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Summary:

Previous structural studies of the initiation-elongation transition of RNA polymerase II (pol II) 

transcription have relied on the use of synthetic oligonucleotides, often artificially discontinuous 

to capture pol II in the initiating state. Here we report multiple structures of initiation complexes 

converted de novo from a 33-subunit yeast pre-initiation complex (PIC) through catalytic activities 

and subsequently stalled at different template positions. We determine that PICs in the initially-

transcribing state (ITC) can synthesize a transcript of ~26 nucleotides before transitioning to 

an elongation complex (EC) as determined by the loss of general transcription factors (GTFs). 

Unexpectedly, transition to an EC was greatly accelerated when an ITC encountered a downstream 

EC stalled at promoter proximal regions, and resulted in a collided head-to-end dimeric EC 

complex. Our structural analysis reveals a dynamic state of TFIIH, the largest of GTFs, in PIC/ITC 

with distinct functional consequences at multiple steps on the pathway to elongation.
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Introduction

RNA polymerase II (pol II) and the six general transcription factors (GTFs) assemble in a 

transcription pre-initiation complex (PIC) on promoter DNA upstream of transcription start 

sites (TSSs), open the double-stranded DNA, and select a TSS (Conaway and Conaway, 

1993; Kornberg, 2007). Following TSS recognition, the PIC transitions to an initially-

transcribing complex (ITC), and subsequently transitions to an elongation complex (EC) 

upon promoter escape, which entails loss of GTFs and, in vivo, recruitment of elongation 

factors. After transcription initiation is completed on the order of a few seconds (Baek et 

al., 2021; Nguyen et al., 2021; Rosen et al., 2020), a subset of GTFs may remain at the 

promoter, forming a platform for assembly of a following round of transcription (Yudkovsky 

et al., 2000). This set of transitions is universal across all eukaryotes and overlaid by many 

additional regulatory factors in initiation, such as Mediator, and elongation factors (e.g. 

Spt4/5, known as DSIF in metazoans, among others) (Adelman and Lis, 2012; Conaway and 

Conaway, 2012; Wade and Struhl, 2008). Moreover, transcription occurs in discontinuous 

“bursts” (Bahar Halpern et al., 2015; Chubb et al., 2006; Donovan et al., 2019; Lenstra et al., 

2015; Zenklusen et al., 2008), where polymerases from successive rounds of transcription 
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initiate within short time intervals followed by periods where promoters are not active. In 

metazoans, the bursting phenomenon is further regulated by so-called promoter-proximal 

pausing (Bartman et al., 2019; Gressel et al., 2017; Shao and Zeitlinger, 2017) yet the nature 

and spectrum of functional interactions between successive transcribing polymerases remain 

unknown (Ehrensberger et al., 2013).

The largest GTF TFIIH, comprising 10 subunits, is an integral component of the PIC; 

the translocase subunit Ssl2 (XPB in humans) acts as a molecular motor during promoter 

opening, TSS scanning in yeast, and initial RNA chain elongation (Bradsher et al., 2000; 

Dvir et al., 1997; Fazal et al., 2015; Fishburn et al., 2015; Qiu et al., 2020; Spangler et al., 

2001; Zhao et al., 2021). The other subunits comprise the six-subunit structural core and the 

three-subunit kinase termed TFIIK, which performs pol II CTD phosphorylation (Feaver et 

al., 1994; Gibbons et al., 2012; Greber et al., 2017; Greber et al., 2019; Kokic et al., 2019; 

Luo et al., 2015; Schultz et al., 2000; Svejstrup et al., 1995; van Eeuwen et al., 2021a; van 

Eeuwen et al., 2021b). Structural studies of open promoter complexes provided information 

about locations of GTFs and the DNA path (Aibara et al., 2021; He et al., 2013; He et al., 

2016; Plaschka et al., 2016; Schilbach et al., 2021; Schilbach et al., 2017). Open complexes 

in these studies have utilized DNA duplexes opened due to sequence non-complementarity, 

thus a TFIIH-dependent natural open complex has yet to be described. Additionally, some 

biochemical data suggest TFIIH is required not only for promoter opening but also for 

subsequent events including initial RNA chain elongation (Bradsher et al., 2000; Dvir et al., 

1997; Fazal et al., 2015; Fujiwara et al., 2019; Luse, 2013, 2019; Spangler et al., 2001), 

which is not explained by a model, predicted by structural studies, that promoter escape is 

completed by ejection of TFIIB from the RNA exit tunnel of pol II (Bushnell et al., 2004; 

Sainsbury et al., 2013).

We have recently developed an in vitro transcription system, in which pol II and six GTFs 

(TFIIA, TBP, TFIIB, TFIIE, TFIIF, and TFIIH) isolated from the yeast Saccharomyces 
cerevisiae, melt double-stranded promoter DNA, and initiate RNA synthesis de novo with 

high efficiency (Fujiwara and Murakami, 2019; Murakami et al., 2013a; Murakami et al., 

2015a). Resulting post-initiation complexes could be stalled at different template positions 

through omission of GTP through a series of G-less promoter templates and isolated in 

abundant homogeneous form by glycerol gradient sedimentation (Fujiwara et al., 2019). 

This system allowed us to determine the timing of promoter escape and the composition of 

protein complexes associated with different lengths of RNA. Almost all of the post-initiation 

complexes retained the GTFs when pol II was stalled at positions before ~+27 relative to the 

TSS +1, whereas, when stalled after ~+45, most complexes had completed promoter escape 

as defined by loss of GTFs, followed by assembly of a follow-on pre-initiation complex 

(PIC) at the promoter for re-initiation.

Here we report cryo-EM structures of such de novo initiation complexes on two different 

templates (Figure 1A). Structural analysis with a “G-less 26” template, which has a G-free 

region between the TSS (+1) and a G-stop at +26 of the SNR20 promoter (Fujiwara et al., 

2019), revealed an ITC containing all the GTFs, pol II, and a nascent RNA on the open 

promoter DNA as well as three distinct forms of the PIC. Importantly, these ITCs retained 

GTFs even though 26 nt of RNA had been synthesized. By contrast, when polymerases 
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were allowed to transcribe further by use of a “G-less 49” template, which has a G-free 

region between the TSS (+1) and a G-stop at +49, revealed successive early elongation 

complexes (EC+EC), in which two polymerases that completed promoter escape were in 

close contact with each other. A combination of these structures with previous biochemical 

and biophysical studies (Fazal et al., 2015; Fujiwara et al., 2019) point to dissociation of 

TFIIH from pol II (Rpb7) and from the DNA in the ITC as key steps in the transition from 

initiation to elongation.

Results

Isolation of bona fide PICs and ITCs and Cryo-EM analysis

In order to understand the structural basis of early phases of initiation and promoter 

clearance, we obtained ITCs by de novo transcription using a G-less 26 SNR20 promoter 

fragment template in the absence of elongation factors. This procedure followed our 

previously established approach generating very high efficiency initiation on a per template 

basis, enabling structural characterization of complexes (Fujiwara et al., 2019) (Figure 

1A). Briefly, our initiation complex assembly entails combining a G-less SNR20 promoter 

fragment and excess pol II and GTFs relative to DNA in a solution of high ionic strength, 

dilution to physiologic conditions allowing PIC assembly, followed by addition of NTPs to 

initiate promoter opening by TFIIH and RNA synthesis by pol II. We also added Sub1, the 

yeast homolog of PC4 (Bardwell et al., 1994; Henry et al., 1996), which slightly increased 

the activity (Fujiwara et al., 2019). Sub1 is recruited to PICs in vivo in yeast (Sikorski et al., 

2011) and deletion of SUB1 confers defects in start site selection and has extensive genetic 

interactions with initiation factors (Braberg et al., 2013; Zhao et al., 2021). ITCs were 

stalled at position +26 relative to the TSS (+1) by use of chain-terminating 3’-O-methyl 

GTP instead of normal 3’-OH GTP. We note that G-less 26 complexes were extremely 

susceptible to long-range backtracking. Inclusion of 4’-thio UTP instead of normal UTP 

partially arrested pol II in the ITC, which otherwise would completely revert to a closed 

complex (PIC) (Fujiwara et al., 2019). Reaction mixtures were sedimented in a 10-40% 

glycerol gradient to remove free nucleotides and excess free GTFs and pol II. The resulting 

ITCs contained GTFs and pol II, which were apparently stoichiometric, and transcripts of 

~20-26 nucleotides initiating from positions +1 to +7 (Figure 1A, S1A-B). Due to similarity 

in size, ITCs were not separable on the gradient from residual PICs that did not engage in 

transcription, those that collapsed back from ITCs, or both.

Aliquots of peak fractions were embedded in vitreous ice, imaged by cryo-EM, and found to 

contain multiple particle populations as expected for an active rection mixture (Figure S1C). 

We imaged ~4 million particles using Titan Krios electron microscopes equipped with a K3 

direct electron detector. The 2D classes each exhibited two distinct densities, one attributable 

to well-ordered corePIC and the other attributable to a disordered TFIIH (Figure S1D). In 

some classes, DNA was readily identifiable on TFIIH. 1.8 million particles were selected 

through 2D class averaging and subjected to ab initio calculation of an initial map (Figure 

S2A). To sort out variability in positions of TFIIH and DNA, the ~1.8 million particles 

were subjected to iterative global 3D classifications, which revealed three forms of PICs 

(hereinafter PIC1, PIC2, PIC3) and one form of the ITC, accounting for 454K, 117K, 70K, 
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and 322K particles, respectively. In each form of PIC and ITC, TFIIH and DNA were poorly 

ordered compared to pol II. To reveal TFIIH and DNA in more detail (Figure S2A and 

S3A), three masks were created, the first containing pol II, the second containing TFIIH, 

and the third containing DNA-TFIIA-TBP-TFIIE (Tfa1 and Tfa2 WH domains)-TFIIF (Tfg2 

WH domains)-TFIIB (cyclin domains). Three segments were subtracted from images with 

respective masks, subjected to local 3D classifications and refinement, and then composited 

back to the entire complex (Figure S2A and S3A), resulting in four maps at resolutions of 

3.0-4.6 Å (PIC1), 4.0-7.3 Å (PIC2), 4.1-11.8 Å (PIC3), and 3.1-9.9 Å (ITC), respectively.

The three forms of the PIC, all in a closed state, differed from each other in locations 

and conformations of TFIIH and the path of DNA (Figures 1B-D and S5). PIC1, the most 

populated class of the PIC, was a good match to previous structures of yeast PIC (PDB ID 

5fmf and 6gym) (Dienemann et al., 2019; Murakami et al., 2015b). In PIC1, TFIIH was 

resolved at near atomic resolution, allowing us to define two different DNA-binding modes 

for putative DNA translocation, as described in detail below. PIC2 and PIC3 were refined to 

4.0-7.3 Å (4.0 Å for pol II, 7.3 Å for TFIIH) and 4.1-11.8 Å (4.1 Å for pol II, 11.8 Å for 

TFIIH), respectively, and were distinct from PIC1 in the position and conformation of TFIIH 

and DNA. The ITC revealed an open promoter DNA and a short DNA-RNA hybrid in the 

pol II active center at 3.1-9.9 Å resolution (3.1 Å for pol II, 9.9 Å for TFIIH) (Figure 3).

