain N-terminal region and the RPB2 flap loop 

(Bernecky et al., 2016) (Fig 1F).  

The GTase domain binds the stalk and adopts an open conformation, as the GTase active 

site cleft is not bound by a substrate (Hâkansson and Wigley, 1998). The details of the GTase 

interaction and activity are discussed below.   

 

Structure of the transcribing Pol II-GTase complex 

In order to gain insights into the second step of co-transcriptional capping, we assembled 

transcribing Pol II with a 22 nt uncapped RNA and wild-type (WT) RNGTT containing an intact 

TPase active site in the absence of GTP (Methods). These conditions enabled TPase action but 

prevented GTase action, which requires the presence of GTP (Methods). We imaged the complex 

by cryo-EM and resolved the structure (Fig. 2) at a nominal resolution of 3.2 Å with the Pol II core 

resolved at 2.9 Å and the periphery of the complex between 3.0 Å to 6.8 Å (Fig S3). 

The resulting structure 2 reveals the GTase domain of RNGTT, whereas the TPase that was 

observed in structure 1 is mobile (Fig. 2, A and C). The exiting RNA now extends into the GTase 

active site (Fig 2D), instead of towards the TPase active site as observed in structure 1. The RNA 

is bound in the positively charged cleft of the GTase and extends to the active site residue lysine 

294.  
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The Pol II-GTase interface remains unchanged in both structures 1 and 2. We observe a 

loop from the oligonucleotide binding fold (OB-fold) of the GTase domain (residues 476-484; OB-

loop) inserting into the crevice formed between the RPB1 dock and the RPB7 tip domain (Fig 2B) 

(Armache et al., 2005).. The anchoring OB-loop is lacking in the OB-fold of the structurally similar 

Chlorella virus PBCV-1 viral capping enzyme (Chu et al., 2011), suggesting that the OB-domain 

might have evolved in higher eukaryotes to confer GTase domain binding to the polymerase. 

The TPase domain is not well resolved (Fig 2A), indicating that it becomes mobile upon 

completion of the first reaction. The transient stabilization of the TPase domain on Pol II is 

supported by the observation that this domain alone is unable to bind to a transcribing complex, in 

contrast to the GTase domain which readily binds a transcribing Pol II complex (Fig S1D). These 

observations suggest that the GTase domain serves as the primary RNGTT anchor on Pol II surface, 

likely due to the stable interaction of the GTase OB-loop with the Pol II stalk. 

 

RNA transfer from TPase to GTase 

Comparison of structures 1 and 2 (Fig. 3A) elucidates the transfer of the RNA substrate 5’ end from 

the TPase to the GTase domain of RNGTT. In structure 1, the TPase domain is positioned at the 

RNA exit tunnel, ready to accept the (5’)pppXRNA end. Superposition with structure 2 reveals that 

the GTase domain has moved closer to the RNA exit site in structure 2. Rigid-body docking of the 

TPase into a lowpass-filtered map of structure 2 shows that the TPase is displaced from the Pol II 

stalk (dashed outline in Fig 2A). Furthermore, the conformation of the GTase has changed 

dramatically from an open state in structure 1 to a partiually closed state in structure 2. Closure of 

the GTase domain is achieved by a swivel movement of the nucleotidyltransferase domain (NT-

domain) by ~25 Å. This is in contrast to the idea proposed based on the isolated crystal structure 

(Fig 3B) (Håkansson et al., 1997), which involved the movement of the OB-fold instead. 

In summary, after completion of TPase activity, the RNA 5’ end is released from the TPase 

domain active site, binds the GTase domain active site, leading to a closure of the GTase domain 

and its movement nearer to the RNA exit channel, which in turn results in displacement of the 

transiently stabilized TPase domain. 

 

Structure of the transcribing Pol II-DSIF-RNGTT complex 

While RNGTT alone can efficiently cap RNA, DSIF has been shown to have a stimulatory effect 

on cap guanylyation under limited capping enzyme conditions (Ref). Additionally, promoter 

proximal pausing has been correlated to capping in serving as capping check point (Ref). 

Interestingly, superposition of our minimal structures 1 and 2 onto the transcribing Pol II-DSIF 

complex (Bernecky et al., 2016) showed that the TPase domain clashes with the KOWx-KOW4 

domain of the DSIF subunit SPT5 and the GTase OB-fold shows a minor clash with KOW4 (Fig 
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S4). Therefore, to investigate how the general elongation factor DSIF affects the binding and 

activity of RNGTT, we assembled a complex of transcribing Pol II with a 24 nt uncapped RNA (the 

most efficiently capped substrate, Fig S1), DSIF, RNGTT and NELF, assuming it may stabilize the 

complex (Nilson et al., 2015). We imaged the complex by cryo-EM and determined two structures 

from the data (structures 3 and 4) (Fig. 4). Our structures reveal both DSIF and RNGTT bound to 

Pol II. However, NELF was only observed in a particle class that lacked RNGTT.  

Structure 3 (Fig 4A) was resolved at a nominal resolution of 3.8 Å with the Pol II core at 

2.6 Å and periphery between 4.0 Å to 8.6 Å. It captures the transcribing complex in the presence of 

both DSIF and RNGTT with RNA directed towards the TPase domain. RNGTT is anchored to the 

Pol II stalk via the GTase OB-loop as described above, and the NT-domain adopts an open 

conformation as in structure 1. The resolution for SPT5 KOWx-KOW4 domains and the TPase 

domains is limited, likely because KOWx-KOW4 and the TPase domain compete for the same 

binding site, which leads to heterogeneity due to a mixture of states. The TPase was rigid-body 

docked based on the active site orientation and its conformation in structure 1. SPT5 domains were 

modelled into the density, apart from KOWx-KOW4, which was rigid body docked. This revealed 

large deviations of SPT5 from the canonical conformation (Bernecky et al., 2016). The TPase is 

sandwiched between KOW2-KOW3 and the GTase, and likely displaces KOWx-KOW4 from the 

end of the RNA exit channel, moving it nearer to the RPB7 OB-fold. Additionally, the KOW1-L1 

domain is moved towards KOW2-KOW3. Therefore, accommodating the TPase domain requires 

large domain movements in SPT5, especially of its KOWx-KOW4 domain. 

Structure 4 (Fig. 4B) was resolved at a nominal resolution of 3.6 Å with the Pol II core at 

2.6 Å and the periphery resolved between 4.0 and 8.5 Å. It captures the RNA extending towards 

the GTase domain. The GTase OB-loop consistently anchors RNGTT to Pol II, and the NT-domain 

is in a partially closed state, similar to structure 2. Interestingly, KOWx-KOW4 could be docked as 

a rigid body and shows that KOW4 is now positioned near the GTase OB-domain, where the TPase 

was previously bound. No density for the TPase domain was observed. We therefore conclude that 

after TPase action, the TPase domain is displaced, and the GTase NT-domain can move to the RNA 

exit channel. 

Comparison of our structures 1-4 suggests that capping enzymes can be accommodated in 

different states due to the modular nature of SPT5, which contains several mobile domains that are 

bound dynamically around the Pol II stalk and RNA exit tunnel. To accommodate RNGTT, SPT5 

adopts a different conformation compared to its canonical state (Bernecky et al., 2016), especially 

an altered position of its KOWx-KOW4 domain. These rearrangements of DSIF domains around 

RNGTT could sterically limit RNGTT mobility, thereby limiting reaction dynamics. This may in 

turn explain the known increase in guanylylation efficiency under limiting capping enzyme 

concentrations (Mandal et al., 2004).  
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Structures of the transcribing Pol II with CMTR1 

To investigate the last step of capping, RNA methylation, we first tried to bind the methyltransferase 

complex RNMT/RAM to a transcribing Pol II. Despite many trials, we were not able to obtain 

stoichiometric binding or to observe density for RNMT on the Pol II surface (data not shown). We 

therefore turned to the methyltransferase CMTR1, which is responsible for co-transcriptional 2’OH 

methylation of the first ribonucleotide (Stepinski et al., 2010).  

We assembled a transcribing Pol II-DSIF-RNGTT-CMTR1 complex with uncapped RNA 

of various lengths. Whereas we did not observe density for CMTR1 when using a 26 nt uncapped 

RNA, use of a 29 nt uncapped RNA revealed CMTR1 density on Pol II. We imaged the complex 

by cryo-EM and resolved two structures (structures 5 and 6). Structure 5 captured a transcribing 

Pol II-DSIF-RNGTT-CMTR1 complex at a nominal resolution of 3.9 Å, with the Pol II core 

resolved at 3.0 Å and the periphery between 4.0 and 9.5 Å (Fig. S6). Structure 6 showed a 

transcribing Pol II-DSIF-CMTR1 complex at a nominal resolution of 4.0 Å with the Pol II core at 

3.0 Å and the periphery resolved between 4.0 to 9.8 Å (Fig S6). We used the crystal structure of the 

CMTR1 MTase domain (PDB code 4N48) and the C-terminal region of a model of CMTR1 

predicted by AlphaFold2 (Ronneberger et al., 2021; Stepinski et al., 2010) to build an atomic model 

and to trace the RNA from the Pol II active site to the CMTR1 active site. 

Structure 5 showed that the SPT5 KOW5 domain, the RNGTT GTase domain and CMTR1 

can co-occupy the Pol II surface (Fig. 5). The observation of KOW5 indicates that DSIF is bound 

but that the other DSIF domains are mobile. The GTase domain is bound with its OB-fold as in the 

other structures, and is in an open conformation with its active site empty. In contrast to structures 

1 and 2, however, the NT-domain of the GTase has moved away from the RNA exit channel by up 

to 27 Å and 40 Å, respectively. This movement apparently accommodates CMTR1, that interacts 

directly with Pol II, which is described below. 

