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Through functional assays and
cryoelectron microscopy, Abril-Garrido
et al. elucidated a mechanism by which
the +1 nucleosome reduces transcription.
When the +1 nucleosome is located in
proximity to the gene promoter, the PIC
assembles—albeit in an inhibited state
incompatible with DNA opening.
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SUMMARY

At active human genes, the +1 nucleosome is located downstream of the RNA polymerase Il (RNA Pol Il)
pre-initiation complex (PIC). However, at inactive genes, the +1 nucleosome is found further upstream, at
a promoter-proximal location. Here, we establish a model system to show that a promoter-proximal +1 nucle-
osome can reduce RNA synthesis in vivo and in vitro, and we analyze its structural basis. We find that the PIC
assembles normally when the edge of the +1 nucleosome is located 18 base pairs (bp) downstream of the
transcription start site (TSS). However, when the nucleosome edge is located further upstream, only 10 bp
downstream of the TSS, the PIC adopts an inhibited state. The transcription factor IIH (TFIIH) shows a closed
conformation and its subunit XPB contacts DNA with only one of its two ATPase lobes, inconsistent with DNA
opening. These results provide a mechanism for nucleosome-dependent regulation of transcription initiation.

INTRODUCTION

Gene promoters are flanked by nucleosomes that are referred to
as —1 and +1 for the first upstream and downstream nucleo-
some, respectively.’® The +1 nucleosome is located down-
stream of the transcription start site (TSS), near the RNA
polymerase Il (RNA Pol Il) pre-initiation complex (PIC).%"~12
The position of the +1 nucleosome varies for genes that are
expressed at different levels,>'*'® but how the position of a
nucleosome influences transcription initiation is not understood.
At transcriptionally active mammalian genes, the edge of the +1
nucleosome is located around 40-60 base pairs (bp) down-
stream of the TSS."®"""2° However, at inactive or weakly active
genes, the +1 nucleosome is located further upstream, in close
proximity to the TSS.'* This proximal nucleosome position is
thought to interfere with PIC formation or function and to regulate
gene activity. Reduction of transcription activity by the presence
of a proximal nucleosome is consistent with in vivo studies in
yeast®'~?® and with the long-standing observation that transcrip-
tion initiation in vitro is inhibited by a nucleosome located at the
promoter.”:2472¢

Very recently, the first structural studies of PICs in the pres-
ence of a +1 nucleosome were published.?”*® For human
PICs, transcription factor IIH (TFIIH) and Mediator were found
to form weak interactions with nucleosomes positioned at distal
locations of 40 or 50 bp from the TSS,?’ but proximal nucleo-
some locations were not investigated. For PICs of the yeast
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Saccharomyces cerevisiae (S. cerevisiae), a high-resolution
cryoelectron microscopy (cryo-EM) study found that TFIIH
establishes intimate interactions with the nucleosome and that
its translocase subunit SsI2 (XPB in human TFIIH) drives the rota-
tion of the +1 nucleosome, leading to partial detachment of
nucleosomal DNA.?® However, the yeast and human systems
differ. In contrast to human RNA Pol Il, yeast RNA Pol Il does
not undergo promoter-proximal pausing and instead scans
DNA downstream before initiation.?%*

Whereas these published studies provided structural informa-
tion on PIC-nucleosome interactions, they did not provide
insights into how nucleosome positioning regulates transcrip-
tion.?”? It has long been known that compaction of chromatin
correlates with a reduction in transcription activity.**® For
example, critical biological processes such as heterochromatin
maintenance and mitosis have been associated with a reduction
in RNA synthesis.®”*® However, we do not understand the
mechanisms by which nucleosomes near the promoter can
cause such reduction in gene activity.

Here, we employed a combination of functional and struc-
tural studies to investigate the regulatory role of a promoter-
proximal +1 nucleosome in mammalian transcription initiation.
In particular, we describe how nucleosome proximity to the
promoter can regulate transcription using biochemical and
cell-based assays and we determine cryo-EM structures of
two PIC-nucleosome complexes. We describe that a reduc-
tion of RNA synthesis correlates with an upstream shift of
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Figure 1. Promoter proximity of the +1 nucle-
osome reduces transcription
(A) Boxplots showing TSS to +1 nucleosome edge

PIC'™ PIC8W distances for gene groups with different RNA syn-
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high, see STAR Methods). Box limits are the first and
third quartiles, and the band inside the box is the
median. The ends of the whiskers extend the box by
1.5 times the interquartile range. Notches represent
95% confidence intervals for the median values.
Statistical significance is denoted above the respec-
tive boxplots (“*p value < 0.01; *p value < 0.05).
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p values for off-q1, g1 and g2, and g2 and g3 are
3.2E-2, 4.0E—3, and 2.6E—2, respectively.

(B) Urea-PAGE of in vitro transcription assays where
the edge of the nucleosome-positioning sequence is
adjacent to the TSS, or 10 and 18 bp downstream of
the TSS (PIC®Y, PIC'®Y, and PIC™W, respectively).
Transcription reactions were performed with and
without TFIIH and the nucleosome. The expected full-
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(C) Quantifications of the transcription assays shown
in (B) (see STAR Methods). Data are represented as
mean over replicates (spheres).

(D) TFlIH-dependent transcription of nucleosome-
reconstituted DNA templates shows that the prox-
imity of the nucleosome regulates gene activity.
Plotted intensities correspond to transcribing PIC
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complexes in the presence of a nucleosome located
at different distances from the TSS. Statistical signif-
icance is shown (**p value < 0.001; **p value < 0.01).
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p values for PIC-Nuc'®"¥-PIC-Nuc'®", PIC-Nuc'®"-PIC-Nuc®, and PIC-Nuc'®V-PIC-Nuc®™ are 4.2E—3, 3.0E—4, and 1.8E—3, respectively (see STAR Methods).

the +1 nucleosome toward the TSS in vivo. In addition, we
observe that positioning a nucleosome at a TSS-proximal
location in vitro downregulates transcription by affecting PIC
assembly and altering the conformation of TFIIH, which
impedes its translocase subunit XPB from fully engaging
downstream promoter DNA. Our results suggest that posi-
tioning of the +1 nucleosome at a promoter-proximal location
can interfere with productive PIC formation and transcription
initiation.

RESULTS

Promoter proximity of the +1 nucleosome reduces
transcription

Various studies have related the proximal location to the TSS of
the +1 nucleosome to low gene expression levels,"®'* but it was
thus far not investigated whether genes that contain promoter-
proximal nucleosomes indeed show low RNA synthesis rates.
To address this, we analyzed transient transcriptome
sequencing (TT-seq) and micrococcal nuclease sequencing
(MNase-seq) data obtained from HEK293 cells (T. Velychko
et al., unpublished data). We split genes into ten groups based
on their RNA synthesis levels (inactive and RNA synthesis deciles
g1-g10) and calculated the distance from the TSS to the +1
nucleosome edge for genes in each group. We observed that a
reduction of RNA synthesis correlates with an upstream shift of

the +1 nucleosome (Figure 1A). The median distance from the
nucleosome edge to the TSS for moderate-to-highly (q3-q10),
weakly (91 and g2) active, and inactive (off) genes was 44-35,
30-20, and 12 bp, respectively. This suggests that gene activity
is reduced when the nucleosome is proximally located to the
promoter region in vivo.