Two DNA-binding modes of TFIIH in PIC1

Focused 3D classification of TFIIH in PIC1 revealed two forms of TFIIH at 4.6 Å and 7.6 

Å resolution (orange vs steel blue in Figures 1E-F, and S4). One form had a good match 

to previous structures of the pre-translocation state of TFIIH in the PIC (Dienemann et al., 

2019; Murakami et al., 2015b; Schilbach et al., 2017) (orange, upper panel of Figure 1E), 

while the other form revealed a ~60° rotation of the domain that consists of Tfb5 and the 

C-terminal region of Tfb2, accompanied by a rotation of the C-terminal ATPase domain 

of Ssl2 (Ssl2C) relative to the rest of TFIIH (steel blue, lower panel of Figure 1E). In the 

former (orange in Figures 1E-F), a ~13-bp segment of DNA double helix is bent, deep 

within the DNA-binding groove between the two ATPase domains, in close contact with 

the five DNA binding motifs (Ic, IVa, IV, V, Vb, as previously defined (Fairman-Williams 

et al., 2010)) (referred to as the “strong-binding” state). In the strong-binding state, the 

DNA preferentially associated with Ssl2C rather than the N-terminal ATPase domain of 

Ssl2 (Ssl2N) (Movie S1). By contrast, in the latter (steel blue in Figures 1E-F), the DNA is 

relatively straight, in primary contact with the DNA binding motif Ic of Ssl2N (referred to 

as the “weak-binding” state). The motifs IV, V, and Vb of Ssl2C are detached from the DNA 

upon the rotation of Ssl2C along with Tfb5-Tfb2C (Figure 1F), enabling a slight rotation 

of the DNA along its axis compared to the strong-binding state (Figure S4). This suggests 

that the weak-binding state may represent the post-translocation state, although nucleotides 

were not directly resolved. Cycling between alternating preferential DNA binding by Ssl2C 

and Ssl2N in the strong- and weak-binding states may drive DNA translocation, where Tfb5 

serves to play a key role in regulating Ssl2’s catalytic activity, as previously suggested (Coin 

et al., 2006; Kappenberger et al., 2020; Ranish et al., 2004).
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A distinct form of the PIC shows dissociation of Tfb3 from the Rpb4/7 stalk and is 
implicated in altered PIC properties

PIC2 and PIC3 differ from PIC1 in locations and conformations of TFIIH and DNA path, 

as readily apparent in initial rounds of 3D classification (Figure S2A), and there are several 

notable differences between three forms of the PIC (Figure 2). First, PIC2 and PIC3 differ 

from PIC1 by ~20 Å and ~30 Å shifts in the location of TFIIH (Figure 2A), and by 

repositioning of Ssl2 on DNA by one turn of dsDNA (~10 bp), accompanied by greater 

degrees of DNA distortion ~20-30 bp downstream of the TATA box (Figures 2B-C and S5). 

Second, PIC2 and PIC3 revealed TFIIH in the weak-binding state, while PIC1 primarily 

revealed the strong-binding state. Third, in PIC2 and PIC3, the RING finger domain of 

Tfb3 (one of three TFIIK subunits) are dissociated from Rpb4/7, resulting in a shift in their 

positions by ~8 Å and ~20 Å relative to that in PIC1, such that TFIIH, as well as TFIIE, 

less closely contacts pol II (lower panels of Figures 1B-D). Irrespective of these significant 

differences between three forms, promoter DNA is nevertheless associated only with GTFs 

and not with pol II in all forms.

In PIC2 and PIC3, accounting for ~18% and 10% of PICs, the RING finger domain of 

Tfb3 was found to be dissociated from Rpb4/7 (the pol II “stalk”, Figures 1C-D). This 

dissociation may relate to a TFIIK-independent subpathway for initiation in the absence of 

promoter scanning, which results in utilization of upstream TSSs (~31bp downstream of 

the TATA box, a location characteristic of transcription initiation in metazoans rather than 

S. cerevisiae)(Murakami et al., 2015a)(see lane 1 in Figure 2D, indicated by red arrow). 

To investigate the requirement for Tfb3 in promoting initiation at downstream TSSs and 

therefore putative function in promoter scanning, we asked if Tfb3 alone could substitute 

for TFIIK in in vitro run-off transcription assays. We found that the N-terminus of Tfb3 

(Tfb3ΔC), comprising the RING finger domain (residues 1-70) and the ARCH (Rad3) 

anchor domain (residues 71-148), but deleted the C-terminal region (residues 149-321) 

including the binding site for the cyclin kinase (van Eeuwen et al., 2021a), supported 

essentially WT activity at downstream TSSs using an SNR20 promoter fragment (SNR20 
91W) as initiation template in vitro (lanes 7-10 in Figure 2D). We then asked if amino acids 

supporting Tfb3/Rpb7 interaction were required for the activity of Tfb3ΔC. We substituted 

Tfb3 R64/K65, positively charged amino acids at the interface of the Tfb3 RING domain 

and Rpb7, for alanines and observed that downstream initiation on this same template was 

defective (lanes 12-15 in Figure 2D). Similarly, with a promoter variant SNR20 31D whose 

TSS was brought from the wild-type location 91 bp downstream of the TATA box to a 

location 31 bp downstream (Murakami et al., 2015a), Tfb3ΔC supported transcription both 

from this TSS (+1, blue) as well as further downstream TSSs (~+30 to ~+50) (lane 10 in 

Figure 2E). In contrast, the Tfb3ΔC R64A/K65A mutant exclusively initiated transcription 

from the upstream TSS (lane 15 in Figure 2E). These results suggest that Tfb3 requires 

specific contacts with Rpb7 for initiation at downstream TSSs, putatively through support 

of scanning to those positions and that the dissociation of the RING finger domain from 

Rpb4/7 shifts transcription initiation to sites upstream, as previously observed by the 

removal of TFIIK.
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We determined if the effect of tfb3 mutations on TSS utilization might be revealed in 
vivo (Figure 2F). One of our labs has previously developed plate phenotypes that are 

perfectly predictive of in vivo initiation defects for general transcription factors. In this 

system, we have found that mutants that shift TSSs to upstream positions confirm sensitivity 

to the drug mycophenolic acid due to inability to use a downstream TSS at the IMD2 
gene (Kaplan et al., 2012; Malik et al., 2017; Zhao et al., 2021). Furthermore, inability to 

induce IMD2 can also be detected through use of a sensitive IMD2Δ::HIS3 transcriptional 

reporter. We observed sensitivity to mycophenolic acid (MPA) as well as inability to induce 

IMD2Δ::HIS3 for tfb3 alleles, predictive of upstream shifts in TSSs at the IMD2 promoter. 

We found that tfb3 alleles R64D and R64A were much more sensitive to MPA than alleles 

K65A and K65D. Consistent with this, in PIC1, Arg64 of Tfb3 forms a salt bridge with 

Asp166 of Rpb7, while Lys65 of Tfb3 may contribute to stability of the RING finger domain 

itself. We note that we have previously identified an rpb7 D166G allele as sensitive to MPA 

and an upstream TSS shifter in vivo (Braberg et al., 2013). These results support Tfb3-Rpb7 

interactions as required for normal TSS utilization in vivo in Saccharomyces cerevisiae.

Bona fide ITC structure

The structures described above indicate potential conformational changes within the PIC 

occurring during or potentially subsequent to TFIIH-mediated translocation, some of which 

likely are consequential for initiation during promoter scanning. We now turn to description 

of a bona fide ITC formed by initiation de novo. Consistent with our biochemical analysis 

(Fujiwara et al., 2019)(see also Figures S1A-B), we observe a structure that has synthesized 

~26 nt of RNA yet retains GTFs. The locations of retained GTFs in the ITC largely 

correspond to those in PIC3, except for differences in orientations of TFIIH and TFIIE 

(Figure 3A). In a similar manner to PIC3, the Tfb3 RING finger domain is dissociated from 

Rpb7 in the ITC (not visualized in the map), resulting in ~30 Å shifts in the location of 

TFIIH relative to PIC1 (Figure 3B). We could not identify ITC classes in which the Tfb3 

RING finger domain is associated with Rpb4/7. The ITC reveals association of factors with 

upstream promoter DNA spanning ~38 bp, while retaining TFIIH at the downstream end. 

The ~38 bp upstream segment (positions −116 to −79) extending from about 16 bp upstream 

of the bend at the TATA box (−100 to −93) to about 22 bp of DNA downstream (from 

−116 to −79) is suspended above the pol II cleft and positioned by the general transcription 

factors (TFIIA, -IIB, -IIE, -IIF, TBP) as in the PIC (Figure 3C). Given that RNA synthesis 

to ~+20–+26 has occurred, observed retention of TFIIH downstream DNA binding has 

occurred either through dissociation and reassociation or through TFIIH translocation to the 

downstream position.

The DNA downstream of the 38-bp segment was entirely missing due to flexibility, except 

densities attributable to ~10-nt template strand in the pol II active center (Figures 3D and 

S6F) and ~9-bp segment of DNA double helix along the DNA binding groove between two 

ATPase domains of Ssl2 (Figure S3C) . The downstream end of the 38-bp segment (−79) 

corresponds to the upstream edge of the bubble (Pal et al., 2005; Plaschka et al., 2016), 

to which the hairpin of the Tfa1 WH domain (TFIIE) projected (Figure 3C), as previously 

observed in a pre-melted open complex (Plaschka et al., 2016). Given that transcripts were 

exclusively initiated from downstream TSSs rather than upstream TSSs in the presence of 
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3’-O-methyl GTP (Figures 1A and S1A), the single stranded bubble that was initially filled 

in the active center of pol II, as in the pre-melted open complex, must be displaced by 

downstream single stranded DNA entering the pol II cleft, through sliding and formation of 

a larger bubble, while maintaining the upstream edge of the bubble at −79. It may be noted 

that the path of the DNA at the downstream end of the ITC differs from that in previous pre-

melted open complexes (He et al., 2016; Schilbach et al., 2017)(Figure S6A-C): a disordered 

density was observed extending from the bridge helix to ~10 bp of DNA downstream in the 

pol II cleft, and the DNA further downstream entering the pol II cleft was not observed. 

The DNA double helix might be partially displaced from the pol II downstream channel 

due to dissociation of the Tfb3 RING finger domain from Rpb7 and the ~30 Å shift in the 

location of TFIIH (Figure S6F). Considering that the Tfb3-Rpb7 interaction is required for 

downstream TSS utilization (Figure 2), this structural change might have occurred after the 

initiation of transcription (see DISCUSSION).

The density in the active center of the ITC was not sufficient to assign the nucleotide 

sequence (i.e., the translocation register of the nascent RNA), but was a good match to the 

5-bp DNA-RNA hybrid previously observed by X-ray crystallographic studies (Cheung and 

Cramer, 2011; Liu et al., 2011): an elongated density corresponding to ~5 ribonucleotides 

of RNA at positions i–1 to i–5 of RNA relative to the nucleotide addition site (i+1), and 

~10 nucleotides of the template strand at positions i+1 to i−9 were observable (Figure 

3D). We note that the 5-bp DNA-RNA hybrid observed in the ITC likely represented 

ensemble of transcripts initiated from different TSSs, given TSSs are equally distributed at 

+1 to +7 on this promoter template (Figure 1A). The N-terminal region (residues 22-61) 

of TFIIB, except the B-finger (or B-reader), was discerned in the RNA exit tunnel as in 

previous X-ray crystallography (Bushnell et al., 2004; Kostrewa et al., 2009; Liu et al., 2010; 

Sainsbury et al., 2013). This suggests that pol II was subjected to extensive backtracking 

after transcribing ~26 nt RNA and was arrested in registers compatible with TFIIB (Figures 

S6E-F). Consistent with this, transcripts of the ITC stalled at +27 were rapidly degraded 

to ~12 nt or shorter upon addition of TFIIS (Fujiwara et al., 2019). Also, there was 

a density attributable to the backtracked RNA (at positions i+3 to i+5) in the position 

compatible with the domain III of TFIIS (Kettenberger et al., 2004) in the pol II funnel. 

This TFIIS-compatible path of the backtracked RNA observed in this study is roughly 

consistent with that in previous study by X-ray crystallography (Cheung and Cramer, 2011) 

(purple density in Figures 3D and S6D). The extensive pol II backtracking may relate to the 

largely unwound open promoter in the ITC as pol II obviates the need for unwinding DNA 

for backtracking. Apparently such pol II backtracking was not counteracted by the TFIIH 

downstream DNA binding, and potentially permitted through dissociation and reassociation 

of TFIIH.

The structure of ECs colliding head-to-end (EC+EC).

In contrast to the G-less 26 complex, which our studies here reveal is an ITC that retains 

GTFs, our previous biochemical studies demonstrated that assemblages initiating on our 

G-less 49 template actually contained two pol II complexes, a pol II at +49 that escaped 

the promoter, and another pol II that initiated transcription by re-utilizing the promoter to 

generate the ~25 nt RNAs (thus referred to as a re-initiation complex) (Fujiwara et al., 
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2019). Notably, we observed that a significant population of ITCs from the second round 

of transcription completed promoter escape as defined by the loss of GTFs in contrast to 

the G-less 26 complex (see Figure 4A). Also, ~25 nt transcripts from the second round of 

transcription were stably retained in the G-less 49 complex, whereas transcripts of similar 

lengths of the G-less 26 complex were prone to dissociate by extensive backtracking of pol 

II upon removal of ATP during gradient sedimentation, thus requiring inclusion of 4’-thio 

UTP to limit backtracking for our structural study (Fujiwara et al., 2019). To elucidate the 

underlying mechanism of this difference, the G-less 49 complex was isolated and subjected 

to cryo-EM analysis in a similar manner to the G-less 26 complex. A transcription reaction 

with the G-less 49 template was initiated by adding NTPs (ATP, CTP, and UTP) with 

chain-terminating 3’-O-methyl GTP. Following gradient sedimentation, two major peaks of 

the re-initiation complex were revealed (fractions 17-18 and 22-24 in Figure 4A). Two initial 

rounds of 2D classification of the slower sedimenting fractions (fractions 17-18) yielded 

a set of well-ordered homogeneous classes of two colliding pol II complexes (referred 

to as EC+EC) (Figures 4C and 4E). After interactive 3D classifications to remove some 

residual PICs and single ECs (119K and 886K particles, respectively), both of which were 

likely derived from EC+PIC assemblages (Figure 4A), the structure of EC+EC, accounting 

for 180K particles, was refined to 3.5 Å resolution (Figures 5 and S7). By contrast, the 

faster sedimenting fractions (fractions 22-24) yielded similar classes of two colliding pol II 

molecules, one of which was associated with a set of GTFs (referred to as EC+ITC) (Figures 

4D and 4F), consistent with protein analysis by SDS-PAGE (Figure 4B). However, the 

considerable variability in the distance between two pol II molecules prevented refinement 

of EC+ITC past about 15-Å resolution.