Structure 6 shows that DSIF adopts its canonical conformation (Bernecky et al., 2016) and 

that CMTR1 is bound to the Pol II stalk and to exiting RNA (Fig. 6). CMTR1 uses its C-terminal 

GTase-like domain to bind the Pol II RPB7 OB-fold, constituting the only Pol II-CMTR1 contact 

in our structures, suggesting its role in recruitement of CMTR1 to the Pol II surface (Fig 6C). 

Additionally, CMTR1 C-terminus deletion in vitro has been shown to decrease its methylation 

activity (Smietanski et al., 2014). Therefore, the GTase-like domain may also help stabilize a 

conformation of CMTR1 that supports efficient RNA methylation. RNA can be unambiguously 

traced from Pol II to the CMTR1 methyltransferase domain (Fig 6B), and binds in the 

methyltransferase (MTase) active site essentially as observed in a CMTR1-RNA crystal structure 

(Stepinski et al., 2010). Considering that CMTR1 does not recognize 5'pppXRNA (Fig S 1D), the 

RNA apparently went through the first two capping steps with RNGTT, was released from the 
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GTase domain and is in the guanylylated cap(-1) state, enabling its binding to the CMTR1 active 

site. 

Superposition of structures 5 and 6 (Fig 6D) reveal a minor clash between GTase OB-fold 

and SPT5 domain KOW4. It also shows a major clash between the GTase NT-domain and the 

CMTR1 MTase domain. The CMTR1 MTase domain is moved towards the RNA exit channel by 

22 Å in structure 6, whereas the C-terminal region interacting with the Pol II stalk remains relatively 

unaltered. Therefore, the CMTR1 swinging-in movement and the rearrangement of the modular 

DSIF subunit SPT5 may be coupled to a displacement of RNGTT after it has completed its function.  

 

 

DISCUSSION 

In this study we determined six cryo-EM structures of Pol II elongation complex intermediates 

involved in mammalian co-transcriptional capping. Together with known functional results, these 

structures lead to a model for the process of mammalian co-transcriptional capping (Fig. 7). In this 

model, RNGTT is first recruited to a transcribing Pol II-DSIF complex during early elongation 

through interactions with the Pol II stalk, which are enabled by conformational changes in DSIF, 

especially movements of its KOWx-KOW4 domain. The TPase of RNGTT is transiently stabilized 

at the end of the RNA exit tunnel of Pol II and removes the 5’ gamma-phosphate of the emerging 

nascent RNA. In a second step, the RNA 5’ diphosphate end is released from the TPase, which is 

displaced, allowing for movement of the GTase NT-domain nearer the RNA exit site. When the 

nascent RNA grows to 22-24 nt, it can reach the GTase active site, which uses GTP to add GMP to 

the 5’ diphosphate end of the RNA, generating the cap(-1) structure. In a third step, CMTR1 can 

dock on to the Pol II stalk, bind and methylate RNA once it reached a length of ~29 nt. CMTR1 

binding triggers displacement of RNGTT and resets DSIF to its original conformation.  

Additionally, our minimal structures 1 and 2 shed light on the individual capping steps, 

illustrating the mechanism of RNA handover between active sites. This is crucial for understanding 

how RNGTT functions in isolation, as capping can occur efficiently without DSIF (Moteki and 

Price, 2002). It also leads us to suggests that the observed transient DSIF rearrangements are 

apparently a result of RNGTT binding, as is observed with structures 3, 4 and 5. Consistent with 

this observation, in structure 6, which lacks RNGTT, DSIF displays its canonical arrangement. 

Comparison of our mammalian structures with structural information on yeast capping 

complexes reveals that the human and yeast co-transcriptional capping systems are entirely distinct. 

Whereas in both systems the capping enzyme is recruited near the RNA exit site of Pol II, the 

capping enzyme-Pol II interactions are different. In our structures the capping enzyme is anchored 

via the human GTase that binds to the Pol II stalk, whereas the yeast capping enzyme uses its TPase 

Cet1 to bind near the Pol II wall (Martinez-Rucobo et al., 2015). Also, human mRNAs possess the 
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cap(1) modification and a corresponding enzyme, CMTR1, that introduces this modification and is 

resolved here at a specific position on Pol II, whereas yeast mRNAs lack a cap(1) modification and 

the corresponding methyltransferase (Sripati et al., 1976). This difference relates to the innate 

immune system in human, which is absent in yeast, emphasizing the importance of cap(1) in self-

RNA identification and in acting as a gatekeeper for the innate immune response, where sensors 

and effectors recognize cap(-1) and cap(0) with similar affinity (Devarkar et al., 2016). 

Finally, it remains unclear how the methyltransferase complex RNMT/RAM fits into our 

model of co-transcirptional capping. We could not observe binding of RNMT/RAM to Pol II 

complexes and thus additional factors may be required to recruit this methyltransferase. It may also 

be that cap(0) methylation occurs further downstream, after cap(1) methylation is completed. This 

idea is supported by the fact that CMTR1 can efficiently act on both cap(-1)/cap(0) transcripts 

(Stepinski et al., 2010), that in some viral machineries cap(1) modification is introduced before 

cap(0) (Decroly et al., 2012), and that CMTR1 occupies the beginning of genes in vivo, whereas 

RNMT does not (Liang et al., 2022). Nevertheless, our structures and our molecular model of co-

transcriptional capping provide a basis for understanding the essential and fundamental process of 

mammalian co-transcriptional pre-mRNA capping in mechanistic detail. 
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Figure 1: Structure of the transcribing Pol II-TPase complex (structure 1). 

Related to Figures S1 and S2.  

(A) RNGTT domain architecture, elaborating the TPase and GTase domains in purple 

and slate blue, respectively. The active sites of the bifunctional RNGTT are in yellow, 

and the TPase domain P-loop is in magenta. 

(B) Structure 1 top view. Overview of the transcribing Pol II-RNGTT complex in the 

TPase phase of the reaction. Shown are Pol II (grey), RNA (red) and RNGTT (purple 

and slate blue). 

(C) Structural overview of the complete RNGTT. The relative organisation reveals how 

the domains remain mobile relative to each other. Apart from TPase domain N-terminal 

helices in proximity to the GTase OB-domain, no extensive interface is observed. 

(D) Structure 1 side view. Overview of transcribing Pol II-RNGTT in the TPase step 

rotated 90° around the y-axis. 

(E) Pol II-TPase interface. Hydrophobic residues from Rbp7 (grey) and the surface 

loop residues (magenta) of the TPase are depicted, that likely form a transiently 

stabilized interface. 

(F) RNA-TPase and second Pol II-TPase interface. Important residues (magenta) 

guiding and interacting with the RNA, probable RNA trajectory (dashed red), and active 

site cysteine are shown (PDB code 3S24). RPB2 flap loop residues also likely stabilize 

the TPase domain by interacting with its C-terminus.  
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Figure 2: Structure of the transcribing Pol II-GTase complex (structure 2). 

Related to Figures S1 and S3.  

(A) Structure 2 top view. Overview of the transcribing Pol II-RNGTT complex in the at 

the GTase step of the reaction. Shown are Pol II (grey), RNA (red), and GTase (slate 

blue) connected via a flexible linker (dashed line) to the TPase domain (dashed 

outline). 

(B)  Pol II-GTase interface. RPB7 tip domain (grey) and OB-loop residues (slate blue) 

are shown. Important residues that likely contribute to a tight anchor between Pol II 

and the GTase domain via ionic, hydrogen or hydrophic interactions have been shown 

as side chains. 

(C) Structure 2 side view. Overview of transcribing Pol II-RNGTT at the GTase step 

rotated 90° around the y-axis. 

(D) RNA-GTase interface. Important residues guiding and interacting with the RNA 

(slate blue), RNA trajectory (red), and active site lysine 294 (yellow) are shown. GTP 

(olive) is superimposed from the viral crystal structure (PDB code 1CKN), and was not 

present in our sample preparation. 
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Figure 3: RNA handover between the RNGTT active sites. Related to Figure S4.  

(A) Superposition of structure 1 and 2. RNA (structure 1 in salmon and structure 2 in 

red), GTase domain (structure 1 in steel blue and structure 2 in slate blue), TPase 

domain (structure 1 in magenta) are depicted. 

(B) RNA handover between active sites. The TPase domain cleaves the gamma 

phosphate from the nascent triphosphate RNA. GTase NT-domain recognizes the 

RNA diphosphate end, swings-in by approximately 25 Å using the flexible hinge region, 

and displaces the TPase to capture the RNA. The clash (black dashed outline) 

illustrates the requirement for TPase domain displacement.  
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Figure 4: Structures of the transcribing Pol II-DSIF-RNGTT complexes 

highlighting the modular nature of DSIF (structures 3 and 4). Related to Figure 

S5.  

(A) Structure 3 top view. Structure of the transcribing Pol II-DSIF-RNGTT complex in. 

Pol II (grey), DSIF (shades of green), RNGTT (purple and slate blue), and RNA (red) 

are shown. KOW1-L1 is moved away from the upstream DNA. KOW2-KOW3 occupies 

a similar position as in the transcribing Pol II elongation complex (PDB code 5OIK). 

KOWx-KOW4 is displaced by TPase domain away from the RNA exit channel and 

towards RPB7 OB-fold.  

(B) Structure 4 top view. Structure of the transcribing Pol II-DSIF-RNGTT complex in 

the GTase step (structure 4). After TPase domain is displaced (no density observed), 

and the GTase NT-domain moves in. KOW4 moves in to position itself again the RNA 

exit channel where TPase was bound in structure 3.  
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Figure 5: Structure of the transcribing Pol II-DSIF-RNGTT-CMTR1 intermediate 

(structure 5). Related to Figure S6. 

(A) Domain architecture of the human CMTR1 (sandy brown). Important elements and 

domain boundaries are indicated. 

(B) Structure 5 top view. Overview of the transcribing Pol II-DSIF-RNGTT-CMTR1 

intermediate. RNA (red) is directed towards CMTR1 (sandy brown), and GTase 

domain (slate blue) is in an open conformation and moved away from the RNA exit 

tunnel. Pol II (grey), KOW5 (forest green) are also shown. 

