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SUMMARY

Transcription initiation requires opening of promoter
DNA in the RNA polymerase Il (Pol Il) pre-initiation
complex (PIC), but it remains unclear how this is
achieved. Here we report the cryo-electron micro-
scopic (cryo-EM) structure of a yeast PIC that con-
tains underwound, distorted promoter DNA in the
closed Pol Il cleft. The DNA duplex axis is offset at
the upstream edge of the initially melted DNA region
(IMR) where DNA opening begins. Unstable IMRs
are found in a subset of yeast promoters that we
show can still initiate transcription after depletion
of the transcription factor (TF) IIH (TFIIH) translo-
case Ssl2 (XPB in human) from the nucleus in vivo.
PIC-induced DNA distortions may thus prime the
IMR for melting and may explain how unstable
IMRs that are predicted in promoters of Pol | and
Pol Ill can open spontaneously. These results sug-
gest that DNA distortion in the polymerase cleft is
a general mechanism that contributes to promoter
opening.

INTRODUCTION

Transcription of a eukaryotic protein-coding gene starts with
assembly of the RNA polymerase Il (Pol Il) transcription initia-
tion machinery at the promoter (Grunberg and Hahn, 2013;
Nogales et al., 2017; Sainsbury et al., 2015). The basal tran-
scription factors (TFs) TBP (as part of TFIID), TFIIA, and TFIIB
first bind to promoter DNA upstream of the transcription start
site (TSS) and recruit the Pol II-TFIIF complex. TFIE binding
then leads to the core pre-initiation complex (cPIC) that associ-
ates with TFIIH to form the pre-initiation complex (PIC). Open-
ing of the initially melted DNA region (IMR) occurs ~20-30
base pairs (bp) downstream of the TATA box (Holstege et al.,
1997) and converts the closed complex (CC) to an open
complex (OC). RNA synthesis then leads to the initially tran-
scribing complex (ITC) and enables Pol Il to escape from the
promoter as an elongation complex (EC) (Martinez-Rucobo
and Cramer, 2013).

Human and yeast cPIC structures were determined in the form
of the CC, OC, and ITC (He et al., 2013, 2016; Murakami et al.,

2015; Plaschka et al., 2015, 2016). The OC and ITC structures
are very similar in the human and yeast systems with respect
to the position of DNA and TFs and show a closed active center
cleft with a closed clamp domain. By contrast, CC structures
exhibit differences in the human and yeast systems. In human
CCs, promoter DNA has been observed in an open cleft
(He et al., 2013, 2016), whereas a yeast CC structure showed
DNA located above the closed cleft (Plaschka et al., 2016). It
was suggested that cleft opening and DNA loading into the cleft
are stabilized by the formation of additional contacts between
TFIIE and the clamp (He et al., 2016; Plaschka et al., 2016).

Promoter DNA opening involves TFIIE and TFIIH. TFIIH con-
tains the ATP-dependent DNA translocase subunit Ssl2/XPB
(yeast/human). Ssl2/XPB is located ~60 bp downstream of
the TATA box and acts as a molecular wrench to rotate and
translocate downstream promoter DNA into the Pol Il cleft
(Fishburn et al., 2015; He et al., 2016; Schilbach et al., 2017).
TFIIE and TFIIH are generally recruited to Pol || promotersin vivo
(Rhee and Pugh, 2012), but TFIIE and the ATPase activity of
TFIIH are not required for transcription initiation either at certain
promoters (Goodrich and Tjian, 1994; Pan and Greenblatt,
1994; Plaschka et al., 2016) or on supercoiled DNA (Holstege
et al., 1995; Parvin and Sharp, 1993; Tyree et al., 1993). Indeed,
TFIIH-independent DNA opening was observed for the yeast
CC in vitro (Plaschka et al., 2016), and transcription can occur
in vivo upon depletion of XPB in human cells (Alekseev et al.,
2017). The mechanism for such ATP-independent promoter
opening, however, remains unclear.

Despite these recent advances in our understanding of pro-
moter opening in the Pol Il system, several questions remain.
First, what are the molecular changes during the CC-to-OC
transition that lead to promoter opening in a defined region
and formation of the IMR? Second, do TFlIH-dependent and
-independent DNA opening use the same molecular pathway?
Third, how do the mechanisms of DNA opening differ between
Pol Il and other eukaryotic transcription systems that do not
require ATP for DNA opening?

Here we address these questions using a combination of func-
tional and structural approaches. We report a previously unob-
served structure of a Pol Il PIC containing a distorted, closed
promoter DNA, which may represent an intermediate of initiation.
Although the heterogeneity of Pol Il promoters indicates that
several aspects of the mechanism of transcription initiation
may differ between genes, we suggest that coupled DNA distor-
tion and polymerase cleft closure could be a general feature of
the DNA opening mechanism.

Molecular Cell 73, 1-10, January 3, 2019 © 2018 Elsevier Inc. 1


mailto:patrick.cramer@mpibpc.mpg.de
https://doi.org/10.1016/j.molcel.2018.10.014

Cell’ress

doi.org/10.1016/j.molcel.2018.10.014

Please cite this article in press as: Dienemann et al., Promoter Distortion and Opening in the RNA Polymerase Il Cleft, Molecular Cell (2018), https://

A 6 1 Ssl2 nuclear depletion

4sU-seq change
after Ssl2 depletion (log2-fold)

responsive genes

-6 1
T T T
1 100 10000
Mean normalized sequencing reads
B
-5.64
>
2
(]
c
[0} -5.84
3 =
23
33
- < -6.0+ =
>
©
<
Z
@) -6.24 - :
initially melted region (IMR)
underwound region

T T T T 1
+10 +20 +30 +40 +50

Base pair downstream of TATA box

Figure 1. Ssl2 Dependence for Transcription Varies In Vivo

(A) Transcription of a subset of ~18% of protein-coding genes are not
significantly affected after nuclear depletion of the TFIIH translocase subunit
Ssl2. Points mark the log2-fold change of newly synthesized RNA upon Ssi2
nuclear depletion versus the normalized mean read count across replicates
(Anders and Huber, 2010). Genes that respond significantly to Ssl2 depletion
are shown in dark gray, non-responding genes without significantly altered
transcription in light gray.

(B) DNA duplex free energy of responding and non-responding genes from (A)
differs in the IMR of their promoters. The DNA duplex free energy (Santal.ucia,
1998) of the promoter region is shown for responsive (dark gray) and non-
responsive (light gray) TATA-containing genes. Sequences were aligned at the
TATA box, and base coordinates are given relative to the beginning of the
TATA box. Confidence intervals are shown as areas around the traces.