In the structure of EC+EC, two colliding ECs span over ~74 bp of DNA (from positions −9 

to +65 relative to TSS) (Figure 5). There was a well-ordered density corresponding to TFIIF 

only on the trailing EC, but not the leading EC (Figure 5A). A previous crystallographic 

model of an EC complex with a 9-bp DNA-RNA hybrid (PDB ID: 5C4J) (Barnes et al., 

2015) was fitted into two corresponding densities with some deviations in the non-template 

strand of the transcription bubble. A structure of pol II (PDB ID: 5U5Q) was fitted also 

without any deviations except a ~10°-rotation of Rpb4/7 subunits of the leading EC, that 

enabled a direct contact with TFIIF of the trailing EC (Figures 5B-C).

In the DNA-RNA hybrid of the ECs, purines and pyrimidines were distinguishable based 

on differences in size, allowing us to assign EC registers (Figures 6A-D, and S9A-B). The 

leading EC is backtracked one bp from the G-stop +49 and stalled at +48 (for the location 

of the nucleotide addition site of pol II, see Figure 6G), while the trailing EC is stalled at 

+13. There is a weak density attributable to phosphodiester of putative 3'-O-methyl-GMP 

at +49. The locations of the transcription bubbles determined by EM are roughly consistent 

with our previous KMnO4 assays and TFIIS cleavage assays (Fujiwara et al., 2019). These 

data suggest that the trailing pol II that had reached ~+25 to transcribe a ~25-nt RNA 

(based on RNA gels (Figure 4A),) was subjected to extensive (~12bp) backtracking, and 

arrested at +13. For the trailing EC to have synthesized ~25 nt, two ECs would require 

substantial structural changes in the protein component or/and the DNA component to avoid 

a steric clash when both would be in register without backtracking. Consistent with the 

trailing pol II backtracking, there was density attributable to backtracked RNA in the pore 
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and the funnel, but not in the leading EC (Figures 6C-E). Two-body refinement revealed a 

~6°-rotational motion relative to each other, with a 35-bp spacing between two nucleotide 

addition sites (Movie S2).

In the observed state with the trailing EC backtracked, specific protein-protein interactions 

were established at the interface between the two ECs (Figure 5B). There are two major 

points of contact: the first point of contact involves two loops (residues 148-168 and residues 

185-197) protruding from Rpb1 clamp of the trailing EC, and a loop of Rpb2 protrusion 

(residues 97-113) and the Rpb12 zinc ribbon (residues 35-50) of the leading EC. The 

second point of contact involves the tip of the dimerization domain of Tfg1, the largest 

subunit of TFIIF, of the trailing EC, and the tip of Rpb7 of the leading EC. Notably, 

previous exonuclease footprinting of ECs colliding head-to-end in the absence of TFIIF 

exhibited greater variability in the distance between two ECs upon head-to-end collision as 

well as much more extensive backtracking of the trailing EC (~50 bp backtracking upon 

encountering a leading EC)(Saeki and Svejstrup, 2009). Our structural and biochemical data 

suggest that some degree of specificity of the EC+EC is conferred by TFIIF.

The template DNA is overall Z-shaped with two kinks at the two active centers of pol II 

(Figures 6A-B). The 24-bp DNA (from +14 to +37) bridging between two active centers 

was clearly discerned and modeled with a straight B-form DNA (Figure 6B). The density 

of the DNA-RNA hybrid in each active center was traceable (Figures 6B-D). In the leading 

EC, 16 ribonucleotides of the 49-nt transcript were visualized: 9 ribonucleotides form a 

hybrid with the template DNA (positions from +40 to +48), while a stretch of adjacent seven 

ribonucleotides extended into the RNA exit tunnel (Figures 6A-B and 6G). In the trailing 

pol II, 15 ribonucleotides of the ~25-nt transcript were discernible (Figures 6C and 6G): 9 

ribonucleotides formed a hybrid with the template DNA (positions from +5 to +13), and 

an adjacent five ribonucleotides of the backtracked RNA lay in the pol II pore and funnel 

(Figure 6E); two ribonucleotides of the backtracked RNA at positions i+2 and i+3 were 

in the position in the pore as previously observed by X-ray crystallography (Cheung and 

Cramer, 2011; Wang et al., 2009), while three ribonucleotides at positions i+4, i+5, and i+6 

lie on a positively charged patch composed of Lys619 and Lys620 of Rpb1 in the funnel in 

a position not observed in previous structures, suggesting flexibility for backtracked RNA 

within the pol II funnel except the i+2 and i+3 positions (Figure 6F). This backtracked 

RNA is incompatible with TFIIS (Figure S9C) and must be displaced from this site for 

TFIIS-induced transcription resumption from the backtracked state (Cheung and Cramer, 

2011). These observations firmly establish the arrested state of a collided head-to-end 

dimeric EC.

Promoter escape of an ITC is accelerated by a transcribing pol II at promoter proximal 
regions

The trailing EC stalled at +13 contrasts to the G-less 26 ITC (Figure 3) that failed to escape 

promoter in a single round of transcription (Figure 3), in that the latter has retained GTFs 

while the former has not, though both are proposed to have transcribed similar distances. 

This observation suggests that a promoter proximal pol II might provoke promoter escape 

as defined by loss of GTFs of the follow-on ITC, allowing its conversion to an EC. Support 
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for this possibility came from cryo-EM analysis of the EC+ITC, an intermediate on the 

pathway to promoter escape of the trailing ITC (Figures 4D and 4F). All 2D class averages 

showed a large (~500 kDa) density attributable to TFIIH in the space between the two 

polymerases (indicated by orange arrow heads in Figure 4D). The assignment of TFIIH was 

further validated by a comparison with a 2D projection from a 3D model of EC+coreITC 

(ITC lacking TFIIH) (Figure S10B). Of the eight class averages we obtained, the top four 

populated classes maintain a similar spacing between the EC and the ITC as in the EC+EC, 

presumably through the direct protein-protein interactions described above (upper row in 

Figure 4D, accounting for 5170 particles). In these class averages, the DNA double helix is 

accommodated in the pol II downstream cleft of the trailing ITC, while TFIIH is dissociated 

from the DNA and displaced from the position observed in the G-less 26 ITC (schematically 

illustrated in Figure 4F, see also Figure S10A). This conformational change of the ITC, as an 

irreversible critical transition from initiation to elongation, was evidently facilitated by the 

presence of the leading EC. In the other classes, the EC and the ITC are apparently separated 

from each other, suggesting that the trailing ITC that had failed to escape promoter on its 

first attempt was subjected to extensive backtracking (lower row in Figure 4D, accounting 

for 4537 particles), requiring TFIIS for transcription resumption from the backtracked state. 

Altogether, we propose that ITCs that reach a paused pol II ahead of them have GTF release 

facilitated through direct interactions between complexes.

Discussion

Structural and mechanistic studies of transcription initiation involving TFIIH have been 

hampered by poor efficiency of initiation reaction in vitro (commonly ~0.01-0.1 transcripts 

per PIC). Previous structural models of transition from initiation to elongation were derived 

from complexes with artificially open templates, and not obtained by the catalytic activity of 

TFIIH. Thus how TFIIH directs promoter melting, TSS scanning, and promoter escape (Dvir 

et al., 1997; Fishburn et al., 2016; Luse, 2013; Qiu et al., 2020; Spangler et al., 2001; Zhao 

et al., 2021) remains to be resolved. To dispel this long-standing mystery of the transcription 

initiation process, we have developed a highly efficient in vitro reconstitution from the yeast 

at quality and quantity amenable to structure determination (Fujiwara and Murakami, 2019) 

using the strong promoter SNR20 (Fazal et al., 2015; Kuehner and Brow, 2006; Murakami 

et al., 2015a). By imaging reaction intermediates in this highly efficient in vitro transcription 

system, we have generated a multi-step description of pol II transcription from initiation by 

the 33-subunit PIC to formation of the elongation complex. Combined with our previous 

biochemical analysis, our structural data have revealed a branched pathway for promoter 

escape when multiple pol II molecules load on a gene in rapid succession. Promoter escape, 

viewed in the past as no more than dissociation of pol II from promoter, now appears 

mechanistically varied in our in vitro system, with potential regulatory consequences.

Three distinct forms of the PIC were identified in this study: relative to PIC1 in a form 

similar to previous structures (Dienemann et al., 2019; Murakami et al., 2015b), PIC2 and 

PIC3 exhibited ~20 Å and ~30 Å shifts in the location of TFIIH, and repositioning of Ssl2 

on DNA by one turn of dsDNA, along with greater degrees of DNA distortion. In PIC1, 

the location of TFIIH is constrained by the contact with Rpb4/7, whereas, in PIC2/PIC3, 

upon the dissociation of the RING finger domain of Tfb3 from Rpb4/7, the positional 
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constraint of TFIIH is relieved, and TFIIH is anchored to the core PIC presumably by 

protein-protein contacts between the C-terminal flexible region of Tfa1 (TFIIE) and BSD 

domains of Tfb1 (TFIIH), supported by many cross-links formed between them (Murakami 

et al., 2013b; Robinson et al., 2016; Schilbach et al., 2017). Distinct forms of the PIC relate 

to the differing properties in TSS utilization; we have demonstrated that a mutation R64A/

K65A of Tfb3 at the interface with Rpb4/7 exclusively initiated transcription from upstream 

TSSs in vitro, locations characteristic of transcription initiation in metazoans rather than 

S. cerevisiae, as previously observed by the removal of TFIIK(Murakami et al., 2015a). 

This explains why, in our transcription reactions in the presence of TFIIK, we generally 

observe transcripts initiated from downstream TSSs canonical in the yeast system but also 

to a lesser extent from upstream TSSs, where most other eukaryotes initiate (see lane 5 in 

Figure 2D). It is likely that additional factors redundantly enforce downstream TSS usage 

in yeast in vivo. Upon the dissociation of the RING finger domain from pol II and the 

resulting repositioning of TFIIH, the DNA entering the pol II cleft may disengage from the 

downstream pol II channel (Figures S6E-F) and its unwinding by the TFIIH translocase may 

not be coupled to the delivery of a TSS (especially downstream TSS) to the active center 

of pol II. Notably, many residues of the Tfb3, other than R64 and K65, at the interface 

with Rpb4/7 are not conserved between yeast and humans (Gervais et al., 2001), which 

may contribute to differences in TSS utilization between yeast and metazoans. It has also 

been proposed that fundamental characteristics of TFIIH processivity are responsible for 

differences in initiation mechanisms (Tomko et al., 2021).

In a similar manner to PIC2/PIC3, the structure of the ITC also revealed the dissociation of 

the Tfb3 RING finger domain from Rpb4/7 and the repositioning of TFIIH. Moreover, the 

repositioning of TFIIH likely induced partial DNA disengagement from the pol II channel, 

in contrast to previous structures of human ITCs, in which DNA was accommodated in the 

pol II channel and with DNA further downstream simultaneously bound by TFIIH (He et 

al., 2016)(Figures S6A-C). DNA disengagement in our ITC might occur after the synthesis 

of a relatively long transcript of ~26 nt RNA or subsequent pol II backtracking. Notably 

a recent study of mammalian PICs demonstrated that the dissociation of the RING finger 

domain from Rpb4/7 is accompanied by the conversion from closed to open complexes 

(Aibara et al., 2021), pointing to the dissociation of the RING finger domain from Rpb4/7 as 

a conserved mechanism, with the timing of the dissociation being different among species.