(C) Structure 5 side view. Overview of the transcribing Pol II-DSIF-RNGTT-CMTR1 

intermediate. Pol II-CMTR1 interface is highlighted (black square). 
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Figure 6: Structure of the transcribing Pol II-DSIF-CMTR1 bound to RNA 

(structure 6). Related to Figure S6. 

(A) Structure 6 top view. Overview of transcribing Pol II-DSIF-CMTR1 complex. Shown 

are Pol II (grey), RNA (red), DSIF (shades of green), and CMTR1 (orange).  

(B) RNA-CMTR1 interface. Residues of the active KDK-triad (saddle brown) and 

additional residues (goldenrod) involved in RNA (red) path into the active site are 

shown (PDB code 4N48). RNA is shown with a cap-1 structure and SAM is shown in 

dodger blue (superimposed from PBD 4N48, not used in sample preparation). 

(C) RPB7 OB-fold (grey) loop residues (124-142) between the ß8 and ß9 form an 

extensive interface with the residues between ß10- ß11 and ß17- ß18 of the inactive 

GTase-like domain of CMTR1 (orange). C-alpha atoms of the mentioned, and some 

additional residues within the allowed distance to form hydrophobic, ionic, or H-bond 

interactions are shown. 

(D) Superposition of structure 5 and 6 show the 22.5 Å movement of the CMTR1 

MTase domain towards the RNA exit channel. DSIF also moves back into the 

canonical conformation. Both DSIF and CMTR1 in the new position clash with GTase. 

Hence, these movements likely cause GTase ejection, evident in loss of any GTase 

density in structure 6. 
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Figure 7: Model for mammalian co-transcriptional capping. 

As the RNA starts to appear from the RNA exit tunnel during early elongation, 

elongation factor DSIF binds. RNGTT is recruited to Pol II via direct interactions and 

recognizes the RNA around 22-24 nt. This induces DSIF rearrangement. TPase binds 

5’pppXRNA and removes the gamma-phosphate generating 5’ppXRNA. GTase 

domain displaces the TPase domain upon cleavage completion, and moves in to add 

a GMP moiety resulting in 5’GpppXRNA. As the RNA grows to around 29 nt, cap-1 

end of the RNA is efficiently transferred to CMTR1 as an intermediate with RNGTT 

and CMTR1 is observed. Loss of GTase affinity for the RNA, binding of CMTR1, and 

return of DSIF into its canonical conformation, likely contribute to RNGTT ejection from 

the complex. Upon cap1 formation, CMTR1 should also be released from the complex, 

and the RNA poised for further downstream processing. 
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Materials Availability 

Materials are available from P.C. upon request under a material transfer agreement with the Max 

Planck Society. 

 

Method Details 

Cloning and protein purification 

H. sapiens cDNA was used as a polymerase chain reaction (PCR) template for cloning RNGTT into 

a modified pFastBac vector (a gift from S. Gradia, UC Berkeley, vector 438-C, Addgene: 55220) 

via ligation independent cloning. The construct contains an N-terminal 6×His tag followed by a 

maltose binding protein (MBP) tag and a tobacco etch virus (TEV) protease cleavage site. It was 

then cloned into series 1B via ligation independent cloning (Gradia et al., 2017). RNGTT (C126S 

inactive variant) was cloned using site directed mutagenesis and the TPase and GTase domains 

were cloned using around-the-horn PCR (Moore and Prevelige, 2002). A cDNA clone encoding 

full-length human CMTR1 (pcDNA3.1-C-(k)DYK vector) was obtained from GenScript (clone ID 

NM_015050.3).  

Sus scrofa RNA polymerase II, Homo sapiens DSIF, NELF and RNA were purified as previously 

described (Bernecky et al., 2016; Fianu et al.; Qin and Pyle, 1999; Rinaldi et al., 2015; Vos et al., 

2018). RNGTT and CMTR1 variants were expressed and purified as described below unless 

otherwise stated. 

Plasmids were transformed into Escherichia coli (E.coli) BL21(DE3)RIL cells. They were grown 

at 37 °C until OD600nm reached 0.5-0.6. Induction was carried out using 0.75 mM IPTG overnight 

at 18 °C. Cells were harvested by centrifugation, resuspended in lysis buffer (300 mM NaCl, 20 

mM Na-HEPES pH 7.4, 10% (v/v) glycerol, 30 mM imidazole pH 8.0, 1 mM DTT, 0.284 µg ml−1 

leupeptin, 1.37 µg ml−1 pepstatin A, 0.17 mg ml−1 PMSF, and 0.33 mg ml−1 benzamidine), flash 

frozen and stored at -80 °C. 

All steps were done at 4°C unless otherwise stated. All buffers contained 1 mM DTT and protease 

inhibitors unless otherwise stated. E.coli pellets were sonicated in the lysis buffer. The lysate was 

centrifuged at 27,000 rpm, clarified with 0.45 µm filter, and then loaded onto a 5 mL HisTrap HP 

column (GE Healthcare Life Sciences). The elution was carried out with a linear gradient in the 

elution buffer (lysis buffer containing 500 mM Imidazole). The eluted protein was cleaved with 

TEV protease overnight and dialysed into the lysis buffer containing 150 mM Imidazole. The 

cleaved protein was loaded again onto the HisTrap HP column to remove cleaved tag and uncleaved 
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protein. The flow-through (containing the protein) was then loaded onto a 5 mL HiTrap Q column 

(GE Healthcare Life Sciences) for anion exchange. It was eluted with a linear gradient using buffer 

(300 mM NaCl, 20 mM Na-HEPES pH 7.4, 10% (v/v) glycerol) and elution buffer (1 M NaCl, 20 

mM Na-HEPES pH 7.4, 10% (v/v) glycerol). Finally, the residual degradation products and 

aggregates were removed using gel filtration chromatography with a HiLoad 16/600 Superdex 200 

pg column (GE Healthcare Life Sciences) equilibrated in a gel filtration buffer (300 mM NaCl, 20 

mM Na-HEPES pH 7.4, 10% (v/v) glycerol). Peak fractions were concentrated with Amicon spin 

concentrator of an appropriate molecular weight cut-off to a concentration of 3-5 mg/mL. 

 

RNA guanylytransferase assay 

RNA guanlylyation assays were performed with a 20 nt-24 nt RNA substrate. Transcribing Pol II 

elongation complexes (EC) were assembled with 75 pmol Pol II as previously described (Bernecky 

et al., 2016; Vos et al., 2018). 50 pmol CDK7 was added, and the complex was incubated 5 min at 

37 °C. 150 pmol DSIF, 150 pmol RNGTT, and 0.5 mM GTP were added either to free RNA 

(control) or an assembled EC. Finally, water, and a 2-fold compensation buffer were added to reach 

the final buffer conditions of 150 mM NaCl, 20 mM Na·HEPES, pH 7.4 (@ 20°C), 5 mM MgCl2, 

1 mM DTT, 10 % (v/v) glycerol and a reaction volume of 20 µL. The reaction was further incubated 

for 5 min at 37 °C. DNase I (RNase free, 2 units, NEB) was added to remove the template and the 

non-template, followed by addition of Proteinase K (0.8 units, NEB). Finally, 10% glycerol was 

added to be able to load the sample on a denaturing Urea-PAGE gel (12 µL applied to an 8 M urea, 

1 x TBE, 20% acrylamide:bis-acrylamide 19:1 gel). The gel was run in 0.5 x TBE at 300 V for 150 

min. Products were visualized using Syber Gold staining and a Typhoon 9500 FLA Imager (GE 

Healthcare Life Sciences). 

 

 

Sample preparation for cryo-EM 

Pol II-RNGTT for cryo-EM was assembled in a final buffer containing 100 mM NaCl, 20 mM 

Na·HEPES, pH 7.4 (@ 20°C, 3 mM MgCl2, 1 mM DTT and 4% (v/v) glycerol. RNA(5′-rGrUrA 

rArCrC rGrGrA rGrArG rGrGrA rArCrC rCrArC rUrGrC-3′) and template DNA (5′-GCT CCC 

AGC TCC CTG CTG GCT CCG AGT GGG TTC TGC CGC TCT CAA TGG-3′) were annealed 

to form a hybrid (50 µM) using the thermocycler. All following concentrations refer to final 

concentrations in 100 µL complex formation reaction. Pol II (1 µM) and hybrid (1 µM) were 

incubated for 15 min on ice. Non-template DNA (5′-CCA TTG AGA GCG GCC CTT GTG TTC 

AGG AGC CAG CAG GGA GCT GGG AGC-3′) (1.5 µM) was added, and the sample incubated 

for 10 min on ice. CDK7 (0.5 µM) was added, and the sample further incubated for 5 min at 30 °C. 

To assemble the Pol II-RNGTT complexes, RNGTT (C126S/WT) (3 µM) was added. To 
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assemble the Pol II-DSIF-RNGTT complex, DSIF (1.5 µM), RNGTT (3 µM) and NELF (4 µM) 

were added. To assemble the Pol II-DSIF-RNGTT-CMTR1, DSIF (1.5 µM), RNGTT (3 µM), 

CMTR1 (3 µM), and NELF (4 µM) were added. Finally, water, and a 10-fold compensation buffer 

were added to reach the final buffer conditions, and the sample further incubated for 30 min at 30°C. 

The sample was then centrifuged and applied onto a Superose 6 3.2/300 Increase size exclusion 

column (GE Healthcare), equilibrated in complex buffer (100 mM NaCl, 20 mM Na·HEPES, pH 

7.4 (@ 20°C), 3 mM MgCl2, 1 mM DTT, 4% (v/v) glycerol). Eluted fractions were analysed using 

SDS-PAGE.  