RESULTS

TFIIH Translocase Dependence for Transcription Varies
In Vivo

Our previous results obtained with the yeast system in vitro
(Plaschka et al., 2016) suggested that the TFIIH translocase sub-
unit Ssl2 (human XPB) is not strictly required to open promoter
DNA and to initiate transcription, but this was not tested in vivo.
To investigate the genome-wide dependence of transcription

2 Molecular Cell 73, 1-10, January 3, 2019

initiation on Ssl2, we transiently depleted Ssl2 from the yeast
nucleus using the anchor-away technique (Haruki et al., 2008).
We verified by western blotting that nuclear Ssl2 protein levels
are strongly reduced after depletion (Figure S1A). Although
in vitro reconstitution shows that the core of TFIIH is stable in
the absence of Ssl2 (Figure S1B), we cannot exclude that other
TFIIH subunits are depleted together with Ssl2. We further
showed by chromatin immunoprecipitation that Ssl2 occupancy
at genes is almost entirely lost under depletion conditions
(Figure S1C). We then monitored newly synthesized RNA by
4-thiouracil sequencing (4sU-seq) (Schulz et al., 2013) and
analyzed spike-in normalized sequencing reads for differential
expression (STAR Methods).

We obtained groups of responsive and non-responsive genes
(Figure 1A). The majority of genes responded to the nuclear
depletion of Ssl2, confirming the importance of Ssl2 for tran-
scription in vivo. However, RNA synthesis from 18% of genes
was not significantly altered upon Ssl2 depletion, indicating
that a fraction of yeast promoters may be opened in the absence
of Ssl2. This fraction was enriched for genes involved in ribo-
some biogenesis, which clearly depend less on Ssl2 (Fig-
ure S1D). This group of genes is essential for cell growth and
transcribes at high levels when nutrients are available. Respon-
sive and non-responsive genes were indistinguishable with
respect to the presence of a TATA box element in their pro-
moters, suggesting that DNA opening is independent of the
TATA box. These results show that the dependence of transcrip-
tion on the TFIIH translocase varies between genes and indicate
that spontaneous DNA opening may occur for a fraction of yeast
Pol Il promoters in vivo.

Translocase Dependence Correlates with Promoter
Stability

The observation that a fraction of genes can be transcribed after
depletion of the translocase Ssl2 in vivo suggests that the melt-
ability of the corresponding promoters is higher. To find possible
determinants of promoter meltability, we analyzed IMRs in
promoters of two groups of genes that were either or were not
responding to Ssl2 depletion. Neither of the two gene groups
showed a bias in base pair composition (Figure S1E). However,
when calculating the free energy of the DNA duplex by the near-
est-neighbor method (Santalucia, 1998), we found that genes
that were not responding to Ssl2 depletion contained less-stable
DNA duplexes between positions +15 and +30 downstream of
the TATA box (Figure 1B). Although the average difference was
not very pronounced, the difference can be as large as 2.5 kJ/mol
when individual promoters are compared. These results indicate
that lower DNA duplex stability within the IMR leads to a higher
promoter meltability and can compromise or circumvent a Ssl2
dependence for transcription in vivo.

Genes that did not respond to Ssl2 depletion included HIS4
(Figure 1A), suggesting that the HIS4 promoter can melt easily.
This explained why we obtained OCs in our previous structural
studies of PICs with HIS4 promoter DNA, although closed DNA
was used and TFIIH and ATP were absent in these experiments
(Plaschka et al., 2016). In search for a promoter that would melt
less easily, we picked from our in vivo data the GAT1 promoter.
GAT1 belongs to the genes that strongly respond to Ssl2
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Figure 2. Promoter Opening Depends on the
Initially Melted Region

A _TATA Box_ IMR
HIS4 CTCTATATAATAGCTATCECGAACGCTTCCGATTCACCTCCCATETETEITGE
GAT1  ACATATATATAGGTGTGTGCCACTCCCGGCCACGGTATTAGCATGCAC

GAT1mut ACATATATATAGGTGT GTGCCACTTCCATTCI}CGGTATTAGCAT GCAC

(A) Promoter DNA scaffolds used in DNA opening
assays. The sequence of the non-template strand is
shown aligned at the TATA box. The DNA-duplex
free energy (SantalLucia, 1998) of each scaffold is

+40 shown below. The position of the 2-aminopurine

(2-AP) label is marked with an asterisk. Bases of the
GAT1 promoter that are mutated in GATTmut are
highlighted.

(B) The HIS4 promoter but not the GAT1 promoter
shows OC formation in vitro under conditions of our
assay. Melting of the GAT1 promoter is achieved
after its sequence was changed in the IMR to
resemble the HIS4 promoter (GAT1mut). Bar plots
show the fluorescence increase normalized to the
DNA only reaction. Data are shown as mean + SEM.

which only requires counterparts of TBP
and TFIIB for initiation (Spitalny and
Thomm, 2003). The long incubation times
required to observe DNA opening are
likely due to our use of a minimal in vitro
system and incubation at room tempera-
ture. Although in these assays we cannot
exclude a contribution of protein binding
to the measured signals, the results reveal
a difference in meltability between IMR
sequences.

To confirm that the observed differences

in promoter meltability stem from differ-
ences in the sequence of their IMRs, we
mutated the IMR in the GAT71 promoter.
We changed positions +21, +24, +25,
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depletion (Figure 1A), and its IMR is predicted to be much more
stable than the IMR in the HIS4 promoter (Figure 2A).

Promoter Stability Defines DNA Meltability

We then tested the meltability of the HIS4 and GAT1 promoters in
a reconstituted, TFIIH-free in vitro system (Figure 2). To monitor
DNA opening, we incorporated 2-aminopurine (2-AP) in the IMR
at the base pair located +28 positions downstream of TATA and
measured the increase in fluorescence upon single-strand for-
mation (Kashkina et al., 2007). In the presence of only DNA,
TBP, and TFIIB, the fluorescence signal did not change after
90 min of incubation, providing a negative control (Figure 2B).
When Pol Il was added, DNA opening was detected for the
HIS4 promoter, but not for the GAT7 promoter (Figure 2B),
consistent with our in vivo data. Promoter DNA melting could
be observed across the entire IMR, and the signal corresponds
to ~40% OC formation when compared with a control DNA
that contained a mismatched region (Figures S2A and S2B).
The GAT1 promoter showed DNA opening only after 22 hr of in-
cubation (Figure S2C). Opening required TBP and TFIIB, but not
TFIIE and TFIIF, resembling the archaeal transcription system,

and +26 downstream of TATA, resulting
inamutant GAT1 promoter, GAT1mut (Fig-
ure 2A). Indeed, GAT1mut DNA opened
within 90 min, like the HIS4 promoter (Figure 2B). In agreement
with this, the DNA duplex free energy of the GAT1mut promoter
IMR is very similar to that of the HIS4 promoter (Figure 2A).
Thus, the sequence and the DNA duplex stability of the IMR
influences OC formation in vitro. This is in agreement with our
finding that an unstable IMR correlates with Ssl2 dependence
in vivo. Thus, the stability of the IMR defines promoter meltability
in this system.