Previous real-time observations of single PICs demonstrated that yeast TFIIH translocase 

reels dozens of base pairs of downstream DNA irrespective of the presence or absence of 

TFIIK (Fazal et al., 2015). These results indicated that TFIIH must be sufficiently stable 

in the ITC to promote DNA scrunching in the absence of Tfb3-PIC contacts with either 

Rpb7 or TFIIE. However, this DNA translocation no longer results in PIC scanning to 

downstream TSSs. Biochemical analysis of the long-persisting ITC indicated that promoter 

escape is not completed by the steric clash of growing RNA with TFIIB and additional 

distinct mechanisms are required (Fujiwara et al., 2019; Luse, 2019). We have shown that 

addition of the capping enzyme and Spt4/5 increases the frequency of promoter escape of 

about ~30% of ITCs, but not all ITCs, in vitro. (Fujiwara et al., 2019). Unexpectedly, we 

find promoter escape is greatly accelerated in ITCs encountering another pol II at promoter 

proximal regions, where TFIIH is dissociated from DNA due to steric occlusion by two 
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successive transcribing polymerases (Figure 7). For highly transcribed genes that initiate 

frequently, e.g., HSP70 promoter at 0.25/sec (O'Brien and Lis, 1991), polymerases would 

be located every ~120 bp assuming a constant elongation rate, e.g., ~30 bp/sec in vivo 
(Larson et al., 2011; Lenstra et al., 2016; Mason and Struhl, 2005). For genes that initiate 

less frequently, abundant evidence suggests that transcription occurs in discontinuous bursts 

(or pulses) in which multiple polymerases within each pulse may run adjacent to one another 

(Bahar Halpern et al., 2015; Chubb et al., 2006; Donovan et al., 2019; Lenstra et al., 2015; 

Zenklusen et al., 2008). Under these conditions, it makes sense that a fraction of productive 

yeast PICs may encounter a pol II from a preceding round of transcription in vivo.

Lastly, it is noteworthy that the formation of EC+EC is sterically compatible with other 

transcription factors that function in early transcription. For example, pol II-Mediator 

complex (Robinson et al., 2016; Schilbach et al., 2017; Tsai et al., 2017) is compatible 

with EC+EC (Figure S11A). Additionally, the structure of pol II (EC)-DSIF-NELF complex 

(Vos et al., 2018) in a canonical form of promoter-proximal paused pol II in mammalian 

systems, is compatible with EC+EC except a partial steric clash with DSIF (Figure S11B). 

It is likely that promoter escape may be synergistically regulated by distinct mechanisms 

involving contributions of additional factors. We now have established the capability of 

visualizing bona fide intermediates on the pathway to elongation and determining the basis 

for differences between them.

Limitations of the study

Although particle numbers used for each reconstruction were relatively small, our gradient 

sedimentation followed by RNA and protein analyses strongly support that our structures 

are representative of true reaction intermediates on the main reaction pathway. However, 

our study does not establish that our structures are only representative of true reaction 

intermediates. For example, as pol II in the ITC was subjected to extensive backtracking 

when stalled either by a G-stop or by a downstream EC at promoter proximal regions, 

ITCs identified in this study represent a backtracked state and may differ from those during 

the nucleotide addition steps. In addition to such structural bias introduced by isolation 

of complexes, PICs and the ITC were considerably variable in structure. During extensive 

computational classifications, some other structural states may have escaped detection. Thus 

mere existence of these structures does not establish that they are only major on-pathway 

structural states. Additionally, our reaction intermediates in this study have been obtained 

in the absence of elongation factors, such as the capping enzyme and Spt4/5, which can 

significantly affect the reaction pathway (Fujiwara et al., 2019). Finally it may be noted that 

our structures of PICs and ITCs had some preferred orientations and resulting resolution 

anisotropy, likely due to the use of promoter DNA fragments of over 200 bp including the 

core promoter and downstream TSSs. Such issues may potentially affect map interpretation 

and model building, and can be improved in the future.
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STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for reagents should be directed to and 

will be fulfilled by the Lead Contact, Kenji Murakami (kenjim@pennmedicine.upenn.edu).

Materials Availability—Plasmids and strains generated in this study are available upon 

request from Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability

• The Cryo-EM maps have been deposited at the Electron Microscope Data 

Base (EMDB) under accession codes EMD-23904 (PIC1), EMD-23905 (PIC2), 

EMD-23906 (PIC3), EMD-23907 (TFIIH weak binding state), EMD-23908 

(ITC), and EMD-23789 (EC+EC), and are publicly available as of the data 

of publication. And the atomic coordinates have been deposited at the Protein 

Data Bank (PDB) under accession codes 7ML0 (PIC1), 7ML1 (PIC2), 7ML2 

(PIC3), 7ML3 (TFIIH weak binding state), 7ML4 (ITC), and 7MEI (EC+EC), 

and are publicly available as of the data of publication. Raw cryo-EM images are 

deposited at EMPIAR under accession code EMPIAR-10865 and are publicly 

available as of the data of publication. These accession numbers are also listed in 

the key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microbe strains—E.coli Rosetta 2 (DE3) strains were used to express TFIIA, TFIIB, TBP, 

and Sub1. E.coli BL21 (DE3) strains were used to express Tfb3ΔC, the Tfb3 mutant R64A/

K65A, and TFIIA. E.coli cells were grown in lysogeny broth (LB) medium or terrific broth 

(TB) medium supplemented with antibiotics at 37°C for pre-culture and at 18°C or 16°C for 

protein expression as described in the method details below. S. cerevisiae CB010 were used 

as parent strains to construct the specific mutants to express TFIIH, TFIIE, TFIIK, and pol 

II. S. cerevisiae cells were grown in yeast extract (1.5% w/v), peptone (2% w/v), dextrose 

(3% w/v) medium supplemented with adenine (0.016% w/v) at 30°C. All information of S. 
cerevisiae stains used for transcription-related growth phenotypes of tfb3 alleles is listed in 

the key resources table and the S. cerevisiae cells were grown under conditions described in 

the method details below.

METHOD DETAILS

Protein purification—Recombinant TFIIA, TFIIB, TBP, and Sub1 were overexpressed 

and purified from E.coli. TFIIE, TFIIF, TFIIH, and pol II were isolated from yeast as 

previously described (Fujiwara and Murakami, 2019).
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TFIIB was expressed as previously published (Bratkowski et al., 2018). TFIIB fused with 

a SUMO-tag was expressed in E.coli Rosetta 2(DE3) in lysogeny broth (LB) medium 

supplemented with 50 μg/ml kanamycin. The lysate in buffer containing 50 mM Tris (pH 

7.5), 10 μM Zn(OAc)2, 500 mM NaCl was subjected to HisTrap™ HP (Cytiva), followed 

by cleavage using Ulp1 protease. The protein mixture was loaded onto HisTrap™ HP 

(Cytiva) to remove the SUMO-tag. Finally, the flowthrough containing TFIIB was loaded 

onto HiTrap Heparin (Cytiva) to run gradient elution from 300 mM NaCl to 2 M NaCl in 

buffer containing 50 mM Tris (pH 7.5), 10 μM Zn(OAc)2.

Toa1 and Toa2 of TFIIA were expressed separately in the insoluble fraction in E.coli Rosetta 

2(DE3) cells in lysogeny broth (LB) medium supplemented with 50 μg/ml kanamycin as 

previously published (Murakami et al., 2012). TFIIA was reconstituted with refolded Toa1 

and Toa2 in buffer containing 20 mM Tris (pH 7.5), 100 mM NaCl, 10% glycerol, and 

3 mM DTT, and further purified using a Superdex G200 column (Cytiva). Alternatively, 

TFIIA was expressed in the soluble fraction as previously described (Adachi et al., 2017). 

Briefly, TFIIA was expressed in E.coli BL21(DE3) cells for 20 hours at 16°C in terrific 

broth (TB) medium. Cells were lysed in buffer containing 30 mM Tris (pH 7.5), 500 

mM NaCl, 10% glycerol, and 10 mM 2-mercaptoethanol, and protease inhibitors (0.17 

mg/mL phenylmethylsulfonyl fluoride, 0.284 μg/mL leupeptine, 1.37 μg/mL pepstatin A, 

0.33 mg/mL benzamidine) and the debris was removed by centrifugation. The supernant 

was loaded onto a Ni column and TFIIA was eluted using gradient from buffer A (30 mM 

Tris (pH 7.5), 150 mM NaCl, 10% glycerol, and 5 mM 2-mercaptoethanol, and 50 mM 

imidazole) to buffer B (buffer A + 500 mM imizazole). Fractions containing TFIIA were 

pooled, supplemented with 2 mM DTT, 3C precession, and dialyzed in buffer containing 30 

mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol, and 2 mM DTT. After the linker between 

Toa1 and Toa2 was cleaved by 3C precession, TFIIA was further purified using Superdex 

200 (Cytiva). Stable TFIIA was then loaded onto a UNO Q column, and eluted with gradient 

from buffer A (20 mM HEPES (pH 7.6), 10% glycerol, 3 mM DTT, 150 mM potassium 

acetate) to buffer B (buffer A + 1M potassium acetate).

TBP was expressed in E.coli Rosetta 2(DE3) in TB medium supplemented with 50 μg/ml 

kanamycin as previously published (Murakami et al., 2012). The lysate in buffer containing 

20 mM Tris (pH 7.5), 100 mM NaCl, and 3 mM DTT was subjected to HiTrap Heparin 

HP (Cytiva) followed by gradient elution from 100 mM NaCl to 1000 mM NaCl in buffer 

containing 20 mM Tris (pH 7.5), and 3 mM DTT. After dialysis against buffer containing 20 

mM Tris (pH 7.5), 100 mM NaCl, and 3 mM DTT, the protein mixtures were loaded onto 

HiTrap SP (Cytiva) to run gradient elution from 100 mM NaCl to 1000 mM NaCl in buffer 

containing 20 mM Tris (pH 7.5), and 3 mM DTT.

Sub1 fused with a His6-tag was expressed in E.coli Rosetta 2(DE3) in TB medium 

supplemented with 100 μg/ml ampicillin as previously published (Fazal et al., 2015). The 

lysate in buffer containing 30 mM Tris (pH 7.5), 500 mM NaCl, 0.1% Triton X-100, 50 

mM imidazole, 1 mM DTT, and protease inhibitors was subjected to HisTrap HP column 

(Cytiva) followed by gradient elution from 50 mM imidazole to 500 mM imidazole in buffer 

containing 30 mM Tris (pH 7.5), 200 mM NaCl, and 5% glycerol. The elution was further 
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purified using HiTrap Heparin (Cytiva) and HiTrap SP (Cytiva) in buffers containing 20 mM 

HEPES (pH 7.6), 5% glycerol, 4 mM DTT, and 150-1000 mM potassium acetate.

TFIIF was isolated from a yeast strain carrying a TAP-tag on TFG2 as previously published 

(Murakami et al., 2012). Cells were resuspended in lysis buffer 200 (50 mM Tris (pH 7.5), 1 

mM EDTA, 1 μM Zn(OAc)2, 200 mM ammonium sulfate, 0.1% 3-(decyldimethyl-ammonio) 

propanesulfonate (Sigma), 2 mM DTT, and protease inhibitors) and lysed by bead beating. 

After addition of 0.25% PEI and 55% ammonium sulfate, lysed cells were stirred for 1 

h and centrifuged for 90 min. The pellet was re-suspended with 1 L buffer 25 (50 mM 

Tris-HCl (pH 7.5), 1 mM EDTA, 1 μM Zinc Acetate, 25 mM ammonium sulfate, 0.05% 

3-(decyldimethyl-ammonio) propanesulfonate (Sigma), 2 mM DTT, and protease inhibitors). 

After centrifugation for 1 h, the supernatant was loaded onto 50 mL IgG column, then 

washed with 1 L buffer (250) (50 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1 μM Zinc Acetate, 

0.05% 3-(decyldimethyl-ammonio) propanesulfonate (Sigma), 2 mM DTT, and protease 

inhibitors) with the mM concentration of ammonium sulfate in parentheses, 1 L buffer (500), 

1 L buffer (25), and 1 L buffer (200). TFIIF bound to IgG column was incubated with 1 

mg TEV for 15 h, eluted with 300 mL buffer 200, and then loaded onto HiTrap Heparin 

(Cytiva). TFIIF was eluted by salt gradient of concentration from 200 mM to 800 mM 

ammonium sulfate. Fractions containing three-subunit TFIIF were pooled, concentrated, and 

stored at −80°C.

Pol II was isolated from a yeast strain carrying a TAP-tag on RPB3 was purified in the 

essentially same manner as that for TFIIF except that detergent 3-(decyldimethyl-ammonio) 

propanesulfonate (Sigma) was omitted in all buffers.

