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Abstract

For transcription initiation, RNA polymerase (Pol) Il assembles with general transcription factors
on promoter DNA to form the pre-initiation complex (PIC). We report cryo-EM structures of the
yeast PIC and PIC-core Mediator (cMed) complex at nominal resolutions of 4.7 A and 5.8 A,
respectively. The structures reveal TFIIH and suggest how the TFIIH modules “‘core’ and ‘kinase’
function in promoter opening and Pol 11 phosphorylation, respectively. The TFIIH core subunit
Ssl2 (human XPB) is positioned on downstream DNA by the ‘E-bridge’ helix in TFIIE, consistent
with TFIIE-stimulated DNA opening. The TFIIH kinase module subunit Tfb3 (human MAT1)
anchors the kinase Kin28 (human Cdk7) that is mobile in the PIC but preferentially located
between the Mediator hook and shoulder in the PIC-cMed complex. Open spaces between the
Mediator head and middle modules may allow access of the kinase to its substrate, the C-terminal
domain (CTD) of Pol II.

Transcription of protein-coding genes begins with the formation of a pre-initiation complex
(PIC) on promoter DNAL. The PIC consists of RNA polymerase (Pol) Il and the
transcription factors (TF) IlA, -B, -D (or its subunit TBP), -E, -F, and -H (Extended Data
Table 1). The coactivator Mediator stabilizes the PIC2 and is globally required for
initiation3-5. Structures of the PIC lacking TFIIH (core PIC, cPIC) have been derived for
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the yeast S. cerevisiae6 and human7 by cryo-electron microscopy (cryo-EM) at 3.6 A and
3.9 A resolution, respectively. The crystal structure of core Mediator (cMed) was obtained
for the fission yeast S. pombe at 3.4 A resolution and contains the essential Mediator
subunits5. Detailed structural information is lacking for TFIIH, but TFIIH has been located
within the PIC7-10 and its subunit topology7,9,11-13 was revealed.

TFIIH is essential for transcription and DNA repair and consists of a 7-subunit core and a 3-
subunit kinase module14. Whereas the core suffices for DNA repair, the kinase module is
additionally required for transcription15. The core comprises the ATPases SsI2/XPB (yeast/
human) and Rad3/XPD, and subunits Tfb1/p62, Tfh2/p52, Ssl1/p44, Tfh4/p34 and Tfb5/p8.
SsI2/XPB functions in promoter opening16 and escapel7,18, but is not universally required
for DNA opening6,19. The TFIIH kinase module contains the kinase Kin28/CDK?7, the
cyclin Ccl1/CycH, and Tfb3/MAT1. Kin28/Cdk7 phosphorylates the C-terminal domain
(CTD) of Pol 1120, is stimulated by Mediator21, and facilitates promoter escape22.

Here we extend our previous structural studies of cPIC6 and cMed5 to arrive at the
structures of the yeast PIC containing TFIIH and of the PIC-cMed complex. The latter
structure has a molecular weight of ~2 MegaDalton, includes 46 polypeptides, and contains
all transcription initiation-related proteins that are essential in yeast. The structures reveal
TFIIH and its interactions with Pol Il, TFIIE, DNA, and Mediator.

Structures of PIC and PIC-cMed complex

Thus far TFITH was purified in small quantities from natural sources. To overcome this
limitation, we prepared both TFIIH modules in recombinant form after co-expressing their
subunits (Methods, Extended Data Fig. 1). The two modules contained TFIIH subunits in
apparently stoichiometric amounts and could be assembled into the complete 10-subunit
TFIIH. Reconstituted TFIIH formed a stable complex with cPIC and cMed. The resulting
46-subunit PIC-cMed complex was subjected to cryo-EM data collection (Methods,
Extended Data Fig. 1). Unsupervised particle sorting led to cryo-EM reconstructions of the
PIC and PIC-cMed complex at nominal resolutions of 4.7 A and 5.8 A, respectively
(Extended Data Fig. 2).

Secondary structure was visible in maps obtained with RELION23 only after focused
refinement on cPIC, TFIIH, or cMed. To reconstruct continuous cryo-EM maps from
particles with such flexible regions we developed a computational tool, ‘WarpCraft’
(Methods, Supplementary Data 1). WarpCraft represents maps as pseudo-atomic models and
simulates restrained motions between flexible map regions. This avoids the spatial
divergence of separate focused refinements, and can make the construction of composite
maps obsolete. Thus we obtained cryo-EM maps that revealed highly defined secondary
structure throughout the PIC and PIC-cMed complex.