Cryo-EM Reveals Distinct Closed Complex Structures

Based on these results, we used GAT1 promoter DNA to form a
more stable yeast CC in vitro. We prepared core PICs with GAT1
promoter DNA, TBP, TFIIB, TFIIE, TFIIF, and Pol Il for cryo-EM
analysis and collected ~3,800 micrograph images on a Titan
Krios with a Gatan K2 direct electron detector in EFTEM mode
(Figure S3A; Table 1). The initially picked set of particles was
cleaned by 2D classification (Figure S3B). The remaining
385,000 particle images were classified in 3D, applying a mask
around the IMR of promoter DNA. This led to 24% CC and
76% OC particles (Figure S3C). Thus, spontaneous DNA open-
ing still occurred during sample preparation but was reduced
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Table 1. Data Collection and Processing Statistics

cCC1 cCcost ccost
Data Collection
Acc. Voltage (kV) 300 300 3007
Detector K2 Summit K2 Summit K2 Summit

(GIF) (GIF) (GIF)?
Electron dose (/A3 37 37 422
Defocus range (um) -0.8to —-3.0 —-0.8t0 —-3.0 —0.5to0 —5.0%
Magnification (x) 130 000 130 000 105 000
Pixel size (A/px) 1.07 1.07 1.372
Particles 39 000 38 000 60 000%
Symmetry imposed C1 C1 c1®
Reconstruction
Map overall resolution 5.1 4.8 6.7
Map sharpening —100 —100 —100
B-factor (A2)
FSC threshold 0.143 0.143 0.143
Model Composition
Non-hydrogen atoms 40,627 43,398 63,013
Protein residues 4,953 5,362 8,338
DNA bases 112 112 150
Ligand atoms 10 11 18
Model Calidation
MolProbity score 1.94 1.95 1.96
Clash score 9.12 9.22 9.18
Rotamer outliers (%) 0.1 0.1 0.3
CB-deviations 0 0 0
Ramachandran 92.9 92.8 92.4
Favored (%)
Ramachandran 8.0 6.2 6.4
Allowed (%)
Ramachandran 0.9 1.0 1.2

Disallowed (%)
2Values from Schilbach et al., 2017

when compared with our previous study due to the use of the
GAT1 DNA that is more difficult to melt than the previously
used HIS4 DNA (Plaschka et al., 2016).

As a result, we obtained enough yeast CC particles for struc-
ture determination at higher resolution than previously possible
(Plaschka et al., 2016). Classification of particles revealed two
different structures of the core CC (cCC) (Figures S3C and
S3D). Reconstructions were obtained at nominal resolutions of
5.1 A and 4.8 A with a well-resolved core and lower resolution
at the periphery of the complex (Figure S3D). Structures were
built based on our previous PIC structures (Plaschka et al.,
2016; Schilbach et al., 2017) and refined in real space to yield
good stereochemistry (STAR Methods).

The two cCC structures differed in the position of closed pro-
moter DNA (Figure 3; Video S1). The first structure (cCC1) con-
tained canonical B-DNA along the upper Pol Il cleft (Figure 3A).
This structure resembles the previously reported yeast cCC
(Plaschka et al., 2016) and lacks TFIIE and the Tfg2 WH domain
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(Figure S3D), which also showed weak density in the previous
structure. In the second structure, we observed a region of pro-
moter DNA that deviated substantially from B-DNA (Figures 3B
and S3E), and we therefore called it distorted cCC (cCC®*sY).
This structure revealed all components of the cPIC including
TFIIE and the Tfg2 WH domain (Figure 3B). In both structures,
the clamp is closed and the TFIIB B-linker is ordered (Figure S4).
Thus, asingle CC preparation gave rise to two different CC struc-
tures and the OC, indicating that the CC is dynamic and can be
converted to the OC, and suggesting that the CC structures may
correspond to intermediates on the path from the CC to the OC.

Distorted DNA in the Closed Pol Il Cleft

The cCCYs! structure represents a previously unobserved
conformation that may correspond to an initiation intermediate.
In this structure, promoter DNA is loaded ~7 A deeper into the
cleft compared to cCC1 (Figure 4; Table S1). We observe an
offset of the DNA helical axis by ~5 A around base pair +20
downstream of the TATA box (Figure 4B), which corresponds
to the position of the upstream edge of the IMR (Giardina and
Lis, 1993). The DNA distortion is required for the clamp and cleft
to be closed as observed here. Modeling shows that straight
B-form DNA results in a clash with the clamp when the cleft is
closed (Figure 3C). Consistent with this, a human CC structure
with straight, undistorted DNA showed an open clamp and cleft
(He et al., 2013, 2016) (Table S1).

The DNA distortion also includes an underwinding of base
pairs between positions +10 and +20 downstream of TATA (Fig-
ure 4GC; Video S1). DNA underwinding in this region is released in
an OC (Figures 4B and 4C), suggesting that DNA is strained in
cCC¥st and that release of this strain facilitates DNA opening
and the transition to the OC. The distorted, underwound DNA
region interacts with the Tfg2 WH domain and the TFIIE
extended winged helix (€WH) domain (Figure 3D), which may
stabilize distorted DNA in the cleft. A hairpin protruding from
the TFIIE eWH domain, the E-wing, binds above the distorted
DNA ~23 bp downstream of the TATA box.

Complete PIC Structure with Distorted DNA

To investigate whether the observed DNA distortions also occur
in the presence of TFIIH, we further solved the structure of the
CC in the presence of TFIIH. We re-classified particles from a
large dataset of yeast PICs comprising TFIIH and HIS4 promoter
DNA (Schilbach et al., 2017). Although this dataset contains
mainly OCs, we could obtain 142,000 PIC particles with closed
DNA (Figure S5A). A complete PIC structure with closed DNA
could be refined from a subset of 60,000 particles to a nominal
resolution of 6.7 A (Figure 5 and Figure S5B; Table 1). In this
structure, the distorted DNA region is observed at a local resolu-
tion of ~5 A (Figure S5C), and this was sufficient to define its
conformation.

The structure revealed the same DNA distortion that we
observed in cCC¥!, and we therefore refer to it as CCY'*! (Fig-
ure 5). Despite the different promoter sequence, the DNA is
again underwound in the region spanning from +10 to +20
downstream of TATA, and we again observe an offset in the
helical axis around +20 downstream of TATA. Because these
DNA distortions were not altered in the presence of TFIIH,
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they are apparently induced and stabilized by components of
the cPIC, in particular the Pol Il clamp, TFIIE, and TFIIF (Fig-
ure 3D). Closed promoter DNA has been observed in a similar
location within the yeast PIC before (Murakami et al., 2015),
but at the available resolution the DNA distortion was not de-
tected at that time.

In CC¥*! we observe an additional ~20° bend of the DNA
helical axis around position +33 downstream of TATA (Fig-
ure 5C) that is not present in the cCC¥*! and thus apparently
induced by the presence of TFIIH. The region where this addi-
tional bend occurs corresponds to the nearest downstream
site  where transcription initiation may occur, because
30-35 nucleotides of DNA are required to reach from the up-
stream end of TATA to the active site of Pol Il in an OC (Kos-
trewa et al., 2009). The DNA bend at +33 from TATA and the
DNA axis offset at +20 from TATA delimit a DNA region of
~13 bp that corresponds to the IMR in the OC (Figure 5C). It
is known that the DNA duplex is weakened by DNA under-
winding (Kannan et al., 2006) and DNA bending (Ramstein
and Lavery, 1988). We thus conclude that the IMR is structur-
ally pre-defined by two flanking DNA distortions in the com-
plete PIC CCY*! intermediate.