TFIIE was isolated from a yeast carrying a TAP-tag on TFA2 as previously described 

(Fazal et al., 2015) with minor modifications. Cells were resuspended in buffer 250 (50 

mM HEPES (pH 7.6), 1 mM EDTA, 5% glycerol, 250 mM ammonium sulfate, 5 mM 2-

mercaptoethanol, and protease inhibitors) and lysed by bead beating. Following the addition 

of 0.1% PEI, lysed cells were stirred for 1 h and centrifuged. The cleared lysate was loaded 

onto 50 ml IgG column, then washed with 1 L buffer 250, and then 1 L buffer 400 (50 

mM HEPES (pH 7.6), 1mM EDTA, 5% glycerol, 400 mM ammonium sulfate, 2 mM DTT, 

and protease inhibitors) plus 300 mM potassium acetate, followed by 1 L buffer 0 (50 mM 

HEPES (pH 7.6), 1 mM EDTA, 5% glycerol, 2 mM DTT, and protease inhibitors) plus 300 

mM potassium acetate. TFIIE bound to IgG column was incubated with 1 mg TEV for 15 h, 

and was eluted with 300 mL buffer A (50 mM HEPES (pH 7.6), 150 mM potassium acetate, 

5 mM DTT, 2 mM magnesium acetate, and 5% glycerol), followed by concentration, 

and then loaded onto HiTrap Heparin (Cytiva). TFIIE was eluted by salt gradient of 

concentration from 150 mM to 1 M potassium acetate. Fractions containing TFIIE were 

pooled and loaded onto Superdex G200 column (Cytiva) equilibrated with buffer G (20 mM 

HEPES (pH 7.6), 300 mM potassium acetate, 5% glycerol, 2 mM magnesium acetate, and 5 

mM DTT). Fractions containing TFIIE were pooled and concentrated. Aliquoted TFIIE was 

flash frozen and stored at −80°C.

TFIIH was isolated from yeast tfb6Δ as previously described (Murakami et al., 2012) 

with minor modifications. In short, TFIIH carrying a TAP-tag on TFB4 was grown in 
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100 L of YPAD medium to OD 10.0. Cells were lysate by bead beating in Buffer 400 

(50 mM HEPES pH 7.6, 400 mM potassium acetate,1 mM EDTA, 5% glycerol, 5 mM 

2-mercaptoethanol, and protease inhibitors). Following the addition of 100 mM ammonium 

sulfate and 0.2% PEI, lysed cells were stirred for 1 h and centrifuged. The cleared lysate 

was loaded onto 50 ml IgG column. The column was washed with 2 L Buffer 300 (50 

mM HEPES pH 7.6, 300 mM potassium acetate, 1 mM EDTA, 5% glycerol, 2 mM DTT, 

and protease inhibitors), then resuspended in Buffer 300 and allowed to settle overnight. 

IgG column was washed with 1 L Buffer 300 and incubated with 1 mg TEV for 15 hours. 

After elution with 50 mL Buffer 300, sample was concentrated, and then loaded onto 

HiTrap Q (Cytiva). TFIIH was eluted by salt gradient of concentration from 300 mM to 

1.2 M potassium acetate. Fractions containing 10-subunit and 7-subunit TFIIH were pooled 

separately and concentrated. Aliquoted TFIIH was flash frozen and stored at −80°C.

TFIIK was isolated from yeast carrying a TAP-tag on TFB3 in the same manner as described 

above for TFIIH purification except that the IgG eluate was puried by a Superdex G200 

column (Cytiva) instead of HiTrap Q (Cytiva).

Cryo-EM sample preparation with the G-less 26 template—The G-less 26 DNA 

fragment (−122/+97) (Fujiwara et al., 2019) was amplified by PCR and purified using a 

Superose 6 10/300 (Cytiva) in buffer 300 (20 mM Hepes (pH 7.6), 300 mM potassium 

acetate, 5 mM DTT, and 2 mM magnesium acetate). To assemble PICs on the G-less 26 

DNA template, the following were mixed in 515 μL of buffer 300 containing additional 

5% glycerol: 0.26 μM DNA template, 0.5 μM TFIIA, 0.7 μM TFIIB, 1.2 μM TBP, 0.6 

μM TFIIE, 1.04 μM TFIIF, 0.44 μM TFIIH, 0.44 μM TFIIK, 1.04 μM pol II, and 0.6 

μM Sub1. The mixture was then diluted by adding an equal volume of buffer 10 (20 

mM Hepes (pH 7.6), 10 mM potassium acetate, 5 mM magnesium sulfate, 5 mM DTT) 

and incubated on ice for 24 hours. After pre-incubation for 20 min at 30°C, 3/4th of 

the PIC mixture received 2x NTP solution consisting of 1.6 mM ATP, 1.34 mM CTP, 2 

mM 4’-thio UTP, 0.5 μM 3’-O-methyl GTP, 10 mM magnesium acetate, and 0.5 U/μL 

RNaseOUT in buffer 10, and 1/4th of the mixture received 2x NTP solution containing 

44 nM [α-32P] CTP (33 μCi). Transcription initiation was carried out for 20 min at 30°C 

and a total of 1.5 mL of the cold sample was immediately loaded onto three pre-cooled 

glycerol gradients (500 μL per gradient) prepared with buffer A (20 mM Hepes (pH7.6), 

50 mM potassium acetate, 5 mM DTT, and 2 mM magnesium acetate, and 10% glycerol 

(v/v)) and buffer B (20 mM Hepes (pH7.6), 50 mM potassium acetate, 5 mM DTT, and 

2 mM magnesium acetate, 0.125% glutaraldehyde, and 40% glycerol (v/v)). The 1/4th of 

the mixture (500 μL) that was incubated with hot NTP solution was loaded onto a glycerol 

gradient without glutaraldehyde. After centrifugation for 14 h at 30,000 rpm in a Beckman 

SW60 Ti rotor, the gradients were fractionated using a PGF Piston Gradient Fractionator 

(BioComp Instruments, Inc.) into ~100 μL per fraction and crosslinking reaction was 

quenched by addition of 50 mM glycine (pH 7.6). To perform RNA analysis of the fractions, 

70 μL from non-crosslinked sample was incubated for 15 min at 42°C with 160 μL of stop 

buffer containing 390 mM sodium acetate (pH 5.5), 8 mM EDTA, 0.6% SDS, 0.06 mg/mL 

glycogen, 0.03 mg/mL proteinase K, and 0.03 mg/mL salmon sperm DNA, and subjected to 
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ethanol precipitation. RNA was then analyzed by urea denaturing gel. For protein analysis, 

20 μL per fraction was analyzed by SDS-PAGE (Figure S1A).

Cryo-EM grid preparation and data collection of the G-less 26 sample—The 

appropriate fractions from crosslinked sample were pooled and concentrated ~8 fold with 

a 100k MWCO spin concentrator and dialyzed against buffer 50 (20 mM Hepes (pH 

7.6), 50 mM potassium acetate, 5 mM DTT, and 4 mM magnesium acetate) for 45 

min. For cryo-EM grid preparation, 2.7 μL of the G-less 26 sample were applied onto 

glow-discharged Quantifoil R0.6/1 200-mesh holey carbon grids (Electron Microscopy 

Sciences), blotted for ~1.7 second, and plunge frozen in liquid ethane with a Leica EM 

CPC manual plunger (Leica Microsystems). The grids were loaded onto a Titan Krios 

electron microscope operating at 300kV equipped with Gatan K3 Summit direct electron 

detector with Gatan quantum energy filter (slit width of 20 eV) at CryoEM core facility 

at University of Massachusetts. The data were collected automatically using SerialEM at a 

nominal magnification of 81,000x, with a defocus range of −0.5 μm to −2.5 μm, and with 

a 30 frame exposure taken over ~2.4 sec with a total electron dose of ~45 e−/Å2. A total of 

15895 images was collected.

Cryo-EM data processing of the G-less 26 sample—All image processing of the 

G-less 26 sample was performed using RELION 3.0 and 3.1 (Zivanov et al., 2018). A total 

of 15,895 images was processed in two sets (8,000 and 7,895 images) in the same manner. 

The movie frames were aligned using RELION’s own implementation with a binning factor 

of 2 and the CTF was determined using CTFFIND-4.1 (Mindell and Grigorieff, 2003). At 

this point, a total of 56 images were excluded for the further analysis. Initially, particles 

were picked automatically from 700 images and subjected to a few rounds of reference-free 

2D classification. Some of the resulting 2D classes were low-pass filtered to 20Å and then 

used to pick particles from the two sets of the data, resulting in 1,940,218 and 1,872,221 

particles from the first and second sets of images, respectively. These particles are separately 

subjected to three rounds of reference-free 2D classification. The 2D classes containing 

detailed features were selected from the first set and used to generate an initial model. We 

then performed 3D classification, using the initial model with a low-pass filter of 60Å, 

from 1,637,582 particles and 1,705,180 particles separately. After three rounds of global 

3D classification, the resulting EM maps were aligned on pol II, and maps that had TFIIH 

at similar location relative to pol II were combined, resulting into three groups. The first 

group (454,296 particles) that was similar to the canonical PIC (Murakami et al., 2015b) 

was subjected to per-particle CTF refinement by first estimating beam shift, trefoil, and 4th 

order aberrations, then magnification anisotropy, and finally per-particle defocus, and per-

micrograph astigmatism. To improve the map quality of TFIIH, which was poorly ordered 

in the entire map, a soft mask was created around TFIIH of the 3D refined map, subtracted, 

and the subtracted images were used to generate an initial model. Then 3D classification 

was performed with image alignment. The resulting classes revealed two interpretable maps: 

strong (137,466 particles) and weak (101,497 particles) binding states of TFIIH, which 

were 3D-refined and post-processed to a resolution of 4.6Å and 7.6Å, respectively. All the 

reported resolutions are based on the gold-standard Fourier shell correlation (FSC) using 

0.143 criterion. To further improve map quality of TFIIH, the maps were segmented into 3 
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bodies for multibody refinement: Tfb3, Rad3, Tfb1, Ssl1, Tfb4, and Tfb2N in body 1, Ssl2N 

in body 2, and Ssl2C, Tfb2C, and Tfb5 in body 3. The core PIC (cPIC) maps for both strong 

and weak binding states were generated by reverting the TFIIH maps to obtain entire maps, 

then 3D refinement using global search, and finally postprocessing pol II and TFIIB, and the 

rest of cPIC separately by applying appropriate masks. Resolution for the cPIC parts ranged 

between 3.0Å and 3.9Å.

The maps in the second group (384,412 particles) were combined and subjected to one more 

round of global 3D classification. For structural determination of PIC2, the resulting maps 

that showed the density for downstream dsDNA (117,450 particles) were combined and 

3D refined. As in PIC1, focused refinement of TFIIH was performed, resulting in 33,159 

particles in the best class. The per-particle CTF was determined as described above, and 

then TFIIH was 3D refined. This resulted TFIIH map with a resolution of 7.3Å. Multibody 

refinement (Nakane et al., 2018) was performed as described above to improve the map 

quality of TFIIH. To improve the map quality corresponding to downstream dsDNA, a soft 

mask around the DNA was created from the entire map obtained by reverting TFIIH and 

3D refining using only local search, subtracted, and 3D classified. The map containing the 

best DNA density (11,028 particles) was reverted and 3D refined using only local search. 

This yielded the DNA density at 12.1Å resolution. To obtain cPIC2, the particles in the best 

TFIIH class was reverted and 3D refined using global search. Post-processing of the cPIC 

was performed as in PIC1. The resolution ranged between 4.0Å and 6.4Å.

To reconstruct PIC3, maps in the third group (307,173 particles) were combined and 

subjected to another round of 3D classification. Similar to PIC2 analysis above, classes 

containing downstream dsDNA (69,513 particles) were merged and 3D refined, and then 

TFIIH was subjected to a focused refinement. The best class was 3D refined and post-

processed to a resolution of 11.8Å. The cPIC for PIC3 was obtained in the same manner as 

PIC1 and the resolution ranged between 4.1 and 7.6Å.