To corroborate these findings, we carried out in vitro transcrip-
tion assays with highly purified, recombinant human initiation
factors and endogenous Sus scrofa RNA Pol Il, which is 99.9%
identical to human RNA Pol Il (Figure S1A). For these assays,
we used DNA templates containing a +1 nucleosome positioned
at increasing distances from the TSS (Figures 1B-1D and 2A).
Promoter-dependent de novo transcription of nucleosome-con-
taining DNA templates required TFIIH, providing a positive con-
trol (Figures 1B and 1C). We found that transcription was
reduced ~2.5-fold or ~4.5-fold when templates were used that
contained a nucleosome with its edge located either 18 or
10 bp from the TSS (PIC-Nuc'®" and PIC-Nuc'®" templates,
respectively), when compared with the corresponding nucleo-
some-free DNA templates (Figure 1C). We further observed
that positioning a nucleosome with its edge directly at the TSS
(PIC-Nuc®™) fully inhibited transcription (Figure 1D), consistent
with previous studies.”**?® In summary, shifting a +1 nucleo-
some from a downstream location to a more promoter-proximal
position closer to the TSS reduces transcription activity in vitro
and in vivo.
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Figure 2. Structures of PIC-nucleosome complexes

DNA

DNA

(A) Scheme of the nucleosome-containing DNA templates used for the structures shown in (B) and (C). Distances between the TSS and the edge of the
nucleosome as well as from the TATA-box midpoint to the nucleosome dyad are indicated. Core promoter motifs and the nucleosome-positioning sequences are

highlighted with solid lines and curves, respectively.

(B) Model of the mammalian PIC-nucleosome'®" complex (PIC-Nuc'®") shown as cartoon-sphere in side view.

(C) Model of the mammalian PIC-nucleosome'® complex (PIC-Nuc'®")

shown as cartoon-sphere in side view. Major conformational changes between PIC-

Nuc'™" and PIC-Nuc'® are indicated with arrowheads. The MAT1 helical region is highlighted with a dashed line (black color denotes ordered and red

disordered).

Mammalian PIC-nucleosome structure

To investigate how the position of the +1 nucleosome influences
transcription initiation, we performed cryo-EM analyses of re-
constituted PIC-nucleosome complexes. We first designed a
DNA promoter containing the edge of the +1 nucleosome
18 bp downstream of the TSS (Figure 2A). This design is consis-
tent with TSS-nucleosome distances we and others found in vivo
for weakly expressed genes (Figure 1A).">'* We reconstituted
the PIC on this nucleosome template and determined the struc-
ture by cryo-EM analysis at an overall resolution of 4.0 A (PIC-
Nuc'®") (Figures 2A, 2B, and S1A-S1D). Signal subtraction
and focused refinement strategies improved the resolution of
the XPB-containing part of TFIIH, the XPD-containing part of
TFIIH, the TFIIH subcomplex CDK-activating kinase module
(CAK), the core PIC (cPIC), and the nucleosome to 3.9, 4.7,
3.3, 3.0, and 3.6 A, respectively (Figures S1D and S2).

In the resulting structure, we observed the canonical confor-
mation of the PIC,**“° and only minor movements in the up-
stream complex containing TBP, TFIIA, and TFIIB (Figures 2B
and S3A), consistent with its previously reported flexibility.*°

1800 Molecular Cell 83, 1798-1809, June 1, 2023

TFIIH adopts an open conformation, as observed in all previous
PIC structures (Figures 3A and S3A),°"*°** allowing for the
complete engagement of both ATPase lobes with DNA (Fig-
ure 4A). This is facilitated by the distal position of the nucleo-
some, which renders the downstream DNA-binding region of
XPB nucleosome-free (Figure S3B). This downstream region is
slightly bent when compared with the structure of the PIC on a
nucleosome-free DNA (Figure S3A).“° In this PIC-nucleosome
structure, about two turns of nucleosomal DNA are detached
from the histone octamer at superhelical location (SHL) —5 to
SHL -7 (Figure 4B).

Nucleosome proximity alters PIC conformation

To investigate the structural basis of transcription reduction by
a promoter-proximal +1 nucleosome, we also determined the
structure of a PIC-nucleosome complex where the +1 nucleo-
some was positioned at a more proximal location, with the
edge of the nucleosome located 10 bp downstream of the
TSS (PIC-Nuc'™) (Figures 2A and 2C). We obtained an overall
resolution of 4.1 A for this complex (Figures S4A-S4D). With the
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Figure 3. Nucleosome proximity alters TFIIH
conformation

(A) A distal nucleosome (PIC-Nuc'") induces an
open state of TFIIH. Solid and dashed arrowheads
denote rearrangements from the closed state, the
red dashed oval indicates the region of XPB-XPD
contacts.

(B) A proximal nucleosome (PIC-Nuc'®") induces a
closed state of TFIIH. Solid and dashed arrowheads
denote rearrangements from the open state, the red
dashed oval indicates the region of XPB-XPD
contacts.
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use of signal subtraction and focused refinement, we improved
the resolution of the reconstructions for the cPIC to 3.1-3.2 A,
for TFIIH to 4.5 A, for the nucleosome to 3.2-3.5 A and for the
CAK to 3.8 A (Figures S4D and S5).

In the obtained structure, the conformation of the cPIC (lack-
ing TFIIH) does not deviate from that observed in the PIC-
Nuc'" structure and is also similar to that observed in the
absence of a nucleosome (Figure S6A).“° However, in contrast
to all known PIC structures, TFIIH adopts a closed conforma-
tion that had only been observed previously for free TFIIH
(Figures 3B and S6B).°**° In this closed conformation, the
two ATPase subunits, XPB and XPD, contact each other. The
TFIIH subunit MAT1 favors this arrangement by contacting
the XPB damage recognition domain (DRD) and its helical re-
gion stabilizes the closed TFIIH conformation. In summary,
these observations show that the more TSS-proximal location
of the +1 nucleosome led to an alternative PIC conformation
with a closed state of TFIIH.

1802 Molecular Cell 83, 1798-1809, June 1, 2023
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Figure 4. Nucleosome position alters PIC-
DNA contacts

(A and C) Comparison of XPB binding to (A) a distal
(PIC-Nuc'®) and (C) proximal nucleosome (PIC-
Nuc'®%) by superimposition on XPB and the nucle-
osome. The position of the nucleosome alters the
DNA binding of the ATPase lobes of the TFIIH sub-
unit XPB. The color code is provided at the bottom
legend. Numbers on DNA denote the distance from
the TSS.

(B) Cartoon representation of the different nucleo-
somes determined (PIC-bound), showing distinct
nucleosomal DNA wrapping states. Top-left legend
specifies the color used for the models. Model su-
perimposition was carried out by aligning on the
nucleosome. SHL, superhelical location.

Nucleosome

Closed state of TFIIH is incompatible
with DNA opening

In the observed closed state of TFIIH, the
XPB translocase subunit, which is essential
for opening DNA, cannot fully engage the
promoter. Instead, the ATPase lobe 1 binds
nucleosomal DNA approximately 88 bp
downstream of the TSS, at SHL +0.5,
whereas lobe 2 is located ~30 A away
from the DNA (Figure 4C). The observed
PIC conformation and PIC-DNA contacts
are thus incompatible with promoter DNA
opening and transcription initiation. The
closed TFIIH conformation was induced
by the proximal location of the nucleosome
because it is the only difference in the two
structure determination experiments. We
animated the conformational transition
from the closed to the open TFIIH state in
Video S1.

During 3D classifications, we could also
resolve the cPIC-nucleosome complex
lacking TFIE and TFIIH (cPIC-Nuc'%)
and refined its structure at 3.8 A resolution (Figures 5A, S4D,
and S5). In this structure, the nucleosome overlaps with the loca-
tion of TFIIH in a PIC complex as it is shifted by ~20 A and tilted
by ~25°, compared with the complete PIC-Nuc'®" structure
(Figure 5B; Video S2). This is consistent with a proximally
positioned +1 nucleosome interfering with complete promoter
DNA engagement by TFIIH. We, therefore, suggest that the
PIC with the closed TFIIH conformation represents an in-
hibited state.