Peak fractions of all complexes were individually cross-linked using 0.1% (v/v) 

glutaraldehyde for 8 min on ice. The cross-linker was quenched with 8 mM apartate and 2 mM 

lysine and incubated for 10 min on ice. Fractions were then dialyzed against the dialysis buffer (100 

mM NaCl, 20 mM Na·HEPES, pH 7.4 (@ 20°C), 3 mM MgCl2, 1 mM DTT) for 4 hours. 

For grid preparation, R2/2 gold grids, Au 200 mesh (Quantifoil) were glow-discharged 

twice for 100 s. 2 µL of the dialyzed complexes with an approximate concentration of 200 nM 

complex were applied to each side of the grid. After an incubation of 10 s, grids were blotted and 

vitrified by plunging into liquid ethane using a Vitrobot Mark IV (Thermo Fisher). The Vitrobot 

was operated at 4°C and 100% humidity, and the blotting done using blot force of 5 and blot time 

of 3.5-6 s. The grids were clipped and subsequently stored in liquid nitrogen for data acquisition.  

Crosslinking mass spectrometry 

Sample 1 and 2 refers to Pol II-RNGTT, sample 3 to Pol II-DSIF-RNGTT-NELF, and sample 4 Pol 

II-DSIF-RNGTT-CMTR1. 70-110 µg aliqutos of the protein complex were crosslinked with 2 mM 

(sample 1, 2) or 0.5 mM BS3 (sample 3, 4). The cross-linking reaction was carried out for 45 min 

at room temperature (RT) and was quenched with 50 mM TRIS for 15 min at RT. Cross-linked 

proteins were either precipitated with 4 volumes ice-cold acetone o/n and washed with 80% ethanol 

(sample 3, 5) or processed directly. The crosslinked proteins were resuspended in 8 M Urea/50 mM 

ammonium bicarbonate (ABC, pH 8.0) (samples 3) or in 2 M Urea/50 mM ammonium bicarbonate 

(ABC, pH 8.0) (sample 1,2,4). Proteins were reduced for 30 min at RT with 10 mM dithiotreitol 

(DTT) and were alkylated for 30 min at RT in the dark by adding iodacetamide (IAA) to a final 

concentration of 55  mM. Samples were diluted to 1 M Urea and digested for 30 min at 37 °C with 

4 µl Pierce Universal Nuclease (250 U/µl) in the presence of 2 mM MgCl2. Trypsin (Promega) 

digest was performed o/n at 37 °C in a 1:50 enzyme/protein ratio, the reaction was terminated with 

0.2 % (v/v) FA. Tryptic peptides were desalted on MicroSpin Columns (Harvard Apparatus) 

following manufacturer´s instruction and vacuum-dried.  

Dried peptides were either resuspended in 50 µl 30 % acetonitrile/0.1 % TFA and enriched 

by peptide size exclusion chromatography (Superdex Peptide PC3.2/300 column, GE Healthcare, 

flow rate 50 µl/min; sample 1, 2) or resuspended in 50 µl 10 mM ammonium hydroxide and 



Chapter 3: Manuscript II 

80 

separated via ph Reverse Phase (bRP)  on a RP-Vanquish Flex UHPLC-System (Waters XBridge 

C18 column (3.5 µm particles, 1.0 mm x 150 mm) at a flow rate of 50 µl/min and collected with 

fraction concatenation (sample 3, 4)(Yang et al., 2012).  

Fractions containing the cross-linked peptides were vacuum dried and dissolved in 4% 

ACN/0.1% TFA (v/v) for subsequent LC-MS/MS analysis.LC-MS/MS analysis: Cross-linked 

peptides derived from pSEC or bRP were analyzed as technical duplicates on a Thermo QExactive 

HF-X (sample 1, 2) or a Thermo Obitrap Exploris mass spectrometer (sample 3 and 4). Peptides 

were loaded onto a Dionex Ultimate 3000 RSLCnano equipped with a custom column (ReproSil-

Pur 120 C18-AQ, 1.9 µm pore size, 75 µm inner diameter, 30 cm length, Dr. Maisch GmbH).  

Peptides were separated applying the following gradient: mobile phase A consisted of 0.1 

% formic acid (FA, v/v), mobile phase B of 80 % ACN/0.08 % FA (v/v). The gradient started at 5 

% B, increasing to 10 (for bRP fractions), 15 or 20 % B within 3 min (for pSEC fractions), followed 

by a continuous increase to 48 % B within 45 min, then keeping B constant at 90 % for 8 min. After 

each gradient, the column was again equilibrated to 5 % B for 2 min. The flow rate was set to 300 

nL/min.  

MS1 spectra were acquired with a resolution of 120,000 in the orbitrap (OT) covering a 

mass range of 380–1600 m/z. Dynamic exclusion was set to 30 s. The top 30 abundant precursor 

ions (charge state 3-8) were triggered for HCD fragmentation (30 % NCE). MS2 spectra were 

recorded with a resolution of 30,000 in OT and maximal injection time was set to 54 ms and the 

isolation window was set to 1.4 or 1.6  m/z. 

For data analysis, raw files were searched against a database containing the sequences of 

the proteins of the complex and analyzed via pLink 2.3.9 at a false discovery rate (FDR) of 1 

%(Chen et al., 2019). Carbamidomethylation of cysteines was set as fixed modification, oxidation 

of methionines as variable modification. The database contained all proteins within the complex. 

For further analysis only interaction sites with 3 cross-linked peptide spectrum matches were taken 

into account. Cross-links were displayed with xiNET and Xlink Analyzer combined with UCSF 

Chimera. Due to the highly dynamic nature of the complex, and the presence of Pol II dimers in the 

sample, some long-distance crosslinks were observed. In order to filter the data reasonably, high 

threshold values between 14-18 were used in UCSF chimera (Combe et al., 2015; Kosinski et al., 

2015; Pettersen et al., 2004). 

 

Cryo-EM analysis and image processing 

Cryo-EM data was collected on a Titan Krios G2 transmission electron microscope (FEI), equipped 

with a K3 direct detector and a GIF Quantum Filter (Gatan), operated at 300 keV. All data sets were 

acquired using SerialEM (Mastronarde, 2005) at a nominal magnification of 81,000×, 
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corresponding to a pixel size of 1.05 Å/pixel in nanoprobe EF-TEM mode with a slith width of 20 

eV.  

For the transcribing Pol II-RNGTT (C126S) structure, a total of 4698 movie stacks over 40 

frames was collected in counting mode over 1.2 s, with a defocus range of −0.5 μm to −2.0 μm. The 

dose rate was 33.89 e− per Å2 per s for a total dose of 42.43 e− per Å2. 

For the transcribing Pol II-RNGTT (WT), a total of 3236 movie stacks over 40 frames was 

collected in counting mode over 2.07 s, with a defocus range of −0.5 μm to −2.0 μm. The dose rate 

was 19.86 e− per Å2 per s for a total dose of 41.26 e− per Å2. 

For the transcribing Pol II-DSIF-RNGTT, a total of 2900 movie stacks over 40 frames was 

collected in counting mode over 2.13 s, with a defocus range of −0.5 μm to −2.0 μm. The dose rate 

was 18.93 e− per Å2 per s for a total dose of 40.32 e− per Å2. 

For the transcribing Pol II-DSIF-RNGTT-CMTR1, a total of 8620 movie stacks over 40 

frames was collected in counting mode over 1.9 s, with a defocus range of −0.5 μm to −2.0 μm. The 

dose rate was 15.06 e− per Å2 per s for a total dose of 40.65 e− per Å2. 

Micrographs for all the data sets were subjected to motion correction, dose weighting, 

contrast transfer function (CTF) estimation and particle picking on the fly using Warp (Tegunov 

and Cramer, 2019). Subsequent image processing was done in RELION 3.0.7 or 3.1.0 (Zivanov et 

al., 2018). Particles were extracted binned with a box of 150 pixels and a pixel size of 2.1 Å/pixel. 

These particles were then subjected to an initial cleanup by 2D classification in cryoSPARC 

(Punjani et al., 2017). This was followed by an ab initio model generation, and a heterogeneous 

refinement to remove the non-aligning particles.  

For the Pol II-RNGTT (C126S) dataset, a total of 3,049,188 particles were picked. After 

the initial cyoSPARC steps, the remaining 1,364,586 particles were exported to RELION 3.1.0 and 

unbinned. To select particles containing Pol II and RNGTT, a global classification was performed 

with masks encompassing the region of extra density. Subsuquet masked classifications were 

performed to get the TPase. 34,647 particles were finally refined and a reconstruction was obtained 

at 3.6 Å resolution. Local resolutions of the map were estimated using the RELION built-in tool 

(Fig S2). 

For the Pol II-RNGTT (wild type; WT) dataset, a total of 3,261,338 particles were picked. 

After the initial cyoSPARC pipeline, the remaining 1,069,668  particles were exported to RELION 

3.1.0 and unbinned. To select particles containing RNGTT, classifications were performed with 

masks encompassing RNGTT or the stalk. 132,949 particles were selected. Finally, masked 

classification for GTase NT-domain was performed, 21,150 particles were selected refined and a 

reconstruction was obtained at 3.2 Å resolution. Local resolutions of the map were estimated using 

the RELION built-in tool (Fig S3). 
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For the Pol II-DSIF-RNGTT dataset, a total 3,299,682 particles were picked. After the 

initial cyoSPARC pipeline, the remaining 1548,296 particles were exported to RELION 3.1.0 and 

unbinned. To select particles containing DSIF and RNGTT, masked classification was performed 

with mask encompassing the RNGTT and SPT5 domains, followed by a mask for TPase and 

KOW2-KOW3. 64,321 particles were selected and refined resulting in structure 3. To select 

particles with RNA bound to the GTase, masked classification on GTase followed by GTase 

together with SPT5 domains was performed. 73,948 particles were selected and refined resulting in 

structure 4. Both the structures 3 and 4 were globally refined and an overall reconstruction was 

obtained at 3.8 Å and 3.6 Å resolution. Local resolutions of the map were estimated using the 

RELION built-in tool (Fig S5). 