To solve the PIC structure (Fig. 1, Supplementary Video 1), we first fitted our cPIC
structure6 to the density and made adjustments to TFIIB, the TFIIE subunits Tfal and Tfa2,
and the Pol 11 clamp. The PIC adopts the open promoter state with unwound DNA in the
active center as before6. Structures and models for 22 TFIIH domains were unambiguously
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fitted to the remaining density (Supplementary Data Table 1). Eleven connections within and
between TFIIH domains were traced and the obtained model was refined by flexible real
space fitting (Methods). The TFIIH structure is consistent with 153 known protein-protein
crosslinks obtained with bis(sulfosuccinimidyl)suberate (BS3) and 1,1’-
(suberoyldioxy)bisazabenzotriazol) (SBAT)10,24,25, and with additional 55 crosslinks
obtained with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
(Extended Data Fig. 3; Supplementary Data Tables 2, 3).

To solve the PIC-cMed structure (Fig. 2, Supplementary Video 2), we placed the generated
PIC model into the PIC-cMed cryo-EM map. We then fitted the remaining density with the
S. cerevisiae cMed model obtained from the S. pombe crystal structure5. We obtained a
model for the PIC-cMed complex after flexible real space fitting of seven rigid bodies in
cMed and manual adjustments (Methods, Supplementary Data Table 4). The DNA path is
virtually identical in both new structures, highly similar in the yeast open cPIC6, and similar
in the human open PIC7. The obtained PIC and PIC-cMed structures consist of atomic
models where high-resolution structures were available (76% and 73%, respectively), and
backbone models for other parts of TFIIH and cMed.

TFIIH structure

The PIC structure reveals that the TFIIH core forms a crescent-shaped complex spanning
from Ssl2/XPB to Rad3/XPD (Fig. 3, Extended Data Fig. 4). Ssl2 binds downstream DNA
as previously observed7,9,26, consistent with its role in DNA opening16. Rad3 is located
~40 A away from DNA, in agreement with its ATPase activity being dispensable for
transcription27. TFIIH subunits Tfb5, Tfh2, Tfb4, and Ssl1 are arrayed in between the two
ATPases. The Tfb1 subunit meanders along Tfb4, Ssl1 and Rad3 and its plekstrin homology
domain (PHD) protrudes from the crescent towards the Pol 1l clamp.

The TFIIH core structure shows that the bilobal Ssl2 ATPase contains a C-terminal
extension in lobe 2 that contacts Tfb5 in the Tfb2-Tfb5 dimerization module28. Ssl2 and
Tfb2 interact via newly observed ‘clutch’ domains. Tfb2 further contains a region with three
helix-turn-helix subdomains that binds Tfb4, which contains a van Willebrandt (vWA)
domain with an insertion and an extended zinc finger (eZnF) domain. Like Tfb4, Ssl1
contains a VWA and eZnF domain, and an additional RING domain. Tfb4 and Ssl1 interact
intimately and form the backbone of TFIIH. Ssl1 also binds Rad3, which contains a bilobal
ATPase with two insertions in lobe 1, an iron-sulfur (FeS) cluster, and an ARCH domain.
Whereas the FeS cluster resembles that in known archaeal structures29-31, the ARCH
domain contains an additional helix and two helix extensions. Tfb1 comprises an N-terminal
PHD, two BTF2-like, synapse-associated and DOS2-like (BSD) domains32, helical regions
that anchor Rad3 and Tfb4 (Rad3 anchor and Tfb4 anchor, respectively), and a C-terminal 3-
helix bundle that binds the two eZnF domains.

Our TFIIH structure defines the orientation of eight domains in TFIIH subunits that were

inferred by previous studies of the PIC7-9. It also reveals 15 additional domains, numerous
connections, and details of domain interactions. Regions in TFIIH subunits that are essential
for cell viability in yeast33 tend to be ordered in our structure (Extended Data Fig. 5a). The
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TFIIH structure also suggests the effect of mutations in human TFIIH subunits p8, XPB and
XPD that are associated with the human diseases Xeroderma pigmentosum,
Trichothiodystrophy, and Cockayne syndrome14,34,35. Many of the mutated sites are
predicted to destabilize the TFIIH core structure (Extended Data Fig. 5b).