Altered TFlIH-nucleosome contacts

TFIIH bridges the cPIC to the +1 nucleosome in both structures
we determined. The comparison of these two structures shows
that the rotational position of the nucleosome with respect to
TFIIH changes (Figures 2B and 2C). As a consequence, TFIIH en-
gages differently with promoter DNA, and its contacts with the
nucleosome are altered. In the PIC-Nuc'®" structure (Figure 6A),
the TFIIH subunit p52 establishes most of the nucleosome
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Figure 5. Structural transition of the nucleo-
some upon binding or release of TFIIE and
TFIIH on the cPIC-Nuc'™"W

(A) Top views of the cPIC-Nuc'®" (lacking TFIIE and
TFIIH, top panel) and PIC-Nuc'®" (bottom panel).

(B) Overlay of both structural models shown in (A),
showing a conformational change of the nucleosome
depending on the presence of TFIIE and TFIIH. Ar-
rowheads describe the direction of such movements.
Superimposition of the models was performed by
aligning on RNA Pol Il. Histone octamers are depicted
in different shades of the gray surface. Colors of
different protein subunits or DNA strands are depicted
in the figure or at the bottom legend.
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Figure 6. TFIIH-nucleosome contacts

(A) Cartoon representation showing interactions between TFIIH and the nucleosome in PIC-Nuc'®". Residues T51, K52, D54, and Q64 of the XPB N terminus
(interface 1) interact mainly electrostatically with the N-terminal tail (NTT) of H3 (residues 37-41). p52 acidic residues (E189, E192, interface 2) contact basic
residues from both H2A o3 (K74) and H3 a1 (R52, K56), and its residues 168-170 (interface 3) establish backbone interactions with residues 118-119 of H2A C
terminus. In addition, mostly basic residues of the p52 «13-2.14 loop (274-278, interface 4) bind to the minor groove adjacent to the nucleosome dyad (SHL —1).

SHL, superhelical location.

(B) Cartoon representation showing interactions between TFIIH and the nucleosome in PIC-Nuc'®". Residues K31-N27 (interface 1), R56 (interface 2), and Q63
(interface 3) of the p8 subunit make electrostatic contacts to the H2B acidic patch, and the N-terminal regions of H3 (D81) and H4 (R23), respectively. XPB ATPase
lobe 1 residues 416-420 and K449 (interface 4) engulf the DNA major groove adjacent to the nucleosome dyad (SHL +0.5). SHL, superhelical location. The

positions of the C-a atoms of interacting residues are shown as spheres.

contacts, with mostly basic residues within the o13-214 loop
(residues 274-278) binding nucleosomal DNA at SHL —1, and
acidic residues of the p52 middle domain interacting with basic
amino acids of the C terminus of H2A and H3 a.1. The N-terminal
region of XPB contacts the N-terminal region of histone H3.
Conversely, in the PIC-Nuc'®" structure (Figure 6B), the p8 sub-
unit contacts the H2B acidic patch of the nucleosome and the
N-terminal regions of H3 and H4. Basic residues of XPB
ATPase lobe 1 bind to nucleosomal DNA at SHL +0.5, forming
a major TFIIH-nucleosome interface.

TFIIH kinase module and RPB6 NTT

We also observed the TFIIH kinase module (CAK) in our struc-
tures (Figures 3 and S7A). The CAK interacts with MED6 and
the hook of Mediator in previously determined Mediator-PIC
complexes, positioning CAK far from the RNA Pol Il sur-
face.*""*>** In our structures, however, the CAK docks between
the RPB1 foot and the RNA Pol |l stalk (RPB4-RPB?7), using its
subunit cyclin H (CycH) to form a wedge between them. The
N-terminal region of the CAK CycH subunit contacts the RPB1
linker helix connecting to the C-terminal domain (CTD) and the
RPB7 a1-02 loop, whereas the C-terminal helix of CycH mostly
establishes charge-based interactions with the RPB1 foot helix
228 and 31 (Figure S7B). This location had been previously
observed with different levels of confidence in yeast’ and
humans (Figure S7C).***8

1804 Molecular Cell 83, 1798-1809, June 1, 2023

Finally, in our structures, we observed an extra density in the
RNA Pol Il cleft (Figure S7D). Based on the similar location found
for the yeast N-terminal tail (NTT) of the RNA Pol Il subunit
Rpb6,”® we suggest that this density is due to the mammalian
counterpart in RPB6 (Figures S7E and S7F). Whereas the
S. cerevisiae NTT is located over the RNA Pol Il bridge helix,
the density of the putative mammalian NTT locates closer to
RPB1 helix «37 (Figure S7F). Consistent with findings in yeast,”®
the cryo-EM density shows clashes between the putative NTT
and a modeled DNA template in the active center (Figure S7G),
indicating that the NTT must be released from the cleft upon for-
mation of an open complex.

DISCUSSION

Here, we combine structural and functional studies to show that
a promoter-proximal +1 nucleosome can reduce transcription
activity and provide a mechanism for such +1 nucleosome-
dependent gene regulation (Figure 7). When the nucleosome is
located with its edge ~2 turns of DNA downstream of the TSS,
the PIC assembles normally and TFIIH adopts an open confor-
mation that is fully engaged with promoter DNA, as required
for DNA opening. However, when the nucleosome is positioned
with its edge only ~1 turn of DNA downstream of the TSS, TFIIH
adopts a closed conformation and can only partially engage with
DNA, consistent with a reduction in transcription activity.
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When the closed conformation of TFIIH was first observed, it
was thought to be a feature that is specific to the PIC-unbound,
free TFIIH complex.*>**® However, our results show that TFIIH
can adopt its closed conformation also within the PIC, where
it may serve to regulate TFIIH activity. Superposition of our
PIC-nucleosome structures onto a cPIC structure with open
promoter DNA,* shows that, upon TFlIH-independent DNA
opening, the nucleosome would sterically clash with the RNA
Pol Il clamp and the TFIIE winged helix domain (Figure S8),
providing a possible explanation for the requirement of TFIIH
for transcription of nucleosomal templates. Overall, this
suggests that a promoter-proximal nucleosome can have an
inhibitory role in transcription initiation by interfering with pro-
ductive PIC formation, altering DNA binding of TFIIH and its
conformation, thus impairing promoter DNA opening and sub-
sequent RNA synthesis.

Structural work on Mediator-PIC complexes revealed that the
presence of Mediator positions the TFIIH kinase module (CAK)
in close vicinity of its hook region and MED6 subunit,*'#>44
suggesting Mediator is a key player in relocating the CAK mod-
ule to make accessible the RNA Pol Il CTD for CDK7-mediated
phosphorylation. On the contrary, in our structures, we observe
the CAK located between the RPB1 foot and the RNA Pol I
stalk (RPB4-RPB7), without evidence for the presence of the
RNA Pol Il CTD. This alternative location of the CAK had
been previously observed, albeit at a low level of confidence
(~15 A resolution), in yeast,”” proposed in a molecular dy-
namics study for the human TFIID-free PIC,*® and recently
determined in the presence of TFIID in a PIC.*® Here, we there-
fore provide evidence that the position of the kinase is
conserved from yeast to human and confirm that it is TFIID-in-
dependent and Mediator-dependent.

Comparison of our structures with the recently published
yeast PIC-nucleosome complex“® shows that even in our pro-
ductive PIC structure (PIC-Nuc'®V), the nucleosome locates
closer to the PIC and TFIIH (Figure S9). Whereas ~2 turns of
DNA are detached from the histone octamer in our PIC-Nuc'®W
structure, only ~1 turn of DNA is detached in the previous yeast
structure.”® We suggest that the different rotational positions of
the nucleosome in these structures lead to different degrees of
nucleosomal DNA detachment, consistent with the observation
that the parts of TFIIH contacting the nucleosome are not highly
conserved.*® Consequently, whereas nucleosome contacts are
formed by p52 in our PIC-Nuc'®V structure, they are formed by
the p52-p8 dimerization domain in the yeast structure.