For the Pol II-DSIF-RNGTT-CMTR1 dataset, a total of 3,299,064 particles were picked. 

After the initial cyoSPARC pipeline, the remaining 1,240,321 particles were exported to RELION 

3.1.0 and unbinned. To select particles containing RNGTT, or CMTR1 classifications were 

performed with masks encompassing both. Two classes of interest were obtained. 48,148 particles 

were selected and refined resulting in structure 5. 252,156 particles were selected and further 

classified with a mask encompassing DSIF, CMTR1 and SPT5. 31,427 particles were then selected 

and refined resulting in structure 6.  Both the structures 5 and 6 were globally refined and an overall 

reconstruction was obtained at 3.9 Å and 4.0 Å resolution, respectively. Local resolutions of the 

map were estimated using the RELION built-in tool (Fig S6). 

 

Model building 

For all the transcribing capping complex structures (Pol II-RNGTT, Pol II-DSIF-RNGTT, Pol II-

DSIF-RNGTT-CMTR1), structures of Pol II and DSIF from the paused elongation complex (PDB 

code 6GML) were separately ridig body docked. Structures of the TPase domain (PDB code 2C46), 

GTase domain (3S24), and CMTR1 (PDB code 4N48, predicted AF-Q8N1G2) modelled into the 

final map and refined using COOT (Emsley and Cowtan, 2004). Pol II stalk was modelled in 

separately for each density. The model was real-space refined using PHENIX (Afonine et al., 2018) 

with secondary structure restraints against the final local-resolution filtered map. 

For the PolII-RNGTT(C126S) structure, GTase chain F was modelled into the density for 

the open conformation. TPase domain chain A was used, and surface loop residues were modelled 

to fit the density. For the PolII-RNGTT(WT) structure, GTase domain chain D was used. The OB-

domain was modelled into the density, and the NT-domain was separately docked for the closed 

conformation.  

For Pol II-DSIF-RNGTT structure, SPT5 domains were separately modelled. KOWx-

KOW4 and the TPase domains were rigid body docked into the locally filtered maps generated 

using Relion 3.1. GTase from structure 1 and 2 were rigid body docked into densities for structures 
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3 and 4, respectively.   

For the Pol II-DSIF-RNGTT-CMTR1 structure, MTase domain crystal structure and 

AlphFold2 predicted C-terminal region were ridid body docked separately. For all the structures, 

density in the active site of Pol II allowed unambiguous assignment of DNA and DNA-RNA register 

until the RNA exit channel.  

The RNA was then built into the density to trace the path up to the active sites of the 

enzymes based on the sequence and the length used. The RNA in the active site of CMTR1 was 

docked together with the crystal structure. GTP in GTase active site, and SAM in CMTR1 active 

site were also superimposed from the crystal structures 1CKN and 4N48, respectivel, and were not 

present in sample preparation.. The models were real-space refined using PHENIX with secondary 

structure restraints against the global refinement. 

 

Figure generation 

Figures were generated using UCSF ChimeraX (version 1.3) (Goddard et al., 2018) and Adobe 

Illustrator.  
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Figure S1: Protein components, GTase assay and complex formation. Related to Figure 1 to 

6. 

(A) SDS-PAGE of all purified protein components (0.75 µg per lane). 

(B) GTase assay in the presence of CDK7, RNGTT, DSIF with a 20 nt, 22 nt and 24 nt uncapped 

substrate. Each reaction has a corresponding free RNA control. 

(C) Complex assembly protocol. 

(D) SDS-PAGE of binding trials by gel filtration for transcribing Pol II-TPase (C126S), Pol II-

GTase, and Pol II-CMTR1 (with 5’pppXRNA). 

(D) SDS-PAGE for complex assembly of transcribing Pol II-RNGTT (C126S), Pol II-RNGTT 

(WT), Pol II-DSIF-RNGTT and Pol II-DSIF-RNGTT-CMTR1 complexes. 

(E) Gel filtration profiles for transcribing Pol II-RNGTT (C126S), Pol II-RNGTT (WT), Pol II-

DSIF-RNGTT and Pol II-DSIF-RNGTT-CMTR1 complexes. 
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Figure S2: Data acquisition, processing, and data quality metrics for the transcribing Pol II-

RNGTT (C126S) complex. Related to Figure 1. 

(A) Representative denoised micrograph of data collection with scale bar (500  Å). 

(B) 2D classes show RNA polymerase II and fuzzy density for RNGTT with scale bar of 100  Å. 

(C) Sorting and classification tree of transcribing Pol II-RNGTT(C126S) complex dataset. 

(D) FSC curve of overall map. 

(E) Angular distribution of particles used for final recobstrontion of structure 1. 

(F) Local resolution of Pol II-RNGTT (C126S) complex. 
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Figure S3: Data acquisition, processing, and data quality metrics for transcribing Pol II-

RNGTT (WT) complex. Related to Figure 2. 

(A) Representative denoised micrograph of data collection with scale bar (500  Å). 

(B) 2D classes show RNA polymerase II and fuzzy density for RNGTT with scale bar of 100  Å. 

(C) Sorting and classification tree of transcribing Pol II-RNGTT(C126S) complex dataset. 

(D) FSC curve of overall map. 

(E) Angular distribution of particles used for final recobstrontion of structure1. 

(F) Local resolution of Pol II-RNGTT (WT) complex. 
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Figure S4: Superposition of structures 1 and 2 with transcribing Pol II elongation complex. 

Related to figure 1, 2 and 3. 

(A) Superposition of Pol II EC-DSIF and structure 1. TPase and SPT5 (forest green) subunit 

KOWx-KOW4 bind the same site on Pol II stalk, and therefore show heavy clash (black dashed 

circle). 

(B) Superposition of Pol II EC-DSIF and structure 2. GTase and SPT5 (forest green) subunit KOW4 

show minor clashes (black dashed circle) around the RNA exit tunnel. 
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Figure S5: Data acquisition, processing, and data quality metrics for transcribing Pol II-

DSIF-RNGTT complex. Related to Figure 4. 

(A) Representative denoised micrograph of data collection with scale bar (500  Å). 

(B) 2D classes show RNA polymerase II and a fuzzy density for DSIF and RNGTT with scale bar 

of 100  Å. 

(C) Sorting and classification tree of transcribing Pol II-DSIF-RNGTT complex dataset. 

(D) FSC curve of overall map for structure 3. 

(E) Angular distribution of particles used for final reconstruction of structure3. 

(F) FSC curve of overall map for structure 4. 

(G) Angular distribution of particles used for final reconstruction of structure3. 

(H) Local resolution for structure 3. 

(I) Local resolution for structure 4. 
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Figure S6: Data acquisition, processing, and data quality metrics for transcribing Pol II-

DSIF-RNGTT-CMTR1 complexes. Related to Figure 5 and 6. 

(A) Representative denoised micrograph of data collection with scale bar (500  Å). 

(B) 2D classes show RNA polymerase II and a fuzzy density for DSIF, RNGTT and CMTR1 with 

scale bar of 100  Å. 

(C) Sorting and classification tree of transcribing Pol II-DSIF-RNGTT-CMTR1 complex dataset. 

(D) FSC curve of overall map for structure 5. 

(E) Angular distribution of particles used for final reconstruction of structure 5. 

(F) FSC curve of overall map for structure 6. 

(G) Angular distribution of particles used for final reconstruction of structure 6. 

(H) Local resolution for structure 5. 

(I) Local resolution for structure 6. 
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Figure S7: Cross-linking mass spectrometry representation of the various complexes. Related 

to figure 1 to 6. 

(A) Overview of crosslinks and the corresponding statistics obtained for transcribing Pol II-RNGTT 

(C126S) complex. 

(B) Overview of crosslinks and the corresponding statistics obtained for transcribing Pol II-RNGTT 

(WT) complex.  

(C) Overview of crosslinks and the corresponding statistics obtained for transcribing Pol II-DSIF-

RNGTT complex mapped on structure 3. 

(D) Overview of crosslinks and the corresponding statistics obtained for transcribing Pol II-DSIF-

RNGTT complex mapped on structure 4. 

(E) Overview of crosslinks and the corresponding statistics obtained for transcribing Pol II-DSIF-

RNGTT-CMTR1 complex mapped on structure 5. 

(E) Overview of crosslinks and the corresponding statistics obtained for transcribing Pol II-DSIF-

RNGTT-CMTR1 complex mapped on structure 6. 
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Figure S8: Cryo-EM densities of complexes. Related to figure 1 to 6. 

(A) Pol II-RNGTT (C126S) structure1 with corresponding cryo-EM map. Cryo-EM map is shown 

in grey. 

(B) TPase domain structure with corresponding cryo-EM map. Cryo-EM map is shown in purple. 

(C) RPB1 funnel helices with corresponding density from Pol II-RNGTT (C126S) structure. 

(D) Active site of Pol II-RNGTT (C126S) structure with corresponding density. Metal A is shown 

as a pink sphere. 

(E) Pol II-RNGTT (WT) structure2 with corresponding cryo-EM map. Cryo-EM map is shown in 

grey. 

(F) GTase domain structure with corresponding cryo-EM map. Cryo-EM map is shown in slate 

blue. 

(G) RPB1 funnel helices with corresponding density from Pol II-RNGTT (WT) structure. 

(H) Active site of Pol II-RNGTT (WT) structure with corresponding density. Metal A is shown as 

a pink sphere. 

(I) Pol II-DSIF-RNGTT structure3 with corresponding cryo-EM map. Cryo-EM map is shown in 

grey. 

(J) SPT5-RNGTT structure with corresponding cryo-EM map. Cryo-EM map is shown in green 

(SPT5), puple (TPase domain) and slate blue (GTase domain). 

(K) RPB1 funnel helices with corresponding density from Pol II-DSIF-RNGTT structure. 