TFIIH interactions with cPIC

The PIC structure reveals four sites of interaction between TFIIH and cPIC (Fig. 4). First,
the TFIIH kinase module subunit Tfb3 bridges between the Pol 11 stalk subcomplex Rpb4-
Rpb7, TFIIE, and Rad3 (Extended Data Fig. 6a). In particular, the Tfb3 RING domain binds
between the Rpb7 OB domain and the TFIIE E-linker helices, and the Tfb3 ‘ARCH anchor’
contacts the Rad3 ARCH domain. This is consistent with the known interaction between the
TFIIH kinase module and Rad327,36 and the initiation function of Rpb4-Rpb737, which
also binds TFIIE6 and cMed4. The Tfb3 contact with Pol |1 further explains why the PIC
recruits TFIIH that contains the kinase module, rather than only core TFIIH15. A role for
Tfb3 in TFIIH recruitment can also explain why the kinase module is required for
transcription initiation in a reconstituted system20 although its kinase activity is not38. The
C-terminal part of Tfb3 is disordered and connects to the kinase-cyclin pair, which is also
mobile in the PIC structure.

The three additional interactions between TFIIH and cPIC involve the mobile C-terminal
region of TFIIE subunit Tfal (human TFIIEa). This TFIIE region forms three previously
unobserved helices that are flexibly connected and named here E-dock (a.7), E-bridge (a.8),
and E-floater (a.9) (Extended Data Fig. 6b). The E-dock apparently enables docking of the
Tfb1l PHD to the TFIIE extended winged helix (eWH) domain that is located on the Pol Il
clamp (Extended Data Fig. 6¢). The E-bridge extends from Tfb1 domain BSD2 to Ssl2 lobe
2 (Extended Data Fig. 6d, €). The E-floater binds the BSD1 domain in Tfb1 (Extended Data
Fig. 6f, g). Taken together, TFIIE contacts TFIIH at four sites, explaining why TFIIE is
required for TFIIH recruitment to the PIC39.

TFIIH and DNA opening

The PIC structure shows that the Ssl2 ATPase engages with promoter DNA ~25-30 base
pairs (bp) downstream of the putative transcription start site +1 (Fig. 5, Extended Data Fig.
7). This location is consistent with crosslinking data40 and previous cryo-EM studies?,9,
and with the translocase model for ATP-dependent DNA opening26,41. According to this
model, Ssl2 uses ATP hydrolysis to translocate on DNA away from Pol II. If the Ssl2
location is fixed, SsI2 action results in a reeling of DNA into the active center. The PIC
structure supports a fixed location of Ssl2 and the proposed directionality of translocation.
The two ATPase lobes bind the DNA backbones on both sides of the minor groove, similar
to the ATPase in the chromatin remodeler Chd142. Comparisons with Chd1 and with
ATPase structures of NS3 and Rad3 (Extended Data Fig. 7d, e) indicate that SslI2 tracks
along the DNA template strand in the 3’-5’ direction, consistent with biochemical
studies43-45. One study suggested that tracking occurs on the non-template strand in 5°-3’
direction26, but this would result in the same overall movement.
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The PIC structure also suggests how TFIIE may stimulate the ATPase activity of TFIIH46.
According to the current model for ATPase translocation42,47, ATP binding induces a
ratcheting movement of lobe 2 with respect to lobe 1, and a DNA translocation by one base
pair. In our structure we trapped the pre-translocation state of Ssl2 with an empty ATPase
active site (Fig. 5b). The C-terminal end of the TFIIE E-bridge contacts Ssl2 lobe 2,
suggesting that the E-bridge can influence the conformational ratcheting in the Ssl2 ATPase
that occurs during DNA translocation.

TFIIH and Pol Il phosphorylation

The PIC-cMed structure provides details on the previously described PIC-Mediator
interfaces4, and suggests conformational changes in Mediator upon PIC binding (Fig. 6,
Extended Data Fig. 8, Supplementary Video 3). The Mediator head module is largely
unchanged48, but the conformation of the middle module differs from that in the cMed
structure5 (Extended Data Fig. 8c). The submodules in the middle module apparently
undergo concerted movements. Whereas the plank rotates to bind the Pol Il foot, the hook
and knob undergo swinging motions and the beam moves towards the head module jaws.
Comparison with the cMed cryo-EM structure49 also suggests conformational changes in
Mediator upon PIC binding.