Promoters of Pol | and Pol lll Contain Unstable IMRs
The lack of Ssl2 dependence at a subset of Pol || promoters
resembles the situation during transcription initiation by Pol |

Figure 3. Cryo-EM Structures of Core Closed
Complexes

(A) Structure of Pol Il core closed complex cCC1.
Proteins are shown in cartoon representation and
transcription factors are colored according to their
subunits. Pol Il is shown in gray, the non-template
strand in light cyan and the template strand in blue.
(B) Structure of Pol Il core closed complex (cCC)
cCC¥st, Coloring as in (A).

(C) The closed clamp in cCC¥st would clash with
undistorted, straight B-DNA. The Pol Il clamp and
TFIIE are shown as transparent surface with cartoon
inside. Other protein components were omitted for
clarity. Straight B-DNA was extended from the yeast
cOC structure (PDB: 5fyw). The DNA helical axis of
the OC DNA used as start for B-DNA modeling is
shown as blue cylinder.

(D) The Tfg2 WH and TFIIE lock the DNA at the site of
DNA distortion. The Pol Il clamp, TFIIE, and Tfg2 WH
are shown in transparent surface representation
with cartoon inside. Other proteins have been
omitted for clarity. DNA helical axis is indicated as
blue cylinders.

and Pol lll, which do not require a trans-
locase. Whereas Pol | uses unique initia-
tion factors, the Pol Il initiation machin-
ery is closely related to that of Pol Il
(Vannini and Cramer, 2012). To investi-
gate whether Pol Il genes may also
show enhanced meltability in their IMR,
we calculated the average DNA duplex
free energy (Santalucia, 1998) of all
yeast tRNA genes aligned at their TSS. Indeed, the IMR up-
stream of the TSS shows a weaker DNA duplex than the re-
gion downstream of the TSS (Figure 6). This indicates that
Pol 1lI promoters have a less stable IMR, explaining why
they are prone to opening easily.

Pol | promoters were also suggested to be prone to DNA
melting in their IMR (Engel et al., 2017). We therefore calculated
the average DNA duplex free energy of Pol | promoters from
eight different species (Moss et al., 2007) aligned at their
TSS. Stability of these promoters was significantly lower in
the region upstream and around the TSS (Figure 6). Thus,
IMRs in Pol | promoters also show lower stability and thus
greater meltability, similar to Pol lll promoters and Pol Il pro-
moters that do not respond to Ssl2 depletion. These findings
suggest that the strategy for DNA opening by Pol Il shows sim-
ilarities to the DNA opening mechanisms employed by the Pol |
and Pol Il machineries.

DISCUSSION

Closed Promoter Complex with Distorted DNA May
Represent an Initiation Intermediate

Here we describe the structures of Pol Il transcription initiation
complexes CC1 and CC®st that both contain closed promoter
DNA but in different conformations (Video S1). Whereas CC1 re-
sembles known structures of the yeast CC (Plaschka et al.,
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Figure 4. Distortion of Promoter DNA

(A) Promoter DNA is loaded 7 A deeper into the Pol Il
cleft in the cCCYs! structure compared with cCC1.
The template and non-template strands are in blue
and cyan, respectively.

(B) Distortion of promoter DNA in cCC¥St. The
helical DNA axis was calculated by w3DNA
(Zheng et al., 2009) and is indicated by blue cyl-
inders. OC DNA (PDB: 5fyw) is shown in red. OC
and cCC¥*t were superimposed with their TATA
boxes. The sequence register relative to the up-
stream end of the TATA box is indicated for DNA
in cCccYst,

(C) The DNA region around the upstream edge of
the IMR is underwound in cCC®!. The DNA he-
lical twist per base pair step as calculated with
W3DNA (Zheng et al., 2009) is shown for OC (red)
and cCC! (cyan/blue) structures. The average
helical twist for canonical B-DNA (36°) is indi-
cated with a dotted gray line. Values were
calculated as average on a running window of
three base pairs.

may now occur. We show that the degree
of dependence on TFIIH for DNA opening
varies for different promoters, but since
some Ssl2 remains in the depleted nuclei,
we cannot entirely exclude the possibility

(downstream
of TATA)

OC DNA

36°
cCC*™ DNA

Helical twist
per bp step

32°

underwound region

that low levels of Ssl2 still support tran-
scription in vivo. When the IMR is stable,
which is usually the case for Pol Il pro-
moters, TFIIH is required and uses its
ATP-dependent translocase activity in
subunit Ssl2 (human XPB) to further
underwind and open DNA, leading to the
OC. When the IMR is unstable, DNA

+1I0 +éO

2016), CC¥*! represents a new conformation and was observed
both in the absence and in the presence of TFIIH. CC¥*t contains
distorted promoter DNA in a closed Pol Il cleft. This structure
likely represents an intermediate of transcription initiation that
has not been observed before and that reflects the state of the
PIC just before DNA opening and conversion to the OC. In
contrast, the previously reported human CC structures (He
et al., 2013, 2016) show an open clamp and contain canonical
B-form DNA, indicating that they represent a CC state that is
readily interchangeable with CC1, and therefore it may be
referred to as CC2.

Together with the obtained functional data, these structures
suggest an extended model for promoter opening and tran-
scription initiation (Figure 7). In the PIC, promoter DNA is first
positioned above the Pol Il cleft (CC1). Cleft opening then
allows for DNA swinging into the cleft (CC2). Clamp closure is
coupled to DNA distortion and underwinding in the cleft
(CCY"Y. In CC'™t, the IMR is pre-defined, and DNA opening

6 Molecular Cell 73, 1-10, January 3, 2019

+30
Base pair downstream of TATA box

distortion and underwinding alone are
sufficient to promote DNA opening, ex-
plaining why some genes may be tran-
scribed without TFIIH translocase activity.
In both cases, the DNA template strand
gets loaded into the cleft and DNA interacts more extensively
with Pol Il, and this stabilizes the OC and prevents re-annealing
of the DNA strands.

DNA Distortion and Initial Opening

Our results suggest that promoter opening may spontane-
ously nucleate at the upstream edge of the IMR in the under-
wound DNA region in CC¥t, Supporting this, TFIIH activity is
required only for opening of the downstream part of the IMR
(Holstege et al., 1996). The CC®! structure also indicates
why DNA opening propagates downstream, but not upstream,
from the initial point of opening. Interactions of the upstream
DNA duplex with the Tfg2 WH and TFIIE eWH domains
are formed in CC¥*' and may prevent propagation of the
initial DNA bubble upstream toward the TATA box. However,
the strain introduced by TFIIH translocase activity can be
released when the bubble is extended downstream toward
the TSS.
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side view

Tfg2 WH
TBP

TFIIH

Tfa1

top view

Figure 5. PIC Structure with Closed, Distorted DNA

u pstréam DNA

TFIIH

Tfa1
+20 helical +33 down- °
axis offset stream bend

underwound MR

region

First possible
TSS

Pol Il

(A) Structure of Pol Il PIC including TFIIH in the CC¥S! state. The structure is shown in side view and colored according to Figure 3A with TFIIH in pale pink.
(B) DNA helical axis offset. Close-up view of CC¥s* promoter DNA with the DNA helical axis indicated as blue cylinders. Proteins around the DNA are shown in

transparent cartoon.