(L) Active site of Pol II-DSIF-RNGTT structure with corresponding density. Metal A is shown as 

a pink sphere. 

(M) Pol II-DSIF-RNGTT structure4 with corresponding cryo-EM map. Cryo-EM map is shown in 

grey. 

(N) SPT5-RNGTT structure with corresponding cryo-EM map. Cryo-EM map is shown in green 

(SPT5), and slate blue (GTase domain). 

(O) RPB1 funnel helices with corresponding density from Pol II-DSIF-RNGTT structure4. 

(P) Active site of Pol II-DSIF-RNGTT structure4 with corresponding density. Metal A is shown as 

a pink sphere. 

(Q) Pol II-DSIF-RNGTT-CMTR1 structure5 with corresponding cryo-EM map. Cryo-EM map is 

shown in grey. 

(R) RNGTT-CMTR1 structure with corresponding cryo-EM map. Cryo-EM map is shown in slate 

blue (GTase domain) and sandy brown (CMTR1). 

(S) RPB1 funnel helices with corresponding density from Pol II-DSIF-RNGTT-CMTR1 structure5. 

(T) Active site of Pol II-DSIF-RNGTT-CMTR1 structure5 with corresponding density. Metal A is 

shown as a pink sphere. 
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(U) Pol II-DSIF-RNGTT-CMTR1 structure6 with corresponding cryo-EM map. Cryo-EM map is 

shown in grey. 

(V) DSIF-CMTR1-RNA structure with corresponding cryo-EM map. Cryo-EM map is shown in 

green (SPT5), red (RNA) and orange (CMTR1). 

(W) RPB1 funnel helices with corresponding density from Pol II-DSIF-RNGTT-CMTR1 

structure6. 

(X) Active site of Pol II-DSIF-RNGTT-CMTR1 structure6 with corresponding density. Metal A is 

shown as a pink sphere. 
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Table S1: Cryo-EM data collection, refinement and validation statistics.  

 Pol II-RNGTT (C126S) 

 

Pol II-RNGTT (WT) 

Data collection and processing   

Magnification  81,000 81,000 

Voltage (kV) 300 300 

Electron exposure (e–/Å2) 40-43 40-43 

Defocus range (μm) 0.25-2.0 0.25-2.0 

Pixel size (Å) 1.05 1.05 

Symmetry imposed C1 C1 

Initial particle images (no.) 3,049,188 3,261,338 

Final particle images (no.) 34,647 21,150 

Map resolution (Å) 

    FSC threshold 

3.6 

0.143 

3.2 

0.143 

Map resolution range (Å) 3.1-9.0 2.9-6.7 

   

Refinement   

Initial models used (PDB code) 6GML, 2C46, 3S24 6GML, 3S24 

Map sharpening B factor (Å2) -20 -20 

Model composition 

    Non-hydrogen atoms 

    Protein residues 

    Nucleotides 

    Ligands 

 

36,831 

4376 

85 

9 

 

35,383 

4219 

81 

9 

B factors (Å2) 

    Protein 

    Nucleotide 

    Ligand 

 

111 

147.85 

149.71 

 

49.75 

73.64 

65.66 

R.m.s. deviations 

    Bond lengths (Å)  

    Bond angles (°)  

 

0.003 

0.656 

 

0.004 

0.911 

Validation 

    MolProbity score  

    Clashscore   

    Poor rotamers (%)  

 

1.94 

12.79 

0.00 

 

2.04 

14.82 

0.03 

 Ramachandran plot 

    Favored (%) 

    Allowed (%)  

    Disallowed (%) 

 

95.41 

4.54 

0.05 

 

94.77 

5.18 

0.05 
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Table S2: Cryo-EM data collection, refinement and validation statistics.  

 Pol II-DSIF-RNGTT  

(TPase bound) 

 

Pol II-DSIF-RNGTT 

 

Data collection and processing   

Magnification  81,000 81,000 

Voltage (kV) 300 300 

Electron exposure (e–/Å2) 40-43 40-43 

Defocus range (μm) 0.25-2.0 0.25-2.0 

Pixel size (Å) 1.05 1.05 

Symmetry imposed C1 C1 

Initial particle images (no.) 3,299,682 3,299,682 

Final particle images (no.) 64,321 73,948 

Map resolution (Å) 

    FSC threshold 

3.8 

0.143 

3.6 

0.143 

Map resolution range (Å) 2.5-8.5 2.5-8.5 

   

Refinement   

Initial models used (PDB code) 6GML, 2C46, 3S24 6GML, 2C46, 3S24 

Map sharpening B factor (Å2) -20 -20 

Model composition 

    Non-hydrogen atoms 

    Protein residues 

    Nucleotides 

    Ligands 

 

41,436 

4953 

90 

9 

 

40,090 

4782 

92 

9 

B factors (Å2) 

    Protein 

    Nucleotide 

    Ligand 

 

105.27 

146.18 

149 

 

94.32 

144.53 

68.20 

R.m.s. deviations 

    Bond lengths (Å)  

    Bond angles (°)  

 

0.004 

0.646 

 

0.003 

0.640 

Validation 

    MolProbity score  

    Clashscore   

    Poor rotamers (%)  

 

2.01 

13.41 

0.00 

 

2.01 

13.95 

0.00 

 Ramachandran plot 

    Favored (%) 

    Allowed (%)  

    Disallowed (%) 

 

94.51 

5.45 

0.04 

 

94.82 

5.13 

0.04 
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Table S3: Cryo-EM data collection, refinement and validation statistics.  

 Pol II-DSIF-CMTR1 

Data collection and processing  

Magnification  81,000 

Voltage (kV) 300 

Electron exposure (e–/Å2) 40-43 

Defocus range (μm) 0.25-4 

Pixel size (Å) 1.05 

Symmetry imposed C1 

Initial particle images (no.) 3,299,084 

Final particle images (no.) 31,427 

Map resolution (Å) 

    FSC threshold 

4.0 

0.143 

Map resolution range (Å) 2.9-10.0 

  

Refinement  

Initial models used (PDB code) 6GML, AlphaFold 

Map sharpening B factor (Å2) -20 

Model composition 

    Non-hydrogen atoms 

    Protein residues 

    Nucleotides 

    Ligands 

 

50,879 

6304 

114 

10 

B factors (Å2) 

    Protein 

    Nucleotide 

    Ligand 

 

82.83 

147.71 

131.85 

R.m.s. deviations 

    Bond lengths (Å)  

    Bond angles (°)  

 

0.004 

0.652 

Validation 

    MolProbity score  

    Clashscore   

    Poor rotamers (%)  

 

1.91 

13.76 

0.00 

 Ramachandran plot 

    Favored (%) 

    Allowed (%)  

    Disallowed (%) 

 

96.15 

3.79 

0.06 
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4 Discussion and outlook 

While transcription has been well-studied both structurally and biochemically, we lack 

the understanding of certain aspects which are fundamental to the process. This dissertation 

focuses on two essential aspects of transcription elongation, backtracking and capping. In the 

absence of either of these processes, Pol II would cease to elongate the transcript and 

terminate prematurely173.   

Section 4.1 answers the key findings from my colleagues and I (manuscript 1) regarding 

Pol II passage through the nucleosome. It then focuses on discussing Pol II-TFIIS structure (my 

contribution) and future perspectives. 

Section 4.2 covers the primary focus of this dissertation, which is structural dissection 

of the mammalian co-transcriptional capping process. Based on our findings, we first briefly 

describe the answers to few key open questions in the field. This is followed by elaborating on 

the proposed model which is based on the individual structures resolved. And finally, I 

emphasize on the relevance of our results comparing it to the existing literature. 

 

Through our manuscript and existing literature, we propose a three-step model of Pol II 

passage through the nucleosome with the help of TFIIS. First, the activated elongation 

complex (EC*) transcribes into the nucleosome, and the DNA unravelling potentially leads to 

H2A-H2B dimer loss. Second, as the EC* transcribes further, it stalls and is prone to 

backtracking. Third, TFIIS rescues the backtracked Pol II by stimulating RNA cleavage and 

generating a new 3’ end in the active site.  

Therefore, solving the structure of Pol II EC-TFIIS was important to understand not only 

the molecular basis of TFIIS function in humans, but also to differentiate the changes 

introduced by EC* from those by TFIIS association. Our structure of the Pol II EC-TFIIS revealed 

three key things. First, the binding interface between Pol II and TFIIS remains the same as that 

observed in yeast systems. Second, the mammalian Pol II crevice does not need further 

opening as does the yeast Pol II84. Therefore, TFIIS domain II can span the crevice with domain 

III reaching the Pol II active site with the Pol II subunits showing minimal movement. And third, 

we note the mobile domain III and Pol II trigger loop, in comparison to a stable binding in the 
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yeast system28. In our manuscript, we therefore speculate that this mobility is associated to 

regulation of TFIIS entry into the active site. 

 

Through this dissertation, we provide a comprehensive structural understanding of the 

mammalian co-transcriptional machinery. By reconstituting the human capping machinery on 

the Pol II surface and resolving the cryo-EM structures of six intermediates, we answer the 

following key questions.  

How does the capping machinery interact with the actively transcribing Pol II? We 

observed direct interactions of the CEs both with Pol II and the RNA. In contrast to the yeast 

system, mammalian Pol II stalk seems to serve as the primary interface for CE interactions. For 

RNGTT, TPase domain is transiently stabilized at the stalk likely based on three key factors: 

TPase domain interaction with RPB2 flab loop; TPase domains active site affinity to the RNA 

triphosphate end; and GTase domain anchoring to the stalk.  

GTase domain is essential for RNGTT to anchor itself to the stalk and position the TPase 

domain at the Pol II RNA exit channel. In particular, GTase OB-domain loop (which we called 

the OB-loop) inserts itself in a crevice formed between RPB1 and RPB4/7 interface.  