The PIC-cMed structure further reveals an additional density for the Kin28-Ccl1 (CDK7-
cyclin H) kinase-cyclin pair on the outer surface of cMed (Fig. 6). This density is located
above one of two openings that flank the knob at the Mediator head-middle interface. The
kinase-cyclin pair resides between the Mediator hook, knob, and shoulder, roughly
consistent with its previously reported position10. The density for Kin28-Ccl1 is weaker
than density for cMed or TFIIH, indicating that the kinase-cyclin pair retains some mobility.

How does the TFIIH kinase reach its phosphorylation substrate, the Pol Il CTD? The linker
to the mobile CTD extends from Pol 11 towards the inner surface of Mediator that lines a
previously described cradle formed between Mediator and Pol 114 (Fig. 6). To reach the
kinase, the CTD may exit the cradle and extend around Mediator or through Mediator10.
However, the CTD crosslinks to the inner surface of the cradle5, suggesting that it resides in
the cradle, where it can be accommaodated if it adopts a compact globular shape50. The
TFIIH kinase may access the CTD through the openings at the head-middle interface.
Phosphorylation of CTD regions would then lead to repulsion between accumulating
negative charges, expansion of the CTD globule in the cradle, a weakening of the Pol 1I-
Mediator interaction and Mediator dissociation. Loss of Mediator destabilizes the PIC and
would facilitate Pol 11 escape from the promoter.

Conclusions

We aimed at detailed structures of the yeast Pol Il PIC and its complex with Mediator ever
since the structure of the core Pol Il enzyme was determined50. Important steps towards this
goal included the Pol 1I-TFIIB crystal structure, which led to minimal models of the closed
and open promoter complexes51, and our recent structures of cPIC6 and cMed5. The critical
step reported here was to prepare recombinant TFIIH, to derive its structure, and to arrive at
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structures of the PIC and the PIC-cMed complex. The PIC-cMed complex lacks TFIID and
the Mediator tail module, but their location on the PIC was derived by others in the human52
and yeast10 systems, respectively.

The structures presented here define interactions of TFIIH within the PIC and interactions of
cMed with the PIC, and provide unexpected insights. First, anchoring of TFIIH to the cPIC
involves a subunit of the TFIIH kinase module, ensuring that complete TFIIH is
incorporated into the PIC. Second, a mobile extension of TFIIE tethers multiple parts of
TFIIH, including the Ssl2/XPB ATPase. Third, the TFIIH kinase is mobile in the PIC, but
adopts a preferred location on Mediator when cMed binds the PIC. Finally, PIC-bound
Mediator contains two openings at its head-middle interface that may allow access of the
TFIIH kinase to the Pol Il CTD residing in the cradle. The structures thus provide the basis
for future mechanistic studies of TFIIE-stimulated and TFIIH-dependent promoter opening,
Mediator-stimulated CTD phosphorylation and promoter escape, and gene regulation at the
level of transcription initiation.

Cloning and protein expression

Full-length subunits of S. cerevisiae TFIIH with the exception of Rad3 and Ssl2 were
amplified from purified genomic DNA by PCR and transferred into modified pFastBac
vectors (derivatives of 438-A and 438-C; Addgene #55218 and #55220) by ligation
independent cloning (LIC). The intron in Kin28 was removed by quick-change mutagenesis
PCR after initial vector assembly. DNA sequences encoding full-length Rad3 and Ssl2 were
obtained as S. frugiperda codon-optimized constructs from GeneArt (ThermoFisher
Scientific, Waltham, USA), amplified from the vectors by PCR, and transferred into
modified pFastBac vectors by LIC. Within the vectors of the 438-series, the TFIIH subunits
contain either N-terminal 6xHis- or 6xHis-MBP-tags or remain untagged. N-terminal 6xHis-
tags are followed by cleavage sites for either Ulp1 or the rhinovirus protease (3C) whereas
the N-terminal 6xHis-MBP-tags are followed by a modified cleavage site for tobacco etch
virus (TEV) protease. After separate transfer of each gene into a 438-vector, the single
vectors were combined by successive rounds of LIC to generate a 7-subunit construct
encoding the genes for core-TFIIH (Rad3, Ssl1, SsI2, Tfbl, Tfb2, Tfb4, Tfb5) and a 3-
subunit construct with the genes for the TFIIH kinase module (encoding Ccll, Kin28, Tfh3).
Each subunit is preceded by a PolH promoter and followed by a SV40 termination site.
Within these constructs, the 6xHis-MBP-tags are placed on either Ssl1, Tfb4 or Kin28.
Plasmid sequences are available upon request. Preparation of bacmids, production of insect
cell virus of the VO and V1 stage and protein expression in insect cells were performed
essentially as described42. Cells were harvested by centrifugation (238x g, 45 min, 4°C) and
resuspended in lysis buffer (400 mM KOAc, 25 mM Na<HEPES pH 7.5, 10% glycerol (v/v),
5 mM B-mercaptoethanole, 0.284 pg/mL leupeptin, 1.37 pug/mL pepstatin A, 0.17 mg/mL
PMSF, 0.33 mg/mL benzamidine). The cell suspension was flash cooled in liquid nitrogen
and stored at -80°C.
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Protein purification