(C) The presence of TFIIH induces a 20° bend at the downstream edge of the IMR.

The energetic cost for distorting DNA in CC%! is apparently
compensated by a gain of binding energy; otherwise, we could
not have trapped CC* in vitro. Conversion of CC1 to CCY*st
may yield additional binding energy because the TFIIE eWH
domain and the Tfg2 WH domain form contacts above the cleft.
In addition, the B-linker element in TFIIB likely stabilizes ccast
because we observe good density for it (Figure S4). The B-linker
may help to keep the clamp in a closed state. The B-linker is
also known to be involved in promoter opening in the homologous
archaeal system, and its mutation induces a growth phenotype in
yeast (Kostrewa et al., 2009). In contrast, CC2 (He et al., 2013,
2016) shows a mobile B-linker and undistorted DNA that would
clash with amodeled B-linker. Thus, a transition from CC2 to CC¥*t
involves clamp closure, DNA distortion, and B-linker ordering.

General Features of Transcription Initiation
Our results also provide insights into the evolution of the three
eukaryotic transcription machineries and help explain why the

two other nuclear RNA polymerases, Pol | and Pol lll, require
neither energy from ATP hydrolysis nor a TFIIH-like factor for
DNA opening. Recent studies on Pol Il transcription initiation
complexes revealed a very similar path of promoter DNA and
equivalent structural elements for most of the basal Pol Il TFs
(Abascal-Palacios et al., 2018; Vorlander et al., 2018). Two
CCs were resolved with promoter DNA along the closed cleft
of Pol Ill (Vorlander et al., 2018) that correspond to the Pol Il
cCC1. It was proposed that opening of the Pol Ill clamp allows
promoter DNA to enter the cleft and that clamp closure leads
to DNA opening (Vorlander et al., 2018), also consistent with
the Pol Il DNA opening mechanism.

For Pol |, structural studies of initiation complexes showed that
promoter DNA is positioned further inside the cleft compared to
the Pol Il and Pol lll systems (Engel et al., 2017; Han et al., 2017;
Sadian et al., 2017). Promoter DNA was observed running into
the cleft directly over the Pol | wall, rather than being held well
above the wall as in the Pol Il and Pol Ill systems. A Pol | CC
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(RNA)
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Figure 6. IMRs of Pol | and Pol lll Promoters Are Unstable

DNA duplex free energy calculated based on nearest-neighbor thermody-
namics (Santalucia, 1998) for Pol | (dashed) and Pol Il (dotted) promoters.
Sequences were aligned at the gene TSS. Free energy was calculated for the
first base pair of the central dinucleotide of an eight base pairs running window
for more stable estimates.

was not resolved, but modeling suggested that DNA loading into
the cleft and subsequent promoter opening require clamp
opening and closing, respectively (Engel et al., 2017), strongly
suggesting a similar overall mechanism to what we describe
here for Pol Il. Thus, despite the differences between the
three eukaryotic nuclear transcription machineries, features of
all three systems include DNA loading, distortion and opening
in the cleft, and the necessity of opening and closing of
the clamp.

Whereas Pol | and Pol Ill promoters apparently open easily,
most Pol Il promoters have evolved to contain stable IMRs.
This may have rendered them TFIIH dependent and more reg-
ulatable during evolution. In addition, DNA opening may be
facilitated in the Pol | and Pol Ill systems because DNA is
more extensively bound by the PICs of Pol | and Pol lll and is
loaded more deeply into the cleft when compared to Pol I
(Table S1). This may allow for tighter DNA binding and more
severe DNA distortions during the conversion to a CC¥! inter-
mediate. As a result, the efficiency of the transition from CCst
to OC would be higher and DNA opening would be easier in the
Pol | and Pol Il systems. A lower stability of CC¥* may explain
why this structure could thus far not be trapped for Pol | and
Pol Ill.

The archaeal initiation system is highly homologous to a min-
imal Pol Il system, and changes of the clamp state have been
observed during promoter opening (Schulz et al., 2016). The
initiation mechanism differs for bacterial RNA polymerase. In
bacterial CC structures, promoter DNA resides further above
the cleft and is contacted only by the accessory sigma factors
(Glyde et al., 2017; Murakami et al., 2002). Promoter opening is
initiated by the factor sigma-70 in the upper region of the active
center cleft by trapping of bases that are flipped-out (Feklistov
and Darst, 2011). Structural studies of bacterial RNAP with
sigma-54 revealed that DNA opening and cleft loading are
coupled and involve DNA distortion (Glyde et al., 2018). DNA
bubble extension and DNA loading into the bacterial RNAP
active center cleft are known to require clamp opening and
closing (Chakraborty et al., 2012; Feklistov and Darst, 2011).
Based on these conceptual similarities with our observations
in the eukaryotic system, we suggest that the coupling of clamp
closure to DNA distortion in the cleft is a universal feature of
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CC1 == CC2
DNA distortion

CC

promoter
opening
(+/- TFIIH)
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initial
RNA synthesis

ITC
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escape

EC

Figure 7. General Model of Transcription Initiation
Proposed interconversion of initiation complex intermediates during DNA
opening and the initiation-elongation transition. Compare text for details.

transcription initiation that facilitates DNA opening by multi-
subunit RNA polymerases, although promoter-specific varia-
tions likely occur.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-Ssl2 Warfield et al., 2016 3079

H3-pan monoclonal antibody HRP conjugate

Abcam

ab21054, RRID: AB_880437

Bacterial and Virus Strains

E.coli BL21 CodonPlus (DE3) RIL Agilent Cat#230245
Chemicals, Peptides, and Recombinant Proteins

S. cerevisiae RNA polymerase |l Sydow et al., 2009 N/A

S. cerevisiae TBP Plaschka et al., 2016 N/A

S. cerevisiae TFIIAd95 Plaschka et al., 2016 N/A

S. cerevisiae TFIIB Sainsbury et al., 2013 N/A

S. cerevisiae TFIIF Plaschka et al., 2016 N/A

S. cerevisiae TFIIE Plaschka et al., 2016 N/A

S. cerevisiae core Mediator Plaschka et al., 2016 N/A
Glutaraldehyde 25% EMS Cat#16200
4-thiouracil Sigma Cat#440736
Rapamycin Enzo Cat#BML-A275
Critical Commercial Assays

Yeast Nuclei extraction kit BioVision K289
Deposited Data

Yeast core CC1 structure This work PDB: 6GYK
Yeast core CCY! structure This work PDB: 6GYL
Yeast CC®*" structure This work PDB: 6GYM
coreCC1 map This work EMD: 0090
coreCCYSt map This work EMD: 0091
ccYst map This work EMD:0092
4tU-sequencing data with and without Ssl2 depletion This work GEO: GSE111777