For CMTR1, two primary interfaces are observed. CMTR1 GTase-like domain docks onto 

RPB7 tip-domain (terminology derived from the yeast system22) constituting the only Pol II-

CMTR1 interface observed. Additionally, the RNA binds the MTase domain which likely helps 

in recruitment and stabilization at the RNA exit channel.  

How does the 5’ pre-mRNA end move between the multiple active sites? Based on our 

minimal structures of transcribing Pol II and RNGTT with RNA bound to either the TPase 

domain or GTase domain active site, we could propose a mechanism for RNA handover. The 

TPase and the GTase domains of RNGTT are connected by a flexible linker. After the 

recruitment of RNGTT to the Pol II surface, and its anchoring to the stalk as described above, 

the TPase domain accepts the triphosphate end of the RNA. It cleaves the γ-phosphate, 

resulting in a diphosphate end RNA, which serves as a substrate for the GTase domain. The 

loss of TPase affinity for the diphosphate end coupled to its high affinity of the GTase domain, 

likely signals the GTase domain for RNA binding. This triggers the NTase domain of the GTase 

to swing-in, a movement likely allowed due to the flexible linker between the two domains of 

RNGTT. As a result, GTase domain displaces the transiently stabilized TPase domain and 
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performs the cap guanylylation. The mRNA handover therefore is a function of affinities and 

the domain architecture of RNGTT. Upon the completion of RNGTT activity, CMTR1 MTase 

domain can displace RNGTT and bind the growing nascent cap(-1) or cap(0) RNA to methylate 

ribose 2’O of the first transcribed nucleotide. 

What role do elongation factors play? The structures of actively transcribing Pol II in 

the presence of DSIF and bound to RNGTT or CMTR1 help shed light on the interplay between 

early elongation and capping.  

RNGTT displaces DSIF from the RNA exit channel causing its drastic rearrangement in 

comparison to the “canonical” EC conformation50. This displacement involves flipping out of 

the KOWx-KOW4 from the RNA exit channel to the stalk. The TPase domain is therefore now 

bound in the position where KOWx-KOW4 were bound. Upon the complete of the TPase 

activity, the TPase domain is displaced by the GTase domain. This displacement of TPase 

domain could be facilitated by the KOW4 domain, which is observed to be bound next to the 

GTase. Such a mechanism of action for KOW4 would result in pushing the reaction towards 

guanylylation and therefore also explain the stimulation of guanylylation in presence of DSIF.  

In the presence of CMTR1, DSIF is bound similar to its canonical form. As the RNA is 

already 29 nt in length, and CMTR1 binds to Pol II stalk, DSIF is bound without any clashes. 

DSIF stabilizes the emerging pre-mRNA174 and shows some cross links with CMTR1 C-terminus, 

which may indicate that CMTR1 activity is facilitated and the conformation stabilized by DSIF. 

Finally, taken together, how are these steps of capping coupled to transcription? Co-

transcriptional capping of pre-mRNA is more efficient than that of the free RNA167. The results 

described above lead us to propose the first model for the structural basis of mammalian co-

transcriptional capping.  

We find that as soon as the emerging pre-mRNA end is around 22 nt in length, it can 

bind the RNGTT. First, RNGTT binds the Pol II stalk and anchors it around the RNA exit channel. 

Rearrangement of SPT5 domains of DSIF is required to allow this binding. The TPase domain 

of RNGTT first binds the 5’pppXRNA and cleaves the gamma-phosphate. Then, the TPase 

domain is displaced by the GTase domain and binds the 5’ppXRNA, which is likely facilitated 

by SPT5. This is followed by the addition of GMP moiety to the 5’ end, resulting in a 

5’GpppXRNA. As the pre-mRNA extends to around 29 nt, CMTR1 is able to bind the pre-mRNA. 

CMTR1 then displaces RNGTT and DSIF moves back into the canonical EC conformation. 
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CMTR1 MTase domain then methylates the pre-mRNA first nucleotide at 2’O position 

resulting in 5’GpppXmRNA.  

Therefore, the binding affinity of CEs to the pre-mRNA, their direct interactions with the 

Pol II, and the modular nature of the DSIF together facilitate the efficient transition between 

steps and coordinate the complex process of co-transcriptional capping on Pol II surface. 

 

In this section I first briefly address the missing aspect in our understanding of TFIIS 

structure. Then for the rest of the section I primarily focus on co-transcriptional capping 

starting with discussing the limitations of our study and ways to address them. I then move 

on to discussing the broader implications of the findings for the field, next questions to be 

answered, and their future applications. 

 

TFIIS. The limitations pertaining to Pol II EC-TFIIS are covered in detail in the study 

limitation section of manuscript 1. A missing piece additionally in our understanding of the Pol 

II EC-TFIIS is the domain III activity. The structure reveals that TFIIS interdomain linker insertion 

into the crevice does not require additional opening or changes in Pol II subunits as was 

observed for the yeast system27. However, we did not observe a well-resolved domain III due 

to mobility. We thus refrain from commenting on the activity, and mechanistic differences 

that might be present in our reconstituted complex in comparison to yeast. Therefore, 

improving the resolution of domain III in the active site would be the next step in 

understanding how exactly does the human TFIIS function, and differs from its counterparts 

in different species. While we tried processing for domain III, one could still collect more data, 

and focus the processing on domain III using masks and multi-body refinement which may 

help with its mobile nature. Additionally, while TFIIS is one of the best characterized 

elongation factors, relatively little is known about its regulation. Exploring its requirement in 

the cell under various conditions may further the unravel its yet to be understood mechanisms 

of regulation and roles. 

Pre-mRNA capping. A dynamic process such as co-transcriptional capping of the pre-

mRNA transcript is particularly challenging to study with cryo-EM. While our structures give 
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first insights and relative arrangement of different domains, the lack the resolution and 

experiments limits the comments on the following aspects.  

Reconstitution of the minimal structures allows the observation of cap(-1) formation on 

a urea gel. However, the experimental design relies on addition of an m7G to observe a band 

shift on the gel. This limits us from commenting on the TPase activity. Since the TPase binds 

directly at the RNA exit channel as the pre-mRNA emerges, the TPase could function earlier 

than the GTase step and may require a shorter pre-mRNA than the 22 nt required for GTase.  

Additionally, our minimal structures suggest that CEs can bind to and function in the 

absence of elongation factors. The TPase and SPT5 domains compete for binding, which is 

evident with the structural rearrangement of DSIF. This could lead to three possibilities: one, 

DSIF binds only after the completion of the TPase activity; two,that the TPase domain 

displaces already bound DSIF; and three, the process is more stochastic than believed and can 

efficiently occur even in the absence of DSIF. Therefore, while the structures show how these 

possibilities might work, the precise point in the cycle where DSIF binding is necessary needs 

further investigation. 

Finally, with our in vitro system, I show that although CMTR1 can biochemically bind Pol 

II EC with a 22 nt RNA, that for a stable complex, a pre-mRNA of around 29 nt is needed. As 

no density for CMTR1 is observed at least until 26 nt, we determine that the window for 

CMTR1 binding should be between 27-29 nt. However, the precise pre-mRNA length at which 

the 2’O methylation can first occur needs further systematic testing. This can be monitored 

using fluorescent SAM based assays that detect that are routinely used to report MTase 

activity. 

 

In the recent years, crystal structures of the various enzymes in isolation or in-complex 

with their substrates have elaborated on the mechanistic details of the CEs. More recently, its 

critical function in innate immune response, as well its structural basis of this function has 

come to light129. Our structures answer long standing questions and lead us to propose a 

comprehensive model of co-transcriptional capping. However, it also open new aspects to 

study. 

What is the precise role of DSIF, and when does it bind to Pol II? As elaborated in the 

previous section, DSIF shows a large rearrangement in the presence of RNGTT. In order to 
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understand the cause and the consequence, one needs to look carefully at some aspects. 

Firstly, in order to check at which pre-mRNA length capping can first occur, the smallest pre-

mRNA length at which the TPase activity can be achieved needs to be investigated. Secondly, 

to understand if DSIF is bound at this point two things should be checked for: at which pre-

mRNA length does DSIF bind the transcribing Pol II and if it affects TPase activity. Finally, to 

understand the extent of DSIF effect, quantification of increase in cap guanylylation upon DSIF 

additions should be done. Taken together, these experiments will help understand the order 

of events better. However, a possibility to keep in mind is that as long as RNGTT is recruited 

to Pol II, these events are stochastic and not inter-dependent/sequential.  

How important is the CTD in the light of such CTD-independent mechanisms? This 

leads us to the next aspect which is the effect of Pol II CTD on co-transcriptional capping. 

Phosphorylation of CTD by TFIIH kinase CDK7 has been shown to be instrumental for 

recruitment and tethering of CEs to Pol II. However, activation of co-transcriptional capping is 

only modestly affected in the absence of CTD or TFIIH162. Crystal structure of the mouse GTase 

domain with a CTD heptad (PDB code: 3RTX) revealed interaction sites on the NTase domain 

of GTase. Our structures show that this potential CTD-interacting surface of GTase remains 

exposed upon binding to Pol II body. This could mean that the CTD if bound to the exposed 

surface keeps RNGTT tethered to Pol II. Additionally, CMTR1 has also been shown to interact 

with phosphorylated CTD with its WW domain175. Interestingly, our structures show that the 

WW domain remains solvent exposed while the GTase-like domain binds the Pol II stalk. 

Therefore, in consensus with the literature, CMTR1 WW domain likely serves as its tethering 

point to the Pol II CTD. Altogether, while CTD seems to be important for efficient co-

transcriptional capping, there are CTD independent mechanisms that exist and allow for 

efficient capping. Therefore, the extent of CTD involvement, and phosphorylation 

requirement for the recruitment and tethering of the CEs to Pol II during co-transcriptional 

capping need further evaluation. Pol II is still largely endogenously purified in the field and no 

CTD deleted mutants are available for thorough biochemical testing. Therefore, in vivo 

approaches correlating the global effect of CDK7 and/or CTD loss on the efficiency of the 

individual steps of capping may help understand the extent of influence of these factors. 