To reconstruct ITC, three maps that revealed the upstream edge of the bubble after one 

round of 3D classification of the third group (Figure S2A) were subjected to another round 

of 3D classification (Figure S3A). The resulting maps (227,346 particles) containing no 

downstream dsDNA were combined and then per-particle CTF was determined in the same 

manner as PIC particles above. The 3D auto-refined map did not show clear density for the 

DNA-RNA hybrid although some density was apparent in the active site of pol II, indicating 

variability of the DNA/RNA hybrid in position and length. Thus, to improve the quality 

of the hybrid density, a soft mask around the active site was generated, subtracted, and 

the resulting images were subjected to focused 3D classification without image alignment 

with higher regularization parameter (T=30). Classes that contained strong density for the 

hybrid (120,006 particles) were combined, reverted and 3D refined to obtain the entire map. 

cITC was postprocessed with a mask to a resolution of 3.1Å. The quality of the density for 

upstream DNA, TFIIE, TBP, Tfg2WH was also improved by a similar manner as the hybrid 

but with alignment during focused 3D classification, which yielded a map (86,069 particles) 

with a resolution of 6.8Å. To improve the map quality of TFIIH in the ITC, focused 3D 

classification with alignment was performed after per-particle CTF refinement. The best 

class (45,780 particles) was combined with focused refined map resulting from a subset of 
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particles in the second group that did not show density for downstream dsDNA, then the 

particles were subjected to one round of 3D classification. This yielded a 9.9Å TFIIH map 

for the ITC.

Model building of PIC1-3 and ITC—Maps with and without B-factor sharpening 

were used to build models of PIC1-3. For cPIC, the previous model from the yeast PIC 

(PDB ID: 5OQJ) was used as an initial template. For TFIIH, the previous model from 

the 3.9 Å resolution cryo-EM structure in a form of DNA repair (PDB ID: 7K01) (van 

Eeuwen et al., 2021a) was used as an initial model. Promoter DNA was manually built 

by combining short (~10bp) B-form DNA segments. A combined model containing cPIC, 

TFIIH, and promoter DNA was iteratively subjected to manual refinement (a combination 

of real-space refinement, regularization, and rigid body fit of domains) with Coot (Emsley 

et al., 2010) and rigid body refinement with Phenix1.16 (Liebschner et al., 2019). Through 

the refinement, secondary structures and base pairs of DNA double helix were maintained. 

The ITC was modeled essentially as in PIC1-3. The model of the 5-nt DNA-RNA hybrid 

with TFIIB was built using the previous X-ray crystallographic model (PDB ID: 4BBS) as 

a template, and refined using Coot and Phenix. Figures were prepared using UCSF Chimera 

(Pettersen et al., 2004).

Cryo-EM sample preparation with the G-less 49 template—The G-less 49 DNA 

fragment (−122/+97) (Fujiwara et al., 2019) was amplified by PCR and purified using 

Superose 6 10/300 (Cytiva) in buffer 300. To assemble PIC on the G-less 49 DNA template, 

the following were mixed in 240 μL of buffer 300: 0.26 μM DNA template, 0.4 μM TFIIA, 

1.2 μM TFIIB, 2.4 μM TBP, 0.6 μM TFIIE, 1 μM TFIIF, 0.6 μM holoTFIIH, 0.36 μM 

TFIIK, 1.04 μM pol II, and 0.4 μM Sub1. The mixture was then diluted by adding an equal 

volume of buffer 10 (20 mM Hepes (pH 7.6), 10 mM potassium acetate, 5 mM magnesium 

sulfate, 5 mM DTT) and incubated on ice for 24 hours. After pre-incubation for 20 min 

at 30°C, 3/4th of the PIC mixture received 2x NTP solution consisting of 1.6 mM ATP, 

1.6 mM CTP, 1 mM UTP, 0.5 μM 3’-O-methyl GTP, 10 mM magnesium acetate, and 0.5 

U/μL RNaseOUT in buffer 10, for cryo-EM analysis, while 1/4th of the mixture received 

2x NTP solution containing 44 nM [α-32P] UTP (33 μCi) for characterization of proteins 

and RNA (Figures 4A-B). Transcription initiation was carried out for 20 min at 30°C and 

the sample was immediately loaded onto a gradient prepared with buffer A and buffer B as 

for the G-less 26 complex. 240 μl (with [α-32P] UTP) and 720 μl (with cold UTP) were 

sedimented without and with glutaraldehyde, respectively. After centrifugation for 13 h at 

30,000 rpm in a Beckman SW60 Ti rotor, the gradients were fractionated using a PGF 

Piston Gradient Fractionator (BioComp Instruments, Inc.) into ~130 μL per fraction and 

crosslinking reaction was quenched by addition of 40 mM glycine (pH 7.6). To perform 

RNA analysis of the fractions, 100 μL from non-crosslinked sample was incubated for 15 

min at 42°C with 110 μL of stop buffer containing 390 mM sodium acetate (pH 5.5), 8 

mM EDTA, 0.6% SDS, 0.06 mg/mL glycogen, 0.03 mg/mL proteinase K, and 0.03 mg/mL 

salmon sperm DNA, and subjected to ethanol precipitation, followed by RNA analysis by 

urea denaturing gel (Figure 4A). For protein analysis, 20 μL per fraction was analyzed by 

SDS-PAGE (Figure 4B).
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To prepare cryo-EM grids, samples were dialyzed into EM buffer (20 mM HEPES (pH 

7.6), 50 mM potassium acetate, 5 mM DTT, 2 mM magnesium acetate) for 30 minutes 

prior to making grids. EC+EC samples were applied to R1.2/1.3 400 mesh quantifoil 

holey carbon grids (Electron Microscopy Sciences), and EC+ITC samples were applied 

to R2/2 300 mesh quantifoil holey carbon grids (Electron Microscopy Sciences). All grids 

were glow-discharged (easiGlow, Pelco) for 2 min before deposition of 2uL of dialyzed 

sample, and subsequently blotted for 1.5 (EC+EC samples) or 2 seconds (EC +ITC samples) 

using Whatman Grade 41 filter paper (Sigma-Aldrich) and flash-frozen in liquid ethane 

with a Leica EM CPC manual plunger (Leica Microsystems). EM grids were prepared in 

batches and the freezing conditions were optimized by screening on a FEI TF20 microscope 

operating at 200 kV and equipped with a FEI Falcon III direct electron detection camera at 

the Electron Microscopy Research Lab (the University of Pennsylvania).

For EC+EC, two datasets (8872 and 7742 micrographs) were collected at Frederick National 

Laboratory (sponsored by the National Cancer Institute) using a Titan Krios transmission 

electron microscope operating at 300 kV, equipped with a K3 direct electron detector and a 

Bioquantum energy quantum filter. Images were collected by image shift and at a nominal 

magnification of 81,000x in super-resolution mode (pixel size of 0.54 Å) at a defocus range 

between −1 and −2.5 μm. The exposure time was 3.2 s at a nominal dose of 50 e−/Å2, 

movies were divided into 40 frames.

Cryo-EM images of EC+ITC were collected at the Pacific Northwest Cryo-EM center using 

a Titan Krios transmission electron microscope operating at 300 kV, equipped with a K3 

direct detection camera (Gatan) and a Bioquantum energy quantum filter. Data was collected 

by image shift and at a nominal magnification of 105,000x in super-resolution mode (pixel 

size of 0.415 Å) at a defocus range between – 0.9 and −2.2 μm. A total of 29,626 images 

were collected over 5 days. The exposure time was 2.1 s at a nominal dose of 45 e−/Å2, 

movies were divided into 66 frames.

Image processing and 3D reconstruction of the EC+EC—Cryo-EM images of 

EC+EC were processed by a combination of cryoSPARC v3.1 (Punjani et al., 2017), Relion 

3.1 (Zivanov et al., 2018), and Topaz (Bepler et al., 2019). The two datasets were motion-

corrected with MotionCorr2 (Zheng et al., 2017) , and then CTF corrected with CTFFIND4 

(Mindell and Grigorieff, 2003). A total of 1,630,930 particles were extracted with 340 

pixel box after particle-picking using Topaz from the first dataset, and then the resultant 

particles were screened by two rounds of reference-free 2D classification, from which 

classes containing two ECs, accounting for 101,566 particles, were selected to calculate 

initial model. Subsequently one round of 3D classification was carried out, yielding four 

reasonable 3D classes. From the second dataset, 934,816 particles were extracted with 

340 pixel box with Topaz, and then was subjected to three rounds of reference-free 2D 

classification followed by one round of 3D classification using the map obtained from the 

first dataset as a reference, yielding two reasonable 3D classes. The four 3D classes from the 

first dataset and the two classes from the second dataset were combined to perform further 

iterative rounds of 2D and 3D classifications, resulting in two maps showing the leading 

EC and the trailing EC. The resulting two 3D classes, accounting for a total of 107,093 

particles, were subjected to 3D auto-refinement with a soft-edged mask, CTF-refinement, 
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Bayesian polishing, and Post-processing, leading to a reconstruction of the entire structure 

at 4.22 angstrom resolution. To push resolution, each elongation complex was subtracted 

using soft-edged masks encompassing the leading EC and the trailing EC respectively 

with 220 pixel box for each, and subjected to focused 3D classification followed by 3D 

auto-refinement. Lastly, a 3.5 angstrom map of the leading EC containing 57,690 particles 

and a 3.5 angstrom map of the trailing EC containing 66,261 particles were combined to 

generate a composite map using the vop maximum command in UCSF chimera (Pettersen et 

al., 2004).

All 2D classification, 3D classification, 3D refinement, Bayesian polishing, CTF-refinement, 

mask creation and post-process procedures described above were employed with Relion 

3.1.0. Local resolution estimation for each elongation complex was performed with 

cryoSPARC v3.1. Resolution was reported on the basis of the gold-standard Fourier shell 

correlation (FSC) (0.143 criterion).

Cryo-EM images of EC +ITC were processed using a combination of Relion 3.1.1 (Zivanov 

et al., 2018), and SPHIRE-crYOLO (Wagner et al., 2019). Datasets were motion-corrected 

with MotionCorr2 (Zheng et al., 2017) then CTF corrected with CTFFIND4 (Mindell and 

Grigorieff, 2003). Particles were picked with SPHIRE-crYOLO and then extracted with 530 

pixel box. A total of 988,153 particles were subjected to three rounds of 2D classification 

with Relion, yielding eight 2D classes accounting for ~9,707 particles (Figure 4D).

Model building and refinement of the EC+EC—Structural models were built using 

COOT (Emsley et al., 2010) and Phenix (Liebschner et al., 2019), the process was described 

as follows.

For the leading EC, structural models of pol II, the upstream DNA, the downstream 

DNA, the transcription bubble, and the DNA-RNA hybrid (PDB:5C4J) were placed into 

the map and subjected to rigid-body refinement with Phenix. The DNA-RNA hybrid was 

then manually refined using COOT against auto-sharpened map generated by Phenix. The 

7 nt extended ssRNA (PDB : 6gml) in the exit tunnel was fitted into density, and then 

subjected to refinement with Phenix and COOT. The trailing EC was modeled as for the 

leading EC. The 5 nt backtracked ssRNA (15-19 nt, PDB:3PO2) was rigid body fitted into 

the density and then subjected to iterative refinement with Phenix and COOT. The TFIIF 

except Tfg2 WH domain (PDB:5FYW) was fitted into density using UCSF Chimera. The 

dsDNA bridging two elongation complexes was built with a B form DNA and then manually 

adjusted using COOT. Lastly, the entire model was interactively subjected to rigid-body 

refinement with Phenix and manual refinement with COOT. The final refinement was done 

with Phenix, with validation report (Table 1). All figures were generated using UCSF 

Chimera (Pettersen et al., 2004).

Tfb3ΔC protein expression and purification—The DNA sequence of WT Tfb3ΔC 

(residues 1-148) was obtained by PCR using Saccharomyces cerevisiae genome as a 

template and cloned into a pGV1594 vector with BamHI and HindIII restriction enzyme. 

The Tfb3 mutant R64A/K65A was constructed by QuickChange Site-Directed Mutagenesis 

using WT Tfb3ΔC as a template. Sequences of plasmids were confirmed by DNA 
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sequencing. Tfb3ΔC and the Tfb3 mutant R64A/K65A proteins were expressed in BL21 

(DE3) cells with lysogeny broth (LB) medium supplemented with 50 μg/ml kanamycin. 