Experimental Models: Organisms/Strains

S. cerevisiae Y40343 Haruki et al., 2008 Euroscarf Y40343
S. cerevisiae Y40343 Ssl2-FRB This work N/A
Oligonucleotides

HIS4-nt 5’-GCA CGC TGT GTA TAT AAT AGC TAT GGA ACG TTC GAT This work IDT
TC(2-AP) CCT CCG ATG TGT GTT GTA CAT ACA TAA AAA TAT CA-3’

HIS4-t 5’-TGA TAT TTT TAT GTA TGT ACA ACA CAC ATC GGA GGT This work IDT
GAA TCG AAC GTT CCA TAG CTA TTA TAT ACA CAG CGT GC-3’

GAT1-nt 5’- CCC AGC CAC ATA TAT ATA GGT GTG TGC CAC TCC CGG This work IDT
CC(2-AP) CGG TAT TAG CAT GCA CGT TTT CTT TCC TTT GCT TTT-3’

GAT1-t 5’- AAA AGC AAA GGA AAG AAA ACG TGC ATG CTA ATA CCG This work IDT
TGG CCG GGA GTG GCA CAC ACC TAT ATA TAT GTG GCT GGG-3’

HIS4-mm-t 5’-TGA TAT TTT TAT GTA TGT ACA ACA CAC ATC GCT TAG This work IDT
AGG CTC TGC GTT CCA TAG CTA TTA TAT ACA CAG CGT GC-%

HIS4-nt+17 5’-GCA CGC TGT GTA TAT AAT AGC TAT GGA (2-AP)CG TTC This work IDT
GAT TCA CCT CCG ATG TGT GTT GTA CAT ACA TAA AAA TAT CA-3’

HIS4-nt+31 5’-GCA CGC TGT GTA TAT AAT AGC TAT GGA ACG TTC GAT This work IDT

TCA CC(2-AP) CCG ATG TGT GTT GTA CAT ACA TAA AAA TAT CA-3’

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

POPINE-TBP Plaschka et al., 2016 N/A
pOPINE-TFIIAd95 Plaschka et al., 2016 N/A
PAHS3C-TFIIF Plaschka et al., 2016 N/A
pOPINE-TFIIB Sainsbury et al., 2013 N/A
pET21-TFIIE Plaschka et al., 2016 N/A
pETduet-Med17-Med22/11-Med6-Med8/20/18 Plaschka et al., 2016 N/A
pET28b-Med19-Med14 Plaschka et al., 2016 N/A
pCDFDuet-Med31-Med10-Med7-Med21 Plaschka et al., 2016 N/A
pCP99-Med1/4/9 Plaschka et al., 2016 N/A

Software and Algorithms

Relion 1.4 Scheres et al., 2012 RRID: SCR_016274
PHENIX suite Adams et al., 2010 RRID: SCR_014224
COOT v0.8.3 Emsley et al., 2010 RRID: SCR_014222
Other

Titan Krios G2 FEI/Thermo Fischer N/A

BioQuantum Imaging Filter Gatan N/A

K2 Summit Direct Electron Detector Gatan N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Patrick
Cramer (patrick.cramer@mpibpc.mpg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For recombinant expression the Escherichia coli strain BL21CodonPlus (DE3) RIL (Agilent) (Merck Millipore) was used. Cells were
grown at 37°C as described in the STAR Methods Details section. In vivo yeast experiments were done using an Ssl2-anchor
away strain based on Y40343 (Haruki et al., 2008).

METHOD DETAILS

Ssl2 nuclear depletion and 4sU-sequencing

The Ssl2 anchor away yeast strain was created from the rapamycin-resistant strain Y40343 (Haruki et al., 2008) by homologous
recombination after PCR-amplifying a SsI2-FRB-KanMX6 fragment with gene-specific primers. Clones were selected on G418 plates
and confirmed by colony-PCR and sequencing. The Ssl2 anchor away strain shows a strong growth phenotype under depletion
conditions (Figure S1F). The anchor away was additionally validated by anti-FRB chromatin immunoprecipitation (ChIP) and
qPCR with primers against specific gene promoter regions (Baejen et al., 2017). Before metabolic 4sU-sequencing (4sU-seq),
Ssl2 depletion was induced at OD 0.6 by the addition of 1 ng/ml rapamycin for 60 minutes. Both anchor away and 4sU-seq, RNA
extraction and library preparation were performed as described (Schulz et al., 2013).

Nuclei isolation and western blotting

Yeast cells were grown to OD 0.6 under the same conditions as for 4sU sequencing, treated with 1 ug/ml rapamycin or DMSO as
control and harvested after 60 minutes. Nuclei were purified from rapamycin treated and untreated samples using a Yeast Nuclei
Isolation kit (BioVision). Purified nuclei were run on SDS-PAGE and blotted onto a PVDF-membrane. Ssl2 was detected using a
polyclonal rabbit antibody against yeast Ssl2 (Warfield et al., 2016). H3 was used as loading control and detected by HRP-conjugated
by an H3pan antibody (Abcam).

Bioinformatics data analysis

Data analysis was performed as described (Schulz et al., 2013), with modifications. Briefly, paired-end 50 bp reads with additional
6 bp of barcodes were obtained for labeled RNA. Reads were demultiplexed and aligned to the S. cerevisiae genome (sacCer3,
version 64.2.1) using STAR (version 2.3.0) (Dobin et al., 2013). SAMTools was used to quality filter SAM files (Li et al., 2009).
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Alignments with MAPQ smaller than 7 (-q 7) were skipped and only proper pairs (-f2) were selected. Further processing of the
4sU-seq data was carried out using R/Bioconductor. We used a spike-in (RNAs) normalization strategy essentially as described
(Schwalb et al., 2016) to allow observation of global shifts and antisense bias determination (ratio of spurious reads originating
from the opposite strand introduced by the RT reactions). Read counts for all features were calculated using HTSeq (Anders
etal., 2015) and corrected for antisense bias using antisense bias ratios calculated as described (Schwalb et al., 2016). Gene expres-
sion fold changes upon rapamycin treatment were calculated using DESeqg2 (Love et al., 2014). Differentially expressed genes
were identified using a fold change of at least 1.5 and an adjusted P value of maximal 0.1. Gene-wise DNA duplex free energies
were calculated over a window of 8 nucleotides based on nearest-neighbor thermodynamics (SantalLucia, 1998).