Preparation of S. cerevisiae Pol I, TBP, TFIIA, TFIIB, TFHE, TFIIF and 16-subunit cMed
was performed as described4. Protein subunits of S. cerevisiae core-PIC and cMed were
purified and assembled into subcomplexes TFIIA, TFIE, TFIIF, Pol 1l and cMed essentially
as reported4. Recombinant S. cerevisiae core-TFIIH was purified by consecutive steps of
affinity chromatography, ion exchange chromatography and size exclusion chromatography.
All purification procedures were performed at 4°C unless stated otherwise. Frozen insect
cell pellets were thawed at 25°C, supplemented with catalytic amounts of DNAsel and lysed
with an EmulsiFlex-C5 cell disruptor (Avestin, Ottawa, Canada) (3 passages, 12 000 psi).
The cell lysate was cleared by centrifugation (79,000x g; 60 min) and the protein-containing
soluble fraction was filtered through 0.8 UM syringe filters (Merck Millipore, Billerica,
USA). The supernatant was then applied to a GE XK 16-20 column (GE Healthcare, Little
Chalfont, United Kingdom) containing a bed volume of 25 mL amylose resin (New England
Biolabs, Ipswich, US) and pre-equilibrated in buffer M-300 (300 mM KOAc, 25 mM
KeHEPES pH 7.5, 10% glycerol (v/v), 5 mM p-mercaptoethanole). After application of
core-TFIIH-containing lysate supernatant, the column was washed with 3 CV of buffer
M-300 and the protein was eluted with 2 CV buffer ME (350 mM KOAc, 25 mM KeHEPES
pH 7.5, 10% glycerol (v/v), 50 mM maltose and 5 mM B-mercaptoethanole) onto a GE
HiTrap Heparin HP (5 mL) column pre-equilibrated in buffer M-350 (350 mM KOAc, 25
mM KeHEPES pH 7.5, 10% glycerol (v/v), 5 mM B-mercaptoethanole). The column was
washed with 3 CV of buffer M-350 and the protein was eluted with a linear gradient of
0-30% buffer M-2000 (2 M KOACc, 25 mM KeHEPES pH 7.5, 10% glycerol (v/v), 5 mM -
mercaptoethanole) in 20 CV. Peak fractions were pooled, supplemented with 1 mg 6xHis-
TEV protease, 0.5 mg 6xHis-3C protease and 0.5 mg 6xHis-Ulpl protease and kept at 4°C
for 6 hours. The cleaved sample was subjected to anion exchange chromatography using a
GE HiTrap Q HP (1 mL) column pre-equilibrated in buffer A-400 (400 mM KOAc, 25 mM
KeHEPES pH 7.5, 5% glycerol (v/v), 5 mM B-mercaptoethanole). After sample application
the column was washed with 10 CV buffer A-400 and the protein was eluted with a linear
gradient from 0-30% buffer A-2000 (2 M KOAc, 25 mM KeHEPES pH 7.5, 5% glycerol
(v/iv), 5 mM B-mercaptoethanole) in 80 CV. Fractions containing stoichiometric 7-subunit
core-TFIIH were pooled, concentrated using a Vivaspin 6 MWCO 50 000 (GE Healthcare,
Little Chalfont, United Kingdom) centrifugal device and applied to a GE Superose12 10/300
GL size exclusion column pre-equilibrated in gel filtration buffer (600 mM KOAc, 25 mM
KeHEPES pH 7.5, 5% glycerol (v/v), 2 mM TCEP). Peak fractions were pooled,
concentrated to 4 mg/mL using a Vivaspin 500 MWCO 50 000 (GE Healthcare, Little
Chalfont, United Kingdom) centrifugal device, aliquoted, flash-cooled in liquid nitrogen and
stored at -80°C. Typical yields were in the range of 0.3-0.4 mg per 1 L of insect cell culture.