When OD600 reached 0.6, expression was induced by adding IPTG at a final concentration 

of 0.3 mM for 18 h at 18°C. The cells were harvested by centrifugation and the pellets 

were stored at −80°C. Two proteins were purified using the same protocol. The pellets 

were first resuspended in Ni binding buffer A (20 mM Hepes pH 7.6, 500 mM NaCl, 10 

μM ZnCl2, 2 mM DTT and 5% Glycerol) and lysed by sonication. The cell lysate was 

clarified by centrifugation and the supernatant was loaded onto a HisTrapTM HP column 

(Cytiva) equilibrated with Buffer A. The Mat-Sumo-Tfb3ΔC fusion proteins were eluted 

from the column using elution buffer B (20 mM Hepes pH 7.6, 500 mM NaCl, 10 μM 

ZnCl2, 2 mM DTT, 5% Glycerol and 500 mM imidazole (pH 7.6)) with a gradient. Fractions 

containing the desired fusion proteins were pooled and dialyzed against Buffer A at 4°C 

overnight. Ulp1 protease was also added to the sample during the dialysis process to cleave 

the Mat-Sumo tag. The sample was again loaded onto the HisTrapTM HP column and the 

flow-through containing the target proteins was collected and mixed with buffer A without 

NaCl to dilute the NaCl to a final concentration of 100 mM. The diluted sample was applied 

to a Hi Trap Q column (Cytiva) equilibrated with binding buffer C (20 mM Hepes pH 7.6, 

100 mM NaCl, 10 μM ZnCl2, 5 mM DTT and 5% Glycerol), and then eluted from the 

column using elution buffer D (20 mM Hepes pH 7.6, 1000 mM NaCl, 10 μM ZnCl2, 2 mM 

DTT, and 5% Glycerol) with a gradient. The target proteins were concentrated and loaded 

onto a Hi 16/60 Superdex G200 column (Cytiva) equilibrated with a gel filtration buffer 

(20 mM Hepes pH 7.6, 300 mM KOAc, 10 uM Zn(OAc)2, 2 mM DTT and 5% Glycerol). 

Protein purity was analyzed using an SDS-PAGE gel and the samples were concentrated and 

snap-frozen using liquid nitrogen and stored at −80°C until use.

In vitro run-off transcription assay—The SNR20 91W promoter and its variant SNR20 
31D promoter that lacks the region from site −68 to site −7 were previously described 

(Murakami et al., 2015a). Both promoter fragments (−122/+97) were amplified by PCR and 

purified using Superose 6 10/300 (Cytiva) in buffer 300. To assemble PIC on templates, the 

following were mixed in 5 μL of buffer 300: 0.26 μM DNA template, 0.4 μM TFIIA, 1.2 

μM TFIIB, 2.4 μM TBP, 0.6 μM TFIIE, 1 μM TFIIF, 0.4 μM coreTFIIH, 1.04 μM pol II, 0.4 

μM Sub1 and TFIIK (or Tfb3ΔC mutants) with given amount described above. The mixture 

was then diluted by adding an equal volume of buffer 10 (20 mM Hepes (pH 7.6), 10 mM 

potassium acetate, 5 mM magnesium sulfate, 5 mM DTT) and incubated on ice for 24 hours. 

Run-off transcription reaction was initiated by adding 10 ul of 2x NTP solution consisting of 

1.6 mM ATP, 1.6 mM CTP, 1 mM UTP, 1.6 mM GTP, 44 nM [α-32P] UTP (33 μCi), 10 mM 

magnesium acetate, and 0.5 U/μL RNaseOUT in buffer 10. Transcription was carried out for 

30 min at 30°C then stopped by adding 190 ul of stop buffer containing 300 mM sodium 

acetate (pH 5.5), 5 mM EDTA, 0.7% SDS, 0.1 mg/ml glycogen, 0.013 mg/ml of proteinase 

K (Sigma). Transcripts were precipitated by adding 700 ml of ethanol, dried, and analyzed 

by a denaturing 6% acrylamide gel.

Transcription-related growth phenotypes of tfb3 alleles.—Transcription-related 

growth phenotypes were analyzed as previously published (Braberg et al., 2013; Zhao et 

al., 2021). Yeast extract (1% w/v; BD), peptone (2% w/v; BD) and bacto-agar (2% w/v; 
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BD), supplemented with adenine (0.15 mM) and tryptophan (0.4 mM) (Sigma-Aldrich) 

comprised YP solid medium. YPD plates contained dextrose (2% w/v, VWR). Minimal 

media plates were prepared with synthetic complete (SC) or ‘Hopkins mix’ with appropriate 

amino acid(s) dropped out, with slight modifications as described in (Kaplan et al., 

2012). For studies with MPA (Sigma-Aldrich) and 3-aminotriazole (3-AT) (Sigma-Aldrich), 

stock solutions (10 mg/ml, in 100% ethanol) of MPA and 3-AT were added to solid or 

liquid media to achieve desired concentration. tfb3 alleles were generated by site-directed 

mutagenesis and verified by Sanger sequencing. Manipulation of TFB3/tfb3 alleles in IMD2 
or imd2Δ::HIS3 backgrounds were exactly as described for ssl2 alleles in Zhao et al. (Zhao 

et al., 2021).

QUANTIFICATION AND STATISTICAL ANALYSIS

Local resolution estimation of the cryo-EM maps (Figures S7B-C) was performed with 

cryoSPARC v3.11 (Punjani et al., 2017). Resolution of the cryo-EM maps (Figure S2B-C 

and S3B, Figures S7D-E, and Table 1) was calculated on the basis of the gold-standard 

Fourier shell correlation (FSC) (0.143 criterion) using Relion 3.1 (Zivanov et al., 2018). 

Refinement statistics (Table 1) was generated with PHENIX (Liebschner et al., 2019).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of three forms of pre-initiation complexes.
(A) Schematic representation for isolation of the transcription complexes analyzed in this 

study. (B-D) Models of three forms of PIC obtained on the G-less 26 DNA template; PIC1 

(B), PIC2 (C), and PIC3 (D) with composite density maps (top for side view, bottom for 

front view). For the front view (bottom), only maps for TFIIH are shown to highlight 

densities attributable to the Tfb3 RING finger domain. Same colors are used throughout 

the manuscript unless otherwise noted: TFIIA (steel blue), TFIIB (red), TBP (light green), 

TFIIE (pink), TFIIF (dark blue), TFIIH (orange, green, or magenta), template DNA (blue), 

non-template DNA (sky blue). The Tfb3 RING finger domain interacts with Rpb4/7 in PIC1 
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but dissociates in PIC2 and PIC3. (E) Composite density maps and models of strong (top) 

and weak (bottom) binding states of TFIIH, with corresponding models in orange and steel 

blue, respectively. (F) Comparison of TFIIH and downstream DNA in the strong (blue) and 

weak (purple) binding states. The C-terminal residue of Tfb2C in the two states is marked 

by green dots and the direction of movement is indicated by an arrow. Inset, Ssl2–DNA 

interactions suggested by the model. The five DNA binding motifs (Ic, IVa, IV, V, Vb) are 

shown by yellow and blue circles in the strong and weak binding states, respectively (see 

also Figure S4). See also Figures S1, S2, S3, S4, S6 and Movie S1.
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Figure 2. Distortion of promoter DNA in PIC1-3.
Coloring as in Figure 1. (A) Comparison of locations of TFIIH and DNA in PIC1-3 relative 

to Pol II. TFIIH shifts ~ 20 Å and ~30 Å in PIC2 and PIC3, respectively, relative to PIC1. 

(B) Paths of promoter DNA. Ssl2 contacting DNA is shown. (C) Ssl2 binds ~47 bp and 

~37 bp downstream of the TATA box in PIC1 and PIC2/PIC3, respectively. DNA bends by 

~6° and ~25° in PIC2 and PIC3, respectively. Dashed lines indicate positions of the bend 

at ~−80 and the TATA box at −100. The numbering is relative to the TSS. (D) Run-off 

transcription with increasing amounts of TFIIK, Tfb3ΔC, and Tfb3ΔC R64A/K65A. SNR20 
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91W promoter DNA (−122/+97) was combined with TFIIA, TFIIB, TBP, Sub1, TFIIE, 

TFIIF, TFIIH-ΔTFIIK, pol II, and the amounts of TFIIK and Tfb3ΔC variants indicated. 

2 pmol TFIIH-ΔTFIIK was used in in vitro transcription assays. Transcripts initiated from 

upstream and downstream TSSs are indicated by red and blue arrows. (E) Same as (D) 

with SNR20 31D promoter DNA (−122/+97). (F) 10-fold serial dilutions of saturated 

cultures of Tfb3 WT and mutant strains plated on different media. YPD is rich medium 

with dextrose as a carbon source. SC-Leu is defined, complete medium lacking leucine. 

MPA was added to this medium (SC-Leu+MPA) to 20 μg/ml final concentration, showing 

that R64A and R64D are sensitive to this drug, indicative of defects in TSS scanning at 

the IMD2 gene, which is required for resistance. The three rightmost panels show mutant 

phenotypes in an imd2Δ::HIS3 reporter strain, where HIS3 expression is under control of 

the IMD2 promoter. Control defined medium lacking histidine but containing the His3p 

inhibitor 3-aminotriazole (3-AT) at 1 mM indicates the IMD2 promoter is not abnormally 

active in the control condition. Addition of 0.04 μg/ml MPA activates the IMD2 promoter 

and defects in activation are consistent with TSS scanning defects and are reflected by no or 

poor growth on SC-His+0.04μg/ml MPA. Addition of 2 mM 3-AT provides a more stringent 

test for the His+ phenotype. See also Figure S5.
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Figure 3. Structure of ITC with the G-less 26 template.
(A) Cryo-EM map and a corresponding model of the ITC. (B) Structural changes of ITC 

relative to PIC1. Two structures are aligned by superimposing pol II. The red lines represent 

the movement of TFIIH. ITC is shown in orange, while PIC1 is in gray, DNA in both 

structures is blue and cyan. (C) EM density shows the upstream DNA bound to TFIIA, TBP, 

TFIIB (cyclin domains), TFIIE (Tfa1 and Tfa2 WH1 and WH2 domains), and TFIIF (Tfg2 

WH domains). (D) EM density map shows the DNA-RNA hybrid in the pol II active center 

in contact with TFIIB. Density attributable to the backtracked RNA is shown in purple. See 

also Figure S6.
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Figure 4. G-less 49 complexes reveal EC+EC and EC+ITC.
(A-B) Transcription complexes with the G-less 49 template were subjected to glycerol 

gradient sedimentation. RNA analysis of the fractions by denaturing Urea-PAGE gel (A) and 

protein analysis of the fractions by SDS-PAGE gel (B) revealed EC+EC (fractions 17-18) 

and EC+ITC (fractions 22-24). 49-nt and 25-nt transcripts from the first and the second 

rounds of transcription are indicated by black and red arrows. Note that both complexes 

have some contamination of EC+PIC (fractions 18-21). (C) Eight representative reference-

free 2D class averages of EC+EC. (D) Same as (C) but for EC+ITC. A large density 

attributable to TFIIH (indicated by orange arrow heads) is located between EC and ITC. 

(E) A representative 2D class average of EC+EC, with a schematic model, showing the two 

well-featured densities corresponding to the leading EC and trailing EC, respectively. The 

density of DNA bridging two polymerases is clearly discernable. (F) Same as (E) but for 

EC+ITC, showing a large density attributable to TFIIH (orange) compared with 2D class 

averages of EC + EC. The density of DNA is clearly discernable as in (E). See also Figures 

S7 and S8.
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Figure 5. The structure of ECs colliding head-to-end (EC+EC).
(A) Front (left) and side views (right) of the cryo-EM reconstruction with the model. 

(B) Interactions between two ECs viewed from the back. The Rpb4/7 of the leading EC 

contacts TFIIF associated with the trailing EC, while Rpb2 and Rpb12 of the leading EC 

contacts the Rpb1 of the trailing EC. (C) Superposition of the Rpb4/7 of the leading EC 

with that of polII previously determined by X-ray crystallography (PDB ID 5U5Q) ,which 

shows ~10°-rotation of Rpb4/7. The leading EC, the trailing EC, TFIIF, template DNA, 

non-template DNA and RNA are colored in tan, gray, navy blue, blue, aquamarine and red, 

respectively. See also Movie S2.
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Figure 6. Nucleic acids of ECs colliding head-to-end (EC+EC).
(A) Unsharpened cryo-EM densities of the trailing EC (gray), the leading EC (tan) and 

TFIIF (navy blue) are shown as surface, contoured at 2.07 sigma. Template DNA, non-

template DNA and RNA are colored in blue, aquamarine and red throughout. Mg A in active 

center is shown as sphere and colored in green. (B) Composite cryo-EM density of nucleic 

acids. Unsharpened cryo-EM densities are shown as mesh (space gray), contoured at level 

2.07 sigma. (C) The DNA-RNA hybrid of the trailing EC. Sharpened cryo-EM densities 

of the DNA-RNA hybrid of the trailing EC are shown as mesh (space gray), contoured at 

level 4.1 sigma. The bridge helix is shown in gray. (D) Same as (C) but for the leading EC, 

contoured at 3.86 sigma. (E) Cryo-EM density of nucleic acids of the trailing EC showing 

the backtracked RNA (red). Unsharpened cryo-EM densities of nucleic acids are shown 

as mesh (RNA, red; template DNA, blue; Non-template DNA, aquamarine), contoured at 

level 1.6 sigma. (F) Superposition of the backtracked RNA of the trailing EC (red) with the 

backtrack site of the arrested pol II previously determined by crystallography (PDB:3PO2, 

black). Backtracked RNA in the trailing EC shifts towards a positive charged patch that 
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consists of K619 and K620 of Rpb1 in the funnel. (G) Schematic of nucleic acids. Modelled 

nucleotides of promoter template are shown with filled circles. TSS (+1) is indicated by 

black arrow. See also Figure S9.
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Figure 7. Schematic of promoter escape facilitated by the leading EC.
A trailing PIC is assembled by re-utilizing the promoter, while a leading EC is stalled at 

promoter proximal regions (Stage 1). The trailing PIC in the initially-transcribing state (ITC) 

extends a transcript and encounters the leading EC, resulting in dissociation of TFIIH from 

DNA due to steric occlusion by two transcribing pol II molecules (Stage 2). The trailing 

ITC is backtracked from +25 to +13 (Stage 3), followed by dissociation of GTFs and bubble 

collapse (Stage 4). See also Figures S10 and S11.
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Table 1.