DNA opening assay

S. cerevisiae Pol ll, TFIIB, TFIIF, TFIIE were purified as described (Plaschka et al., 2016; Schilbach et al., 2017). 2-amino purine (2-AP)-
labeled promoter DNAs were synthesized (IDT) and reannealed on a slow temperature gradient from 95-20°C. HIS4 scaffolds were
based on the native sequence with A+27 replaced by 2-AP (non-template: 5'-GCA CGC TGT GTA TAT AAT AGC TAT GGAACG TTC
GAT TCA* CCT CCG ATG TGT GTT GTA CAT ACATAA AAATAT CA-3' and template: 5'-TGA TAT TTT TAT GTATGT ACA ACA CAC
ATC GGA GGT GAA TCG AAC GTT CCA TAG CTA TTA TAT ACA CAG CGT GC-3'). Base pair +27 of the native GAT1 promoter
sequence was mutated from C:G to 2-AP:T for label incorporation (non-template: 5'-CCC AGC CAC ATA TAT ATA GGT GTG
TGC CAC TCC CGG CCA* CGG TAT TAG CAT GCA CGT TTT CTT TCC TTT GCT TTT-3 and template: 5'-AAA AGC AAA GGA
AAG AAA ACG TGC ATG CTA ATA CCG TGG CCG GGA GTG GCA CAC ACC TAT ATATAT GTG GCT GGG-3'). The miss-mathced
DNA control was done using the +27 2-AP labeled HIS4 non-template strand and a miss-matched template strand (5'-TGA TAT TTT
TAT GTA TGT ACA ACA CAC ATC GCT TAG AGG CTC TGC GTT CCA TAG CTATTA TAT ACA CAG CGT GC-3'). Positional exper-
iments with 2-AP labels at +17 and +31 were done used differently labels non-template strands with complementary template strands
(5'-GCA CGC TGT GTA TAT AAT AGC TAT GGA A*CG TTC GAT TCA CCT CCG ATG TGT GTT GTA CAT ACA TAA AAA TAT CA-3'
and 5-GCACGC TGT GTATAT AATAGC TAT GGAACG TTC GAT TCACCA* CCGATGTGT GTT GTACAT ACATAA AAATAT CA-3').
25 pmol of each component was mixed in 25 uL reactions in 10 mM HEPES pH 7, 65 mM KCI, 5% glycerol, 1 mM DTT. Reactions
were incubated for 90 minutes or 22 hours at 25°C and 2-AP fluorescence was measured with Agx/Aem 0f 307/370 nm. Normalization
of background fluorescence from protein and nucleic acids was done with unlabelled samples. Measurements were done in
triplicates.

Preparation of cPICs

Proteins were purified as above, and TFIIA and core Mediator (cMed) were purified as described (Plaschka et al., 2016; Schilbach
et al., 2017). Promoter DNA was synthesized according to the native GAT7 sequence (non-template: 5'- GCG GTG CCC GGC
CCA GCC ACA TAT ATA TAG GTG TGT GCC ACT CCC GGC CCC GGT ATT AGC ATG CAC GTT TTC TTT CCT TTG CTT T-3'
and template: 5-AAA GCA AAG GAA AGA AAA CGT GCA TGC TAA TAC CGG GGC CGG GAG TGG CAC ACA CCT ATA TAT
ATG TGG CTG GGC CGG GCA CCG C-3'). Pol Il (0.32 nmol) and TFIIF (1.6 nmol) were added to a premixed complex of GAT1
promoter DNA (0.8 nmol), TBP (1.6 nmol) and TFIIA (3.2 nmol). TFIIE (3.2 nmol) and cMed (0.38 nmol) were added and the complex
was incubated for 90 minutes at 25°C in 10 mM HEPES pH 7, 200 mM KClI, 5% glycerol, 1 mM DTT.

Complex purification was carried out by sucrose-gradient centrifugation and crosslinking (Kastner et al., 2008). The gradient was
prepared from a 10% sucrose light solution and a 30% sucrose heavy solution containing 0.075% glutaraldehyde. Ultracentrifugation
was done for 16 h at 4°C and 175,000 g. Fractions containing the core PIC-cMed were collected and remaining cross linker was
quenched with 15 mM lysine, pH 8.0. Samples were then dialyzed for 5-7 h against 10 mM HEPES pH 7.5, 150 mM KOAc, 2 mM
DTT until glycerol and sucrose were removed as determined by refractive index measurements. Dialysed samples were then
concentrated to 0.4 mg/ml in a Vivaspin 500 MWCO 100,000 centrifugal filter and directly used for cryo-EM grid preparation.

Cryo-EM and image processing of cCC1 and cCCYst
For cryo-EM grid preparation, 3.5 uL sample were applied to glow-discharged R1.2/1.3 UltrAuFoil grids (Quantifoil, Germany), blotted
and plunge-frozen in liquid ethane (Vitrobot (FEI, USA) at 95% humidity, 4°C, 8.5 s blotting time, blot force 13). Data collection was
performed on a Titan Krios (FEI) using a K2 direct electron detector (Gatan) in EFTEM mode. Data was collected with defocus ranging
from —0.8 to —3.0 um and at a magnification of 130,000x yielding a calibrated pixel size of 1.07 A/px. The total electron dose was
37 e/A? distributed over 33 movie frames. About 3,800 micrographs were selected manually and dose-weighted and motion-
corrected using an in-house developed software based on the MotionCorr algorithms (Li et al., 2013). The CTF was estimated by
CTFFIND4 (Rohou and Grigorieff, 2015). If not stated otherwise, all data processing steps were done in RELION (Scheres, 2012).
Initial particle picking was performed using 2D projections of a yeast closed cPIC (Plaschka et al., 2016) filtered to 20 Aand par-
ticles were extracted in 300x300 pixel boxes. False positively picked particles were removed manually and by several rounds of 2D
classification yielding a clean 385,000 particles dataset (Figure S3B). This dataset was refined in 3D with the yeast OC filtered to 40 A
as a reference. To improve 3D classification particle polishing was performed. From this reconstruction, a mask for the DNA was
isolated and used for 3D classification yielding CC and OC complexes. CC particles were pooled and reclassified using a mask
containing the Tfg2 WH, TFIIE and the Pol Il stalk yielding cCC1 and cCC®*!. Final classes were refined in 3D and B-factor sharpened
with RELION. cCC1 was refined to 5.1 A resolution (0.143 FSC) with a B-factor ranging from —80 to —150 A2 and cCC! was refined
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to 4.8 A resolution (0.143 FSC) applying B-factors of -100-130 A2 Local resolution estimation was done by a combination of local
FSC-based filtering and local B-factor sharpening. Decreasing local resolution of the map periphery is apparent in the locally filtered
maps and local resolution histogram for resolution bins (Figure S3D).

Data processing and CC¥s! reconstruction

A set of 255,000 particles was extracted from raw data used to reconstruct a previously published PIC (Schilbach et al., 2017). Closed
and open complex particles were separated using a mask on promoter DNA. CC particles were reclassified using a global mask and
TFIIH-containing classes were subjected to a final round of 3D classification. The two best classes were merged and refined in 3D
to 6.7 A with a fixed B-factor of -100 A2, Locally filtered maps were calculated as for cCC1 and cCC®*!, revealing a well-resolved cPIC
at ~4 A and TFIIH at lower resolution.