Finally, our work complements recently published human PIC-
nucleosome structures that used much larger TSS-nucleosome
distances that are found at active genes (Figure S9).%” In the pub-
lished work, the PIC adopts the canonical conformation, where
TFIIH and Mediator form contacts with the nucleosome that
are suggested to enhance transcription.’” By contrast, we
show that shifting the +1 nucleosome to a TSS-proximal loca-
tion, representative of inactive genes, leads to alternative
TFlIH-nucleosome contacts, induces a closed TFIIH conforma-
tion and reduces transcription activity. Thus, these studies are
complementary and it emerges that the +1 nucleosome can
regulate transcription in various ways, dependent on its relative
location to the TSS and the PIC.
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Limitations of the study

Cryo-EM data processing aimed at obtaining intermediates at
the highest possible resolution, and low-resolution conforma-
tional states may have been filtered out during processing. The
lack of Mediator or TFIID in our studies does not alter our conclu-
sions, but future work should aim at including such coactivators.
The nucleosome has a certain degree of flexibility, and using a
strong positioning sequence helps in obtaining stable intermedi-
ate complexes that are attainable to cryo-EM structural studies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E.coli BL21 CodonPlus (DE3) RIL Agilent Cat#230245

E. coli LOBSTR-BL21(DE3)-RIL Kerafast Cat#
EC1002

E.coli DH10EMBacY Geneva Biotech N/A

E.coli XL-1 Blue Agilent Cat#200249

Biological samples

Sus scrofa thymus Locally sourced N/A

Chemicals, peptides, and recombinant proteins

Sus scrofa RNA polymerase |l Vos et al.*® N/A

Homo sapiens TBP Aibara et al.*® N/A

Homo sapiens TFIIB Aibara et al.*° N/A

Homo sapiens TFIIA Aibara et al.*° N/A

Homo sapiens TFIIF Aibara et al.*° N/A

Homo sapiens TFIIE Aibara et al.*° N/A

Homo sapiens TFIIH-core This study N/A

Homo sapiens CAK Kokic et al.”" N/A

Xenopus laevis histones H3, H4, H2A, H2B Dyer et al.®” N/A

8WG16 («RPB1 CTD) antibody Hu et al.>® RRID: AB_10013665

Glutaraldehyde 25% EMS Cat#16200

Poly(vinyl alcohol) Sigma-Aldrich Cat#P8136

RNasin Plus Ribonuclease Inhibitor Promega Cat#N2611

Proteinase K New England Biolabs Cat#P8107S

Invitrogen UltraPure 0.5M EDTA, pH 8.0 Thermo Fisher Scientific Cat#15575020

SDS 10% Thermo Fisher Scientific Cat#AM9822

DNAsel (RNase-free) New England Biolabs Cat#M0303S

Invitrogen Ambion Sodium Acetate (3M), pH 5.5 Thermo Fisher Scientific Cat#AM9740

NTP Set, 100 mM Solution Thermo Fisher Scientific Cat#R0481

SYBR™ Gold Nucleic Acid Gel Stain Thermo Fisher Scientific Cat#S11494

BSA-Molecular Biology Grade New England Biolabs Cat#B9000S

Urea (RNase-free) Panreac AppliChem Cat#A1049

2x RNA Loading Dye New England Biolabs Cat#B0363S

DL-Dithiothreitol solution, 1M Sigma-Aldrich Cat#43816

40% Acrylamide/bis-acrylamide 19:1 Sigma-Aldrich Cat#A9926

TRIS borate-EDTA buffer solution (10x) Sigma-Aldrich Cat#93290

Phusion DNA Polymerase House sourced N/A

Phusion® HF Buffer Pack New England Biolabs Cat#B0518S

dNTP Set, 100 mM Solutions Thermo Fisher Scientific Cat#R0186

DMSO Sigma-Aldrich Cat#D8418

Deposited data

cPIC-nucleosome'®" cryo-EM globally refined map This study EMD: 16335

Core PICPIC-NuCIOW ory6 EM focused refined map This study EMD: 16336

Nucleosome®P!C-NuC1OW oy EM focused refined map This study EMD: 16337

cPIC-nucleosome " cryo-EM composite map This study EMD: 16338

cPIC-nucleosome’® model This study PDB: 8BZ1
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PIC-nucleosome ' cryo-EM globally refined map This study EMD: 16331

Core PICPIC-NWCIOW oy EM focused refined map This study EMD: 16339

Nucleosome'C-NuC1OW oy EM focused refined map This study EMD: 16340

TFIHPICNUCIOW cryo EM focused refined map This study EMD: 16342

CAKPIC-NUC1OW o EM focused refined map This study EMD: 16341

PIC-nucleosome '™ cryo-EM composite map This study EMD: 16343

PIC-nucleosome ™" model This study PDB: 8BYQ

PIC-nucleosome'®" cryo-EM globally refined map This study EMD: 16274

Core PICPIC-NwI8W oy EM focused refined map This study EMD: 16365

Nucleosome®'c-Nue8W oy EM focused refined map This study EMD: 16366

TFIHPIC-NUCI8W oy EM focused refined map This study EMD: 16367

XPB-containing TFIIH™CNUC18W ¢ryo_ EM focused refined map This study EMD: 16367, add.

XPD-containing TFIIH™'C-NuC18W oy EM focused refined map This study EMD: 16367, add.

CAKPIC-NUe18W v EM focused refined map This study EMD: 16368

PIC-nucleosome'®" cryo-EM composite map This study EMD: 16369

PIC-nucleosome'®" model This study PDB: 8BVW

Experimental models: cell lines

Sf9 Cells Thermo Fisher Scientific Cat#11496015

High Five Cells Thermo Fisher Scientific Cat#B85502

Oligonucleotides

Widom 601 template: 5’ — ATC GGA This work Integrated DNA Technologies

TGT ATA TAT CTG ACA CGT GCC TGG

AGA CTA GGG AGT AAT CCC CTT GGC

GGT TAA AAC GCG GGG GAC AGC GCG

TAC GTG CGT TTA AGC GGT GCT AGA

GCT GTC TAC GAC CAA TTG AGC GGC

CTC GGC ACC GGG ATT CTC GAT -3’

Widom 601 non-template 5’ - ATC GAG AAT This work Integrated DNA Technologies

CCC GGT GCC GAG GCC GCT CAATTG GTC

GTA GAC AGC TCT AGC ACC GCT TAA ACG

CAC GTA CGC GCT GTC CCC CGC GTT TTA

ACC GCC AAG GGG ATT ACT CCC TAG TCT

CCA GGC ACG TGT CAG ATA TAT ACA

TCC GAT-3’

AdMLOW cloning forward primer 5° - TCG AGG This work Sigma-Aldrich

TAC CGG ATC CGA TAT CCG GGT GTT CCT

GAA GGG GGG CTA TAA AAG GGG GTG GGG

GCG CGT TCG TCC TCA ATC GAG AAT CCC

GGT GCC GAG G -3’

AdML10W cloning forward primer 5’ - TCG AGG This work Sigma-Aldrich

TAC CGG ATC CGA TAT CCG GGT GTT CCT GAA

GGG GGG CTA TAA AAG GGG GTG GGG GCG CGT

TCG TCC TCA CTC TCT TCC GAT CGA GAATCC

CGG TGC CGAGG -3

AdML18W cloning forward primer 5’ - TCG AGG TAC This work Sigma-Aldrich

CGG ATC CGA TAT CCG GGT GTT CCT GAA GGG GGG

CTA TAA AAG GGG GTG GGG GCG CGT TCG TCC TCA

CTC TCT TCC GCA TCG CTG ATC GAG AAT CCC GGT

GCCGAGG-3

Widom 601 cloning reverse primer 5’ — CGA AGA TCT This work Sigma-Aldrich

GAT ATC ATC GGA TGT ATA TAT CTG ACA CGT GCC
TGG AGAC -3’