When does RNMT act in humans? Are the cap(0) and cap(1) methylations sequential? 

Can CMTR1 act prior to RNMT in humans? Finally, despite multiple repeated efforts, we could 

not bind or visualize RNMT/RAM together with Pol II. On gel filtration, it seemed to travel 
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throughout with Pol II and gave no clear peak. As expected, upon cryo-EM data collection, no 

density for RNMT was observed. While R.C. Pillutla et al., showed a weak direct interaction 

between RNMT and an elongating Pol II, we could not reproduce these results135. Similar to 

our observations, two studies by the V.Cowling group have emerged recently. First shows that 

RNMT/RAM by itself does not directly interact with Pol II or with RNGTT139. Second reveals 

that RNMT shows significant enrichment at a very small number of TSS’ in comparison to 

CMTR1159. Considering that most mature mRNAs carry an m7G cap133, and a redundant MTase 

has not been identified, there must be underlying mechanisms that recruit RNMT in vivo. The 

observations suggest that RNMT binding may require yet unidentified additional factors, or 

that its reaction with the transcription complex is transient and RNA affinity based. In order 

to decipher the mechanism behind RNMT recruitment and activity, a systemic approach could 

involve first diving deep into the biochemical aspects. Defining the minimal pre-mRNA length 

needed in an actively transcribing complex to recapitulate activity and identifying the factors 

that might additionally be involved in this step of capping will provide a basis for in vitro 

complex assembly. Finally, we still need to answer if there a sequence to the MTase reactions 

in vivo? In vitro, RNMT can act on both cap(-1) and cap(1) RNAs similarly136. Additionally, 

CMTR1 can also methylate both cap(-1) and cap(0) with similar affinities136. If yes, what 

determines the sequence of these reactions? Considering that we observe CMTR1 readily bind 

to the EC with both cap(-1) and cap(0) RNA, it might be that CMTR1 functions before RNMT. 

Deriving on the various capping mechanisms reviewed by E.Decroly and colleagues in their 

review141: on one hand, in negative-sense RNA viruses like the Rhabdoviridae, 2’O MTase acts 

prior to the N7 MTase; on the other hand, in ss(+) RNA viruses like the flavivirus or the 

coronavirus, the order of the two methylations depends on a combination of kinetics, affinity 

and RNA secondary structure. As a diverse range of systems exist in nature, identifying the 

order of events in humans, if any may not be trivial but important to understand. Upon the 

identification of factors and RNA length required, the complexes can then be assembled in 

vitro for structural studies as described in our manuscripts to capture this missing step of 

capping. 

In summary, the improvement in resolution of our structures might help understanding 

the precise protein-protein and protein-RNA interactions involved. Additionally, one needs to 

further investigate the above-mentioned aspects of capping. Altogether, the answers to these 
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will fill the gaps in the field and lead us to have a complete and robust model for the 

fundamental process of co-transcriptional capping. 

 

The RNA 5’ end modifications are diverse, species-specific, and still being discovered. In 

addition to the fundamental cap(1) modification observed in metazoans, there are other 

uncharacterized caps that have recently come to light.  

In mammals, if the first transcribed nucleotide is an adenosine, then it can be 

methylated at the N6 position by phosphorylated CTD interacting factor 1 (PCIF1)176. PCIF1 

was revealed as the cap-specific N6-adenosine methyltransferase (CAPAM) only recently134. It 

was first identified as a 704 aa protein that interacts with the Ser5 phosphorylated Pol II CTD 

with its WW domain176. PCIF1 also interacts with Pol II suggesting that the modification is 

added co-transcriptionally177. While the biological significance of m6Am is a subject of intense 

study, it has thus far been implicated in modulating mRNA translation, regulating gene 

expression134, and in oncogenic functions such as gastric cancer progression178. However, no 

structural information on the PCIF1 is yet available. 

 Another modification is the O-2 methylation of the second transcribed nucleotide, 

which is present on half of the mRNA transcripts122. The resulting modification is called cap(2) 

and annotated as m7GpppXm o-2Xmo-2RNA107. The U snRNAs all carry the cap(2) modification 

which required for efficient pre-mRNA splicing179. CMTR2, the 770 aa protein responsible for 

this modification was also recently discovered180. A homology model of CMTR2 proposes two 

domains, an RFM domain and an MTase-like domain157. While both the domains are required 

for cap methylation, only the RFM domain carries the activity180. 

In addition to these modifications, there exists the 5’-gamma-methyl phosphate cap181, 

the dimethyl monophosphate cap182, and a recent study that identified various other novel 

caps183. Structural and biochemical studies of such novel modifications will help unravel the 

cap landscape and further the understanding of its various biological roles, as well as potential 

targets for disease treatment.  

 

Through this dissertation I provide structural basis of two essential aspects of human 

transcription elongation: i) structure of the human TFIIS with Pol II and ii) the first structural 
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model for co-transcriptional pre-mRNA capping. In the absence of either of these processes, 

Pol II would cease to elongate the transcript and terminate transcription prematurely184.  

Understanding the passage of Pol II through the nucleosome has remained as one of the 

most fundamental questions in the field. TFIIS is instrumental in Pol II traversing through the 

gene smoothly. Through the work here, we first portray the critical role of TFIIS during 

elongation when Pol II backtracks. The Pol II EC-TFIIS structure sheds light on important 

structural differences between the human and the yeast system. The next step is to 

understand in-depth its function and regulation. Recently, TFIIS was shown to be essential for 

viability during heat stress adaptation in plants185. Unraveling biological functions such as 

these highlight that there is much to discover still.  

Through our work on pre-mRNA capping, we look at another essential cellular process. 

RNA modifications represent the most fundamental layer in the biology of a cell, and therefore 

their loss often has drastic effects on cell viability or is lethal126. Although this may limit 

identification of disease correlation, there are increasing number of associations between 

RNA modifications and disease onset/progression being uncovered. For instance, CMTR1 

overexpression has been implicated in a number of diseases, and especially in asthma and 

cancer124. Understanding RNA modifications have also been instrumental in developing mRNA 

vaccines that do not generate an immune response in human cells. For instance, the mRNA 

vaccine against SARS-CoV-2 carries a 2’O methylation of the first nucleotide186. In addition, 

the viral 2’O methylation step has been suggested as a potential promising target for inhibition 

or inactivation to tackle viruses like the coronavirus187. While, the underlying molecular 

mechanisms are not well understood, owing to the large mechanistic diversity, RNA capping 

might be an attractive antiviral target. Structural studies such as this therefore provide a 

strong basis to understand the possible mechanisms for disease ramifications, and design 

specific therapeutic strategies. 

Nowadays, a wide selection of structural biology tools is available to study dynamic 

assemblies such as the co-transcriptional capping complexes. For instance, cryoDRGN, a 

recently introduced software that reconstructs 3D density maps from heterogenous datasets, 

and therefore helps map the continuous conformational changes could be particularly188. Such 

tools can serve as a great asset in understanding the continuous movements required to 

accomplish a process like co-transcriptional capping. Structural biology remains at the 

forefront of understanding the molecular basis of large machineries involved in the 
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transcription cycle. However, complementary findings from other techniques are becoming 

increasingly important for research progress and an in-depth understanding of the field. For 

instance, a combinatorial approach that uses advances in predictive biology tools like 

AlphaFold189, techniques like cryo-electron tomography, and the data from in vivo genome-

wide studies is required. Such collaborative studies will not only further the single-molecule 

level understanding, but also shed light on the on the native cellular context of the 

fundamental process of transcription to achieve the entire picture. 
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Abbreviations and acronyms 

EC* Activated elongation complex 

CTD C-terminal domain 

CTR C-terminal repeat region 

CBC Cap binding complex 

CMTR1 Cap methyltransferase 1 

CAPAM Cap-specific N6-adenosine methyltransferase 

CEs Capping enzymes 

CstF Cleavage stimulation factor 

CPSF Cleavage/polyadenylation-specificity factor 

PRRs Cytoplasmic pattern recognition receptors 

DXO Decapping exoribonuclease 

DNA Deoxyribonucleic acid 

RNAP DNA-dependent RNA polymerases 

DSIF DRB sensitivity inducing factor 

EEC Early elongation checkpoint 

EC Elongation complex 

GTF’s General transcription factors 

GTase Guanylyltransferase 

ISG IFN stimulated genes 

IFIT IFN-induced proteins with tetratricopeptide repeats 

ITC Initially transcribing complex 

IFN Interferon 

KOW Kyrpides, Ouzounis, Woese 

MDA5 Melanoma differentiation-associated protein 5 

mRNA Messenger RNA 

MTase Methyltransferase 

NusG N-terminal N-terminal NGN 

NTase N-terminal nucleotidyltransferase 

NELF Negative elongation factor 

NTP Nucleotide triphosphate 

nt Nucleotides 

OB-domain Oligonucleotide-binding domain 

PCIF1 Phosphorylated CTD interacting factor 1 

PAF Pol II associated factor 

PolyA Polyadenylation 

Pol Polymerase 

P-TEFb Positive transcription elongation factor b 

PIC Pre-initiation complex 

Pre-mRNA Precursor-mRNA 



 

IX 

PPi Pyrophosphate 

RIG-I Retinoic acid inducible gene-I 

RNA Ribonucleic acid 

rRNA Ribosomal RNA 

RNGTT RNA guanylytransferase and 5’ phosphatase 

Pol II RNA polymerase II 

RAM RNMT-activating mini protein 

SAH S-adenosylhomocysteine 

SAM S-adenosylmethionine 

snRNPs Small nuclear ribonucleoprotein particles 

TBP Tata binding protein 

TF Transcription factor 

TSS Transcription start site 

TPase Triphosphatase 
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