Model building and refinement

The protein models for cCC1 and cCC¥s* were build based on the previous PIC structure (Schilbach et al., 2017) and real-space fitted
as rigid body domains with Phenix (Adams et al., 2010). DNA was fitted manually to the map in COOT (Emsley and Cowtan, 2004).
Iterative rounds of real space refinement and geometry optimization in Phenix (Adams et al., 2010) yielded a model for cCC1 and
cCCYst DNA. Because the local resolution of the DNA was ~5 A, strong B-DNA geometry restraints were used during refinement
of cCC1 DNA. For cCC¥st DNA, deviations of helical twist and base pair shift from the standard B-DNA values were required to
obtain a good fit. CC®* was also built from the existing PIC model (Schilbach et al., 2017) and DNA from the cCC¥s! structure.
Promoter DNA was then extended by B-DNA pieces generated with 3D-DART (van Dijk and Bonvin, 2009) that contained map-
matching bends in the DNA. Proteins were real-space refined as rigid body modules and DNA was refined using the same strategy
as for cCC1 and cCC*s,

QUANTIFICATION AND STATISTICAL ANALYSIS

Data for promoter opening assays are mean values of at least three technical replicates.

DATA AND SOFTWARE AVAILABILITY

Coordinates for cCC1, cCCYS' and CC! structures were deposited with the Protein Data Bank with accession codes PDB: 6GYK,

6GYL, and 6GYM, respectively. The associated electron microscopy maps were deposited with the Electron Microscopy Data Bank
with accession codes EMD: 0090, EMD: 0091, and EMD: 0092.
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Figure S1 | Validations and controls for Ssl2 anchor away, Related to Figure 1

(A) Western blot analysis of purified yeast nuclei with and without rapamycin treatment. Ssl2-
depletion was detected by specific antibodies. H3 was used as loading control. Two
replicates are shown. Quantification shows the factor of band intensity reduction.

(B) Yeast TFIIH can be purified without Ssl2. Chromatograms of analytical gel filtrations are
shown for wilt type TFIIH and TFIIH lacking the Ssl2 subunit. The integrity of both complexes
was detected by SDS-PAGE.

(C) Ssl2-FRB ChIP gPCR without and with rapamycin treatment. Genes were chosed from
Ssl2-independent (PDC1) and Ssl2-dependent genes (others). Primers for gPCR were
chosen in the 5’ region of the respective gene close to the promoter. YER is the random
chromatin control.

(D) GO-term enrichment of Ssl2-dependent and independent genes. Enrichment analysis
was done using fisher tests. Top GO categories are sorted by p-values. The blue bars depict
the percent fraction of genes that are enriched from each GO term. The red line indicates the
proportion of each category that is expected by chance.

(E) SsI2-dependent and -independent genes do not show base enrichment in their IMR.
Average base content of promoter regions downstream of TATA for Ssl2-dependent genes
are shown in % for each base position. Genes were aligned at their TATA box. TATA box
and IMR are marked with solid lines.

(F) Rapamycin treatment induces growth phenotype in Ssl2 anchor away yeast. The growth
curve of the Ssl2 anchor away strain is shown under normal (solid) and Ssl2 depletion
(dashed) conditions. Growth curves were collected over 20 hours in YPD medium at 30°C.

Figure S2 | TFIIH independent opening of HIS4 and GAT1 promoter DNA, Related to
Figure 2

(A) TFIIH independent opening of HIS4 promoter DNA can be detected across the IMR. 2-
aminopurine (2-AP) labels were incorporated at the upstream bubble edge (+17 bases from
the TATA box) and around the region where the TSS would be optimally placed (+31). Bar
plots show the fluorescence increase normalized to the DNA only reaction.

(B) 2-AP Fluorescence stimulation with miss-matched HIS4 promoter DNA. The artificial
bubble template DNA was created by introducing mismatches in the template DNA strand.
(C) The GATL1 promoter melts spontaneously in vitro after 22 hours. Spontaneous melting of
the GAT1 promoter is achieved after incubation time with cPIC components was extended to
22 hours. Bar plots show the fluorescence increase normalized to the DNA only reaction. 2-
AP labelled HIS4 promoter DNA after 22 hours is shown for comparison. Data is shown as
mean + SEM in all panels.

Figure S3 | Data processing of cCC1 and cCC**', Related to Figure 3

(A) A micrograph representative for the collected data is shown. The micrographs have been
contrast enhanced for clarity.

(B) Selected 2D classes that were used after manual and 2D-classification based particle
cleanup. 2D classes are ordered by number of particles in descending order.

(C) Schematic for processing strategy of the cCC1/cCC®' dataset. Reconstructions of each
processing step are shown as grey surfaces. Particle numbers are rounded. Resolution is



given according to the 0.143 FSC threshold and with a B-factor of -100A2

(D) Angular distribution and Fourier-shell correlation (FSC) plots for cCC1 and cCC®"
reconstructions. Angular distribution was calculated in 7.5° orientation bins. The 0.143 FSC
threshold is marked in FSC lots as solid line. Local resolution was calculates by a
combination of local FSC weighting and B-factor sharpening. The resolution histogram
represents the number of samples per resolution bin. Locally filtered volumes of the
reconstructions for cCC1 and cCC*" are shown in front view (Figure 3A and B).

(E) Model and map of the distorted cCC*' DNA. The model is shown in cartoon
representation, the locally filtered map as grey mesh.

Figure S4 | Clamp and B-linker of cCC1 and cCC®*', Related to Figure 3

The B-linker is well ordered in cCC1 and cCC®".The Pol Il clamp and B-linker of cCC1 and
cCC™" are shown in cartoon representation. The map for clamp helices and B-linker is shown
as blue and green mesh, respectively.

Figure S5 | Data processing of CC"*', Related to Figure 5

(A) 3D sorting of PIC particles leads to the CC*™' reconstruction. A schematic of the 3D
sorting strategy for the CC*' reconstruction is shown. Intermediate reconstructions are
shown as grey volumes. Particle numbers are rounded. Resolution is given according to the
0.143 FSC threshold and with a B-factor of -100A?,

(B) Angular distribution and Fourier-shell correlation (FSC) plots for the CC®"' reconstruction.
Angular distribution was calculated in 7.5° orientation bins. The 0.143 FSC threshold is
indicated as solid line. Local resolution was calculates by a combination of local FSC
weighting and B-factor sharpening. Locally filtered volume of CC*' is shown in side view
(Figure 5A). The resolution histogram represents the number of samples per resolution bin.
(C) Model and map of the distorted CC*' DNA. The model is shown in cartoon
representation, the locally filtered map as grey mesh.



Table S1 | Eukaryotic closed complex structures

Pol Il Pol I* Pol Il
State cCC cCC1 cCC2 cc2 cccost ccdst CcC2 CcC1
Plaschka .
_ Heetal, | Heetal, | . : Engel et Vorlander
Reference eztoallé, this study 2016 2016 this study | this study al., 2017 etal., 2018
Resolution 7.8 A 51A 5.4 A 72A 4.8 A 8.0A modeled 5.5/4.2 A
DNA distance from) 4 | 2154 | 5504 | 559A | 643A 64.3 A 44.9 A 68.4 A
active site
DNA conformation| canonical | canonical | canonical | canonical | distorted distorted canonical canonical
Clamp closed closed open open closed closed open closed
B-linker weak + - - + +
B-reader + + - - + +
TFIE weak - + + + +
Tfg2WH weak - + + + +

* based on structural modeling.
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