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

AdMLW PCR forward primer 5’ — CGG GTG TTC CTG This work Sigma-Aldrich

AAG GGG GGC TAT AAAAGG GGG TG -3

Widom 601 PCR reverse primer 5’ - ATC GGA TGT This work Sigma-Aldrich

ATA TAT CTG ACA CGT GCC TGG AGA CTA GGG AG -3’

Recombinant DNA

438A-hTBP Aibara et al.*’ N/A

pOPINF-hTFIIB Aibara et al.*° N/A

438A-hTFIIA Aibara et al.*® N/A

pETDuet-1-hTFIIE Aibara et al.*° N/A

pAHS3C-hTFIIF Aibara et al.*° N/A

438C-XPD-p52-p34-p8-p62-p44-XPD (hTFIIH-core) This study N/A

438B-CCNH-CDK7-MAT1 (CAK) Kokic et al.”" N/A

pUC119-AdMLOW This study N/A

pUC119-AdML10W This study N/A

pUC119-AdML18W This study N/A

Software and algorithms

SerialEM 4.0 Mastronarde®* https://bio3d.colorado.edu/
SerialEM/#Source

cryoSPARC 3.2.0 Punjani et al.*>® https://cryosparc.com/

RELION 3.1 Scheres®® and Zivanov et al.”” https://github.com/3dem/relion

Warp 1.0.9 Tegunov and Cramer® http://www.warpem.com

PHENIX 1.19.2 Afonine et al.*® http://www.phenix-online.org

PyMol 2.5.0 Schrodinger and Delano®® http://www.pymol.org

UCSF Chimera Pettersen et al.®’ https://www.cgl.ucsf.edu/chimera/

UCSF Chimera X-1.4 Goddard et al.®” https://www.cgl.ucsf.edu/chimerax/

ISOLDE 1.3 Croll®® https://isolde.cimr.cam.ac.uk/

Coot 0.9.6 Emsley et al.® https://www2.mrc-Imb.cam.ac.uk/

personal/pemsley/coot/

ImageJ 2.1.0 Schindelin et al.®® https://imagej.nih.gov/ij/index.html

Prism 9.1.0 GraphPad Software Inc https://www.graphpad.com/
(California, USA)

Other

Glacios Thermo Fisher Scientific N/A

Falcon-llI Direct Electron Detector Thermo Fisher Scientific N/A

Titan Krios G2 FEI/Thermo Fisher Scientific N/A

QuantumLS energy filter Gatan N/A

K3 Summit Direct Electron Detector Gatan N/A

Typhoon™ 9500 FLA imager GE Healthcare Life Sciences N/A

BioComp Gradient Master 108 BioComp Instruments N/A

Model 491 Prep Cell Bio-Rad Cat#1702927

Slide-A-Lyzer™ MINI Dialysis Devices (3.5 kDa MWCO) Thermo Fisher Scientific Cat# 69552

Slide-A-Lyzer™ MINI Dialysis Devices (20 kDa MWCO) Thermo Fisher Scientific Cat# 69590

Amicon Millipore 15 ml (50 kDa MWCO) MERCK Milipore Cat# UFC9050

Quantifoil™ R3.5/1, copper, mesh 200 Quantifoil N/A

RESOURCE AVAILABILITY

Lead contact

Correspondence and requests for materials should be addressed to P.C. (pcramer@mpinat.mpg.de).
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Materials availability
Materials are available from Patrick Cramer upon request under a material transfer agreement with the Max Planck Society.

Data and code availability

o Cryo-EM density maps have been deposited in the Electron Microscopy Data Bank (EMDB) and coordinates within the Protein
Data Bank (PDB) for cPIC-nucleosome'®" (accession codes EMDB: EMD-16335and PDB: 8BZ1, and EMDB: EMD-16336,
EMD-16337, and EMD-16338 for focused refinement maps of cPIC, nucleosome, and composite map, respectively ), PIC-nu-
cleosome'®" (accession codes EMDB: EMD-16331 and PDB: 8BYQ, and EMDB: EMD-16339, EMD-16340, EMD-16341,
EMD-16342, and EMD-16343 for focused refinement maps of cPIC, nucleosome, CAK, TFIIH, and composite map, respec-
tively) and PIC-nucleosome'" (accession codes EMDB: EMD-16274 and PDB: 8BVW, and EMDB: EMD-16365, EMD-
16366, EMD-16367, EMD-16368, and EMD-16369 for focused refinement maps of cPIC, nucleosome, TFIIH, CAK, and com-
posite map, respectively).

® 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.

METHOD DETAILS

Nucleosome reconstitution
Adenoviral major late promoter (AdMLP) DNA scaffolds containing a 147 bp Widom-601 sequence, which was located at different
distances from the TSS, were inserted into pUC119 vectors (STAR Methods). DNA templates were amplified by PCR from these vec-
tors and purified through Resource Q 6 ml (GE Healthcare), using a gradient of 0-50% TE high-salt buffer (10 mM Tris pH 8.0, 1 mM
EDTA pH 8.0, 2 M NaCl). Eluates where ethanol-precipitated and resuspended in TE buffer (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0).
Histones preparation and nucleosome reconstitution was performed as described. %% Briefly, X. laevis histones were purified from
Escherichia coli (E. coli) BL21(DE3)-RIL, assembled into histone octamers using a HiLoad 16/600 Superdex 200 pg (Cytiva) and then
used for nucleosome reconstitution with the above-mentioned templates through salt-gradient dialysis (SGD). Before assembling the
PIC-nucleosome complexes, these nucleosomes were further purified over 4% polyacrylamide gels (0.2x TBE) using a Model 491
PrepCell (Bio-Rad), and subsequently dialysed into PIC-buffer (20 mM HEPES pH 7.5, 100 mM KClI, 2.5% glycerol, 2 mM MgCl,,
1 mM TCEP) overnight at 4°C. Reconstitutions were checked on 1% agarose gels (0.5x TBE running buffer). Nucleosomes were
concentrated on Amicon Millipore 15 ml 50,000 MWCO centrifugal concentrator to a final concentration of 7-9 uM and their concen-
tration was monitored by measuring their absorbance at 260 nm.

Assembly of mammalian PIC-nucleosome complexes

Human TBP, TFIIA, TFIIB, TFIIE, TFIIF and TFIIH were expressed and purified as described previously.‘m'51 Whereas TFIIA and TBP
were independently expressed in insect cells, TFIIB, TFIIF and TFIIE were expressed in LOBSTR-BL21(DE3)-RIL E. coli and BL21-
Codon Plus(DEJ)-RIL E. coli cells, respectively. All these general transcription factors (GTFs) were purified first using GE HisTrap HP
(5 ml), subsequently followed by ion exchange and size exclusion chromatography steps.