Cryo-EM Data Collection and Refinement Statistics

PIC-1 TFIIH-2 PIC-2 PIC-3 ITC EC+EC

Data collection and processing

  Magnification 81,000 81,000 81,000 81,000 81,000 81000

  Voltage (kV) 300 300 300 300 300 300

  Electron 45 45 45 45 45 50

  exposure (e−/Å2)

  Defocus range (μm) −0.5 to −2.5 −0.5 to −2.5 −0.5 to −2.5 −0.5 to −2.5 −0.5 to −2.5 −1 to −2.5

  Pixel size (Å) 0.53 0.53 0.53 0.53 0.53 0.54

  Map sharpening −10 to −100* 0 to −233* 0 to −300* 0 to −40* 0*
−34.8

e
 / −19.9

f

  B factor (Å)

  Map resolution (Å)
3.0

a
/3.8

b
/4.6

c 7.6
4.0

a
/6.4

b
/7.3

c
/12.1

d
4.1

a
/7.6

b
/11.8

c
3.1

a
/6.8

b
/9.9

c
3.5

e
 / 3.5

f

 FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143

 EMDB entry 23904 23907 23905 23906 23908 23789

 Initial particle # 1848899 1418609

 Final particle # 454296 101497 117450 69513 322399 107093

Model Refinement

  Model resolution (Å) 3.40 (2.61) 8.36 (4.16) 4.21 (3.55) 6.71 (3.60) 4.10 (3.32) 4.9 (4.0)

  FSC threshold 0.5 (0.143) 0.5 (0.143) 0.5 (0.143) 0.5 (0.143) 0.5 (0.143) 0.5 (0.143)

  PDB entry 7ML0 7ML3 7ML1 7ML2 7ML4 7MEI

Model composition

  Non-hydrogen atoms 64,262 22,609 64,586 64,552 62,812 69,294

  Protein residues 7,991 2,847 8,081 8,082 7,916 8284

  Nucleotides 132 58 114 112 91 179

   Ligands 139 129 142 140 138 20

R.m.s deviations

  Bond lengths (Å) 0.018 0.024 0.005 0.008 0.006 0.005

  Bond angles (°) 1.114 1.608 0.646 1.131 0.726 0.816

Validation

  MolProbity score 3.71 3.09 3.23 2.70 2.34 2.41

  Clashscore 36.14 89.37 25.10 39.55 20.78 21.48

   Poor rotamer (%) 20.12 0.00 12.16 0.00 0.38 0.07

Ramachandran plot

  Favored (%) 84.08 84.55 91.04 86.73 90.82 88.62

   Allowed (%) 15.61 15.31 8.88 13.13 9.04 11.30

   Disallowed (%) 0.31 0.14 0.08 0.14 0.14 0.07

Model vs. Data

  CC (mask) 0.60 0.61 0.60 0.39 0.47 0.69

  CC (box) 0.70 0.75 0.77 0.73 0.57 0.87

  CC (volume) 0.65 0.59 0.61 0.37 0.56 0.70

  CC (peaks) 0.56 0.49 0.53 0.26 0.45 0.67
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PIC-1 TFIIH-2 PIC-2 PIC-3 ITC EC+EC

  CC (main chain) 0.64 0.70 0.70 0.61 0.49 0.77

  CC (side chain) 0.64 0.70 0.70 0.63 0.49 0.74

a
Pol II, TFIIB

b
DNA, TBP, TFIIE, TFIIF

c
TFIIH

d
downstream DNA

e
Leading EC

f
Trailing EC

*
see FigS2, S3 for the B factor values applied.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

BL21(DE3) Competent Cells Thermo Fisher Scientific Cat#EC0114

Chemicals, peptides, and recombinant proteins

25% Glutaraldehyde Solution in H2O, EM grade Sigma Aldrich Cat#111-30-8

4-thiouridine-5’-triphosphate TriLink Cat#N-1025-5

3’-O-methylguanosine-5’triphosphate TriLink Cat#N-1058-5

100 mM ATP, CTP, UTP Thermo Fisher Scientific Cat#R0481

Salmon sperm DNA Thermo Fisher Scientific Cat#15632011

Glycogen Roche Cat#10901393001

Proteinase K Sigma Aldrich Cat#P4850

RNaseOUT Recombinant Ribonuclease Inhibitor Thermo Fisher Scientific Cat#10777019

UTP [α-32P] PerkinElmer Cat#NEG507H250UC

CTP [α-32P] PerkinElmer Cat#BLU008H250UC

SDS, 10% solution Thermo Fisher Scientific Cat#AM9822

EDTA Thermo Fisher Scientific Cat#15575020

Deposited data

PIC1 structure This paper PDB: 7ML0

PIC2 structure This paper PDB: 7ML1

PIC3 structure This paper PDB: 7ML2

ITC structure This paper PDB: 7ML4

TFIIH weak binding state structure This paper PDB: 7ML3

Composite structure of EC+EC This paper PDB: 7MEI

Leading EC structure (focused refinement) This paper PDB: 7MKA

Trailing EC structure (focused refinement) This paper PDB: 7MK9

PIC1 cryo-EM composite map This paper EMD: 23904

PIC2 cryo-EM composite map This paper EMD: 23905

PIC3 cryo-EM composite map This paper EMD: 23906

ITC cryo-EM composite map This paper EMD: 23908

TFIIH weak binding state cryo-EM map (Focused refinement) This paper EMD: 23907

Composite cryo-EM Map of EC+EC This paper EMD: 23789

Leading EC cryo-EM Map This paper EMD: 23888

Trailing EC cryo-EM Map This paper EMD: 23887

Raw cryo-EM images This paper EMPIAR:10865

Experimental models: organisms/strains

S. cerevisiae: C-TAP TFB3 and tfb6Δ CB010 (MATα pep4::HIS3 
prb1::LEU2 prc1::HISG can1 ade2 trp1 ura3 his3 leu2–3,112 cir-o GAL+ 
RAF+ SUC+ tfb6::kanMX6 TFB3::TAP::Kl.TRP1)

Murakami et al. 2012 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

S. cerevisiae: C-TAP TFG2 CB010 (MATα pep4::HIS3 prb1::LEU2 
prc1::HISG can1 ade2 trp1 ura3 his3 leu2–3,112 cir-o GAL+ RAF+ SUC+ 
TFG2::TAP::Kl.TRP1)

Murakami et al. 2012 N/A

S. cerevisiae: C-TAP TFA2 CB010 (MATα pep4::HIS3 prb1::LEU2 
prc1::HISG can1 ade2 trp1 ura3 his3 leu2–3,112 cir-o GAL+ RAF+ SUC+ 
TFA2::TAP::Kl.TRP1)

Fazal et al. 2015 N/A

S. cerevisiae: C-TAP RPB3 CB010 (MATα pep4::HIS3 prb1::LEU2 
prc1::HISG can1 ade2 trp1 ura3 his3 leu2–3,112 cir-o GAL+ RAF+ SUC+ 
RPB3::TAP::Kl.TRP1)

Murakami et al. 2012 N/A

S. cerevisiae: C-TAP TFB4 and tfb6Δ CB010 (MATα pep4::HIS3 
prb1::LEU2 prc1::HISG can1 ade2 trp1 ura3 his3 leu2–3,112 cir-o GAL+ 
RAF+ SUC+ tfb6::kanMX6 TFB4::TAP::Kl.TRP1)

Murakami et al. 2012 N/A

S. cerevisiae: CKY2194 = MATa ura3-52 his3Δ200 leu2Δ0 or Δ1 trp1Δ63 
met15Δ0 lys2-128∂ tfb3Δ::hphMX RPB3::TAP::KlacTRP1 imd2Δ::HIS3 
[pCK1632 = pRSII316 TFB3 URA3 CEN ARS ampr]

This paper N/A

S. cerevisiae: CKY2196 = MATa ura3-52 his3Δ200 leu2Δ0 or Δ1 
trp1Δ63 met15Δ0 lys2-128∂ tfb3Δ::hphMX gal10Δ56 RPB3::TAP::KlacTRP1 
[pCK1632 = pRSII316 TFB3 URA3 CEN ARS ampr]

This paper N/A

Recombinant DNA

Plasmid: Full-length S.c TBP (pRSFDuet) Murakami et al. 2012 N/A

Plasmid: Full-length S.c Toa1 (pRSFDuet) Murakami et al. 2012 N/A

Plasmid: Full-length S.c Toa2 (pRSFDuet) Murakami et al. 2012 N/A

Plasmid: Full-length S.c Toa1-Toa2 (pET47b) Adachi et al. 2017 N/A

Plasmid: Full-length S.c TFIIB (pET28) Bratkowski et al. 2018 N/A

Plasmid: Full-length S.c Sub1 (pCold II) Fazal et al., 2015 N/A

Plasmid: SNR20 G-less 26 promoter fragment [−122/+97] Fujiwara et al. 2019 N/A

Plasmid: SNR20 G-less 49 promoter fragment [−122/+97] Fujiwara et al. 2019 N/A

Plasmid: S.c TFB3 expression vector pCK1664 = pRSII315 CEN ARS ampr 

LEU2 TFB3
This paper N/A

Plasmid: S.c tfb3 expression vector pCK2836 = pRSII315 CEN ARS ampr 

LEU2 tfb3 R64A
This paper N/A

Plasmid: S.c tfb3 expression vector pCK2826 = pRSII315 CEN ARS ampr 

LEU2 tfb3 R64D
This paper N/A

Plasmid: S.c tfb3 expression vector pCK2837 = pRSII315 CEN ARS ampr 

LEU2 tfb3 K65A
This paper N/A

Plasmid: S.c tfb3 expression vector pCK2827 = pRSII315 CEN ARS ampr 

LEU2 tfb3 K65R
This paper N/A

Plasmid: S.c tfb3 expression vector pCK2828 = pRSII315 CEN ARS ampr 

LEU2 tfb3 K65E
This paper N/A

Plasmid: S.c tfb3 expression vector pCK2838 = pRSII315 CEN ARS ampr 

LEU2 tfb3 R64A/K65A
This paper N/A

Oligonucleotides

Primer: SNR20 G-less 49 and G-less 26 Forward:5’-GCCGTTTCCGATGGG 
CCACTCGGTGAAAA-3’

This paper N/A

Primer: SNR20 G-less 49 and G-less 26 Reverse:5’-GGTAATGAGCCTCAT 
TGAGGTCATTTCAGTTGTTACA-3’

This paper N/A

Software and algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

Relion version 3.0/3.1 Zivanov et al. 2018 https://www3.mrc-
lmb.cam.ac.uk/relion//index.php/
Main_Page/; 
RRID:SCR_016274

cryoSPARC version 3.1 Punjani et al. 2017 https://cryosparc.com/; 
RRID:SCR_016501

UCSF Chimera Pettersen et al. 2004 https://www.cgl.ucsf.edu/
chimera/; RRID:SCR_004097

Phenix version 1.18.2 Adams et al. 2010 https://www.phenix-online.org/; 
RRID:SCR_014224

Coot version 0.8.9.2 Emsley et al., 2010 https://www2.mrc-
lmb.cam.ac.uk/personal/
pemsley/coot/; 
RRID:SCR_014222

Topaz Bepler et al., 2019 https://cb.csail.mit.edu/cb/topaz/
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