TFIIH was cloned in two different insect cell expression vectors: XPD, p8, p52, p44, p62, p34 and XPB in one (7-core TFIIH) and the
CAK module subunits MAT1, CDK7 and cyclin H together in a second vector. While the first vector contained N-terminal 6xHis-TEV
tags on p44 and p62 and a N-terminal 6xHis-MBP-TEV tag on XPD, all subunits of the CAK module were tagged N-terminally with
6xHis-TEV tags. Hi5 cells expressing the 7-core TFIIH were lysed with an EmulsiFlex-C5 cell disruptor (Avestin) supplemented with
DNase | in lysis buffer (25 mM KOH-HEPES pH 7.6, 400 mM KCI, 20% glycerol, 5 mM TCEP, 0.284 ug ml—1 leupeptin, 1.37 ug mi—1
pepstatin A, 0.17 mg ml—1 PMSF and 0.33 mg ml—1 benzamidine). Lysate was loaded on a self-packed XK16/20 column (Cytiva)
with 25 ml of amylose resin (New England Biolabs) in buffer A1 (25 mM KOH-HEPES pH 7.6, 400 mM KCI, 10% glycerol and
2 mM DTT) and eluted with buffer B1 (25 mM KOH-HEPES pH 7.6, 400 mM KCI, 10% glycerol, 2 mM DTT and 100 mM maltose)
into a GE HiTrap Q HP (5 ml) column, pre-equilibrated with buffer A1. Elution of the anion exchange step was performed from 0-
100% buffer HB1 (25 mM KOH-HEPES pH 7.6, 2000 mM KCI, 10% glycerol and 2 mM DTT), flow-through fractions collected, cleaved
with 2.5 mg TEV protease for 8 hr at 4°C and loaded into a GE HiTrap Heparin HP (1 ml) column, pre-equilibrated with buffer HA1
(25 mM KOH-HEPES pH 7.6, 300 mM KClI, 10% glycerol and 2 mM DTT). Elution was performed using 0-100% buffer B1, fractions
collected and further purified using a Superose 6 Increase 10/300 GL in buffer GF (25 mM KOH-HEPES pH 7.6, 300 mM KCI, 10%
glycerol and 3 mM TCEP). Stochiometric 7-core TFIIH was concentrated with Vivaspin 6 50,000 MWCO (GE Healthcare), flash-frozen
in liquid nitrogen and stored at -70°C. The kinase module of TFIIH was purified as described with minor modifications.®” In brief, Hi5
cells expressing the kinase were lysed with an EmulsiFlex-C5 cell disruptor (Avestin) supplemented with DNase | in lysis buffer
(25 mM KOH-HEPES pH 7.6, 400 mM KCl, 15% glycerol, 1 mM MgCl,, 10 uM ZnCl,, 30 mM imidazole pH 8.0, 3 mM TCEP,
0.284 ng ml—1 leupeptin, 1.37 ng ml—1 pepstatin A, 0.17 mg ml—1 PMSF and 0.33 mg ml—1 benzamidine). The clarified lysate
was loaded onto a GE HisTrap HP (5 ml) column, pre-equilibrated with lysis buffer, subsequently washed with buffer A1 HisTrap
(25 mM KOH-HEPES pH 7.6, 100 mM KCI, 10% glycerol, 30 mM imidazole pH 8.0 and 1 mM DTT) and eluted with a linear gradient
of 0-100% of buffer B1 HisTrap (25 mM K-HEPES, pH 7.6, 100 mM KClI, 10% glycerol, 500 mM imidazole pH 8.0 and 1 mM DTT) in 12
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CV. Peak fractions were pooled, diluted with buffer A1 IEX (25 mM K-HEPES, pH 7.6, 100 mM KCI, 5% glycerol and 1 mM DTT), incu-
bated with 2.5 mg of TEV protease at 4°C for 8 hr and loaded onto a GE HiTrap Q HP (5 ml), pre-equilibrated with buffer A1 IEX. The
column was washed with 10 CV of buffer A1 IEX and eluted with a linear gradient 0-30% buffer B1 IEX (25 mM K-HEPES, pH 7.6,
2000 mM KCl, 5% glycerol and 1 mM DTT) for 80 CV, a step elution with 50% buffer B1 IEX for 2 CV and a final step with 100% buffer
B1 IEX for 2 CV. Stochiometric TFIIH kinase trimer was pooled and concentrated using Vivaspin 20 10,000 MWCO (GE Healthcare)
and loaded onto a HiLoad 16/600 Superdex 200 pg (Cytiva) which was eluted with buffer GF2 (25 mM K-HEPES, pH 7.6, 100 mM KClI,
5% glycerol and 2 mM TCEP). Stochiometric fractions were pooled, concentrated with Vivaspin 20 10,000 MWCO (GE Healthcare),
flash-frozen in liquid nitrogen and stored at -70°C.

The 12-subunit RNA Pol Il was purified endogenously from Sus scrofa thymus tissue as previously reported.®***%® In summary, S.
scrofa thymus tissue was homogenized in a 2 L blender (Waring) for 3 minutes at 4°C. The homogenized tissue was filtered through
two layers of Miracloth, mixed with polyethyleneimine (final concentration 0.04%) and stirred for 30 minutes at 4°C. The solution was
centrifuged at maximum speed and pellets resuspended in 0.4 M HepR buffer (25 mM Tris-HCI pH 7.9, 400 mM (NH4)2SO4, 1 mM
EDTA, 10 uM ZnCl,, 10% glycerol, 0.284 ug ml—1 leupeptin, 1.37 ug ml—1 pepstatin A, 0.17 mg ml—1 PMSF and 0.33 mg mI—1 ben-
zamidine), centrifuged once more and supernatant adjusted to the conductivity of 0.2 M HepR buffer (25 mM Tris-HCI pH 7.9, 200 mM
(NH4)2SOy4, 1 mM EDTA, 10 uM ZnCl,, 10% glycerol, 0.284 ng ml—1 leupeptin, 1.37 pg ml—1 pepstatin A, 0.17 mg ml—1 PMSF and
0.33 mg ml—1 benzamidine) with 0 M HepR buffer (25 mM Tris-HCI pH 7.9, 1 mM EDTA, 10 uM ZnCl,, 10% glycerol, 0.284 ng ml—-1
leupeptin, 1.37 ug ml—1 pepstatin A, 0.17 mg ml—1 PMSF and 0.33 mg ml—1 benzamidine). This lysate was loaded on a 225-ml
MacroPrepQ column, pre-equilibrated in 0.2 M HepR buffer, the column was washed with 0.2 M HepR buffer (supplemented with
1 mM DTT) and eluted with 0.4 M HepR buffer (supplemented with 1 mM DTT). Eluates were pooled, precipitated by addition of
(NH4)2SO,4 to 50% saturation, stirred at 4°C for 1 hr, centrifuged and pellets resuspended in 0 M HepR2 buffer (25 mM Tris-HCI
pH 7.9, 1 mM EDTA, 10 uM ZnCl,, 10% glycerol, 1 mM sodium metabisulfite, 0.25 mM PMSF and 1 mM benzamidine). The conduc-
tivity of the solution was adjusted on ice to that of 0.15 M HepR buffer (25 mM Tris-HCI pH 7.9, 150 mM (NH4)>SO4, 1 MM EDTA, 10 uM
ZnCl,, 10% glycerol, 1 mM sodium metabisulfite, 0.25 mM PMSF and 1 mM benzamidine), loaded at 4°C on a 5-ml gravity flow col-
umn of 8WG16 (#xRPB1 CTD) antibody-coupled sepharose, pre-equilibrated in 0.15 M HepR buffer. The antibody column was
washed with five column volumes of 0.5 M HepR buffer (25 mM Tris-HCI pH 7.9, 500 mM (NH,4)>SO4, 1 mM EDTA, 10 uM ZnCl,,
10% glycerol, 1 mM sodium metabisulfite, 0.25 mM PMSF and 1 mM benzamidine) at 4°C, and eluted at room temperature with
0.5 M HepR2 buffer (25 mM Tris-HCI pH 7.9, 500 mM (NH4)>SO4, 1 mM EDTA, 10 uM ZnCl,, 50% glycerol, 1 mM sodium metabi-
sulfite, 0.25 mM PMSF and 1 mM benzamidine). Eluted fractions were immediately 5-fold diluted with Pol Il dilution buffer (25 mM
Tris-HCI pH 7.9, 1 mM EDTA, 10 uM ZnCl, and 2 mM DTT). Diluted fractions were pooled, centrifuged and the supernatant loaded
to a UnoQ1 column (Bio-Rad), pre-equilibrated with 0.1 M HepR buffer (25 mM Tris-HCI pH 7.9, 100 mM (NH,4).SO,4, 1 mM EDTA,
10 uM ZnCl, and 2 mM DTT), the column washed and eluted with a 20 CV linear gradient 20-100% from 0.1 M HepR buffer to
0.5 M HepR3 buffer (25 mM Tris-HCI pH 7.9, 500 mM (NH,4)»,SO,4, 1 mM EDTA, 10 uM ZnCl, and 2 mM DTT). GDOWN1-free RNA
Pol Il fractions were pooled, concentrated using an Amicon 100,000 MWCO Ultra Centrifugal Filter (Merck Millipore), buffer
exchanged with Pol Il final buffer (10 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 10 uM ZnCI2 and 1 mM DTT), flash-frozen
in liquid nitrogen and stored at —70 °C.

The PIC-nucleosome complexes were prepared identically for both AAMLP templates (PIC-Nuc'®" and PIC-Nuc'®"), following the
previously established protocol.*?°:"% In short, the 7-subunit core TFIIH (480 pmol) was mixed with the 3-subunit kinase module (480
pmol) to reconstitute the complete 10-subunit TFIIH at 25°C for 10 min. At the same time, RNA Pol Il (240 pmol) was pre-incubated
with TFIIF (1.2 nmol) at 25°C for 10 min. Subsequently, TFIIH was incubated with TFIIE (480 pmol), the KCI concentration was imme-
diately adjusted to 150 mM with 0-salt buffer (20 mM HEPES pH 7.5, 2.5% glycerol, 2 mM MgCl,, 1 mM TCEP) and the subcomplex
incubated at 25°C for 5 min. In the meantime, the PIC upstream complex was formed by adding TBP (1.2 nmol), TFIIA (2.4 nmol) and
TFIIB (1.2 nmol) to the nucleosomal scaffolds (300 pmol) and incubating it at 25°C for 5 min. Afterwards, both the upstream complex
and TFIIH-TFIIE were combined with RNA Pol II-TFIIF and sample salt concentration was decreased to 100 mM KCI by adding 0-salt
buffer. This reaction was incubated at ~400 rpm, 25°C for 90 — 120 min. Once the reaction was finished, the sample was centrifuged
at 21,1309 for 10-15 min and further purified by gradient ultracentrifugation. 30% of the sample was purified in a gradient for analyt-
ical purposes, whereas the remaining 70% was purified by GraFix’" and used for structural studies. The gradient was prepared from
15% to 40% sucrose in a buffer with 20 mM HEPES pH 7.5, 100 mM KCl, 2.5% glycerol, 2 mM MgCl,, 1 mM TCEP, via a BioComp
Gradient Master 108 (BioComp Instruments). Sample preparations for cryo-EM were complemented with 0.2% glutaraldehyde in the
40% sucrose solution. The ultracentrifugation step was carried out at 175,000g for 16 h at 4°C. Subsequently, the gradient was frac-
tionated in 200 ul aliquots, checked by SDS-PAGE and Coomassie staining (analytical gradient) or Native-PAGE and SYBR Gold and
Coomassie staining. GraFix samples were immediately quenched after fractionation with a cocktail of pH-adjusted 10 mM lysine and
40 mM aspartate. The stochiometric crosslinked PIC-nucleosome complexes were dialysed for 6-7 hr at 4°C into PIC-dialysis buffer
(20 mM HEPES pH 7.5, 75 mM KClI, 1% glycerol, 2 mM MgCl,, 1 mM TCEP) in Slide-A-Lyzer MINI Dialysis Devices (0.1 ml, 20 kDa
MWCO) (Thermo Fisher Scientific) for sucrose removal.

Cryo-electron microscopy

Both PIC-nucleosome complexes (~130 pl) were incubated on a floating ~3.0 nm continuous carbon support for 7 min, after which
the carbon film was attached to a holey carbon grid (Quantifoil R3.5/1, copper, mesh 200), washed with 4 ul of PIC-dialysis buffer and
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placed in a Vitrobot Mark IV (FEI/Thermo Fisher Scientific) under 100% humidity at 4°C. Under these conditions, samples were
blotted with force 5 for 2 s and plunged frozen into liquid ethane. Optimal samples were identified using a Glacios transmission-elec-
tron microscope (Thermo Fisher Scientific) operated at 200 keV and equipped with a Falcon-Ill direct-electron detector (Thermo
Fisher Scientific). Data was then collected using SerialEM 4.0°* on a Titan Krios G2 transmission-electron microscope (FEI/
Thermo Fisher Scientific) operated at 300 keV, with 20 eV slit width of a QuantumLS energy filter (Gatan), and equipped with a K3
summit direct detector. Imaging was performed at a nominal magnification of 81,000x (corresponding to a pixel size of 1.05 A/pixel),
with 3 s exposure in counting mode and a total dose of 41.58 and 50.45 e” per A2, over 40 and 50 frames for PIC-Nuc'®" and PIC-
Nuc'®V, respectively, at a defocus range from 0.5-1.5 um. A total of 41517 and 36478 micrographs were collected for PIC-nucleo-
some'®" and PIC-nucleosome’®", respectively.

Data processing

Motion correction, CTF-estimation, dose-weighting and particle-picking was performed in Warp 1.0.9.°% Micrographs were filtered
by resolution and motion estimation, yielding a total of 39399 and 29668, on which Warp auto-picking resulted in 4,667,603 and
4,606,320 initial particles for PIC-nucleosome®V and PIC-nucleosome'®¥, respectively.

For PIC-nucleosome'®", 4,667,603 particles were extracted with a binning factor of 4. The data was initially classified in cryo-
SPARC 3.2.0%° through 4 rounds of 2D and 3D classification where, for the latter, an ab initio model was generated in order to
sort out falsely picked particles, ice contamination and aggregated particles. After the initial cleaning of the datasets, all subsequent
image processing steps were performed using RELION 3.1.0 (Figure S1).5%°7 1,725,420 particles containing cPIC were merged and
unbinned, after which 2 rounds of CTF refinement, masked 3D refinement and Bayesian polishing on cPIC were done to reconstruct
the cPIC at 2.6 A. From these particles, after a series of signal subtraction, where a spherical mask was initially applied to keep the
signal coming between the RNA Pol |l stalk and foot, and focused masked 3D focused classifications with or without image align-
ment, we identified a final set of 147,341 particles which contained the CAK module at 3.3 A. Subsequently, global 3D classifications
with alignment were carried out to keep particles containing both TFIIH and the nucleosome. After signal subtracting and classifying
these 1,462,564 particles with a spherical mask covering TFIIH and the nucleosome, the processing was split in order to yield the
highest achievable resolution for both TFIIH and nucleosome. Regarding TFIIH, signal subtraction and 2 rounds of masked 3D
focused classification yielded a reconstruction of TFIIH at 4.3 A (188,832 particles). Masked 3D focused refinements led us to obtain
XPD-containing TFIIH at 4.7 Aand XPB-containing TFIIH at 3.9 A.ln addition, reverting signal subtraction on these particles and per-
forming either a masked or global refinement on cPIC or PIC-Nuc'®" generated maps at 3.0 Aand 4.0A, respectively. On the other
hand, this same type of classification procedure was employed in order to identify those particles of highest resolution for the nucle-
osome in 3 subsequent rounds. 246,363 particles containing the nucleosome were then refined to 3.6 A.

Data processing for PIC-nucleosome'®" was performed similarly to PIC-nucleosome'®V (Figure S4). Briefly, after initial cleaning of
data, and performing 2 rounds of CTF refinement, masked 3D refinement and Bayesian polishing, we obtained 1,415,094 particles
containing cPIC at 2.4 A. The CAK module could be resolved at 3.8 A by following a strategy similar as described above for
PIC-Nuc'". Secondly, a global 3D classification with alignment was carried out to sort particles that did not contain TFIIH
(cPIC-Nuc) from the ones that did (PIC-Nuc and PIC-like). The 705,995 particles containing TFIIH or TFIIH and nucleosome were
exhaustively 3D classified, yielding a set of 376,063 particles, whereas the cPIC-Nuc reconstruction was generated from 668,443
particles. For these sets of particles, the cPIC signal was subtracted by applying a spherical mask on the TFIIH-Nuc region, subse-
quently performing a masked 3D focused classification. In the cPIC-Nuc scheme, sorting was aimed at keeping particles with highest
resolution details for the nucleosome, whereas for PIC-Nuc we classified for those having the highest occupancy for TFIIH-Nuc. A last
round of masked 3D focused classification without alignment was performed on both schemes and the TFIIH and the nucleosome of
highest resolution were selected for further processing. Lastly, signal subtraction was reverted on the final set of particles for both
reconstructions, and masked global 3D refinement was applied on cPIC- Nuc‘OW (3.8 A) and PIC-Nuc'®" (4.1 A). For the former, the
focused maps of cPIC and the nucleosome were reconstructed at3.1A and 3.2 A respectively. As for PIC-Nuc'®", focused maps of
cPIC, TFIIH and the nucleosome were obtained at 3.2 A, 45Aand 3.5 A.

The resolution of the reconstructions was determined following the gold-standard Fourier shell correlation (cut-off at 0.143). Sharp-
ening of maps was performed with the postprocessing tool of RELION 3.1.0, which automatically calculated the reported B-factors
(Table S1). Local resolution was estimated in RELION 3.1.0 using the previously calculated B-factors. For the overall and cPIC maps,
however, local resolution maps with B-factor of 0 A were determined in RELION 3.1.0 and subsequently used in PHENIX 1.19.2°° for
map-sharpening. Density map figures were made in UCSF ChimeraX-1.4.%?

Model building and refinement

Previously built and published structural models (PDB: 7NVS, 6NMI, 7NVW, 70HC, 6XBZ, 7EGB, 7ZSB)?20:43:46.72.73 \yere rigid-
body fitted into the cryo-EM density maps obtained with highest resolution using UCSF Chimera.®” Iterative rounds of real-space
refinement and manual adjustments were performed using ISOLDE 1.3°° and PHENIX 1.19.2,°° whereas de novo building was
performed in COOT 0.9.6.°* Merging of the refined structural models was done in COOT 0.9.6,°* and ISOLDE 1.3°° was used to
flexibly fit the linker DNA between cPIC and the nucleosome. Validation statistics from Molprobity’* showed good geometry and
stereochemistry for the final refined models (Table S1). Atomic model figures were made in PyMOL 2.5.0°° and UCSF
ChimeraX-1.4,% where the color assigned for every component is consistent throughout the manuscript.
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In vitro transcription assay

Transcription initiation assays were performed in vitro with reconstituted components as described previously,*® albeit with minor
modifications. DNA templates and nucleosomes were prepared as generated for cryo-EM studies (STAR Methods). DNA was stored
at -20°C in TE buffer and nucleosomes were used right after reconstitution.

Briefly, we assembled the PIC step-wise at 25°C on both nucleosome free- and nucleosome-reconstituted DNA templates, as
described above. Per reaction replicate, 3.7 pmol of DNA or nucleosome, 4.6 pmol RNA Pol I, 23 pmol TFIIF and TFIIA, 6.9 pmol
TFIIE, TFIIH and CAK, 11.5 pmol TBP and TFIIB were used. Replicates were performed in a final volume of 23.8 pl, with final buffer
conditions of 3 mM HEPES pH 7.9, 20 mM Tris-HCI pH 7.9, 60 mM KCI, 8 mM MgCl,, 2% (w/v) PVA, 3% glycerol, 0.5 mM DTT,
0.5 mg/ml BSA and 20 units RNase inhibitor. After assembling the PIC for 30 min, 1.25 ul of 10 mM NTP solution (Thermo Fisher Sci-
entific) was added to each reaction (final concentration 0.5 mM/NTP) and incubated at 30°C for 60 min. Transcription reactions were
stopped with 116 pl Stop buffer (10 mM Tris-HCI pH 7.5, 300 mM NaCl, 0.5 mM EDTA, 1% SDS and 4 pg proteinase K (New England
Biolabs)) and incubated for 30-60 minutes at 37 °C. Nucleic acids were then precipitated with isopropanol, in presence of 300 mM
sodium acetate and 0.5 mg/ml GlycoBlue (Thermo Fisher Scientific), on ice for 60 minutes. After resuspending nucleic acids, they
were immediately supplemented with 1 unit DNase | (New England Biolabs) and incubated at 37°C for 60 min to digest the DNA tem-
plate. A second nucleic acid isolation was performed by precipitating with isopropanol overnight at -20°C. Samples were then resus-
pended in 10 pl of water. RNA samples were diluted with 2x RNA Loading Dye (New England Biolabs), loaded into urea gels (2 M urea,
1x TBE, 6% acrylamide:bis-acrylamide 19:1) and separated by electrophoresis in 1x TBE buffer running buffer for 33 minutes at 180
V. Low Range ssRNA Ladder (New England Biolabs) was used for size reference, gels were stained for 10 min with SYBR™ Gold
(Invitrogen) and RNA was visualized with a Typhoon 9500 FLA imager (GE Healthcare Life Sciences).

TT-seq and MNase-seq data analysis

TT-seq labeled and total RNA data (raw and processed) and MNase-seq data (DANPOSS3 called nucleosome dyad positions) were
taken from T. Velychko et al. (unpublished data). Protein-coding genes (RefSeq GCF_000001405.39, NM) were split into groups
based on their RNA synthesis levels as follows: active genes were defined as the genes that are contained in the major transcript
isoform annotation taken from T. Velychko et al., which is based on the total RNA expression data. Active genes were further split
deciles q1-gq10 based on their RNA synthesis level (TT-seq labeled RNA RPKM). Moreover, active genes were selected to have
labeled RNA RPKM > 0.01 and inactive (off) genes were defined by having RPKM < 0.01 for both labeled and total RNA samples.
This cutoff was determined by plotting densities of replicate-averaged log, (TT-seq labeled RNA RPKM) values over all genes and
selecting a suitable cutoff in the valley between the two peaks of the bimodal distribution. To determine the correct TSS for each
of the inactive genes we selected genes with only one RefSeq annotated isoform. For each gene, the +1 nucleosome dyad position
was defined by considering nucleosome dyad position(s) falling within the region from TSS to 200 bp downstream. If two nucleosome
dyads overlapped this region, the one closer to the TSS was defined as +1 nucleosome, and if no nucleosome dyad was called in this
region, the gene was excluded from further analysis. The final gene sets contained 2680 inactive genes and 9970 active genes (997
per RNA synthesis decile), of which 2261 (off), 892 (q1), 812 (92), 854 (93), 837 (94), 875 (g5), 898 (96), 903 (q7), 913 (98), 933 (99) and
956 (q10) had an annotated +1 nucleosome. TSS to +1 nucleosome edge distances were calculated by subtracting 73 bp from the
TSS-to-dyad distances.

QUANTIFICATION AND STATISTICAL ANALYSIS

For in vivo data analysis, significance between deciles was determined by calculating p-values by two-sided Mann-Whitney U-test.

For the in vitro transcription assays, intensity values of gels were quantified using ImageJ 2.1.0,°° subtracted against the back-
ground and normalized to the signal of the corresponding reaction of DNA templates without nucleosomes reconstituted. To facilitate
comparisons between different nucleosome distances, signals were scaled to the normalized intensity of Nuc'®W. Statistical analysis
was performed using one-way ANOVA tests with Welch’s correction to obtain statistical significance (p values). All statistical analysis
and diagrams were generated using RStudio or GraphPad Prism 9.1.0.
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