The TFIIH kinase module was prepared similarly. After cell lysis and lysate clearance, the
sample was loaded onto a GE XK 16-20 column containing a bed volume of 25 mL amylose
resin pre-equilibrated in buffer M-200 (200 mM KOAc, 25 mM KeHEPES pH 7.5, 5%
glycerol (v/v), 5 mM B-mercaptoethanole). The column was washed with 3 CV buffer
M-300 and the protein was eluted with 2 CV buffer ME (200 mM KOAc, 25 mM KeHEPES
pH 7.5, 5% glycerol (v/v), 50 mM maltose and 5 mM B-mercaptoethanole). Peak fractions
were pooled, supplemented with 1 mg 6xHis-TEV protease and 0.5 mg 6xHis-3C protease
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and kept at 4°C for 6h. The cleaved protein sample was subjected to anion exchange
chromatography using a GE HiTrap Q HP (1 mL) column pre-equilibrated in buffer M-200.
After sample application the column was washed with 10 CV of buffer M-200 and the
protein was eluted with a linear gradient from 0-30% buffer A-2000 (2 M KOAc, 25 mM
KeHEPES pH 7.5, 5% glycerol (v/v), 5 mM B-mercaptoethanole) in 80 CV. Fractions
containing stoichiometric kinase trimer were pooled, concentrated using a Vivaspin 6
MWCO 10 000 (GE Healthcare, Little Chalfont, United Kingdom) centrifugal device and
applied to a GE Superdex200 10/300 GL size exclusion column pre-equilibrated in gel
filtration buffer (150 mM KOAc, 25 mM KeHEPES pH 7.5, 5% glycerol (v/v), 2 mM
TCEP). Peak fractions were concentrated to 7 mg/mL using a Vivaspin 500 MWCO 10 000
(GE Healthcare, Little Chalfont, United Kingdom) centrifugal device, aliquoted, flash-
cooled in liquid N, and stored at -80°C. Typical yields were in the range of 1.0 mg per 500
mL of insect cell culture.

Preparation of the PIC-cMed complex

Closed PIC-cMed complex was prepared according to a protocol adapted from the
previously reported assembly scheme4, but with a slightly altered nucleic acid scaffold. The
106 nucleotide scaffold is based on the HIS4-promoter sequence (template: 5’-
TGACACAGCGCAGTTGTGCTATGATATTTTTATGTATGTACAACACACATCGGAGGT
GAATCGAACGTTCCATAGCTATTATATACACAGCGTGCTACTGTTCTC G-3’; non-
template: 5’-
CGAGAACAGTAGCACGCTGTGTATATAATAGCTATGGAACGTTCGATTCACCTCCG
ATGTGTGTTGTACATACATAAAAATATCATAGCACAACTGCGCTGTGTCA-3’) and
contains additional downstream DNA. Complete 10-subunit TFIIH was reconstituted from
the 7-subunit core and the kinase trimer at 4°C prior to formation of the PIC-cMed complex.
The PIC-cMed complex was assembled for cryo-EM according to the order in Extended
Data Table 1. Beginning with the formation of a Pol 11-1IF complex, the other initiation
factors were added to generate a Pol I1/I1A-11B-TBP-1IF-DNA complex. TFIIE was
incubated with previously assembled 10-subunit TFIIH for several minutes before being
added to the Pol ll-containing complex. After incubation for 5 minutes, buffer S (25 mM
KeHEPES pH 7.5, 2 mM Mg(OAc),, 2.5% glycerol (v/v), 1 mM TCEP), with an appropriate
amount of AMP-PNP to reach a final concentration of 0.75 mM, and cMed were added. The
PIC-cMed complex was incubated for another 120 minutes shaking gently at 400 rpm.
Unless stated otherwise, all incubation steps were performed at 25°C.

The PIC-cMed sample was centrifuged at 21,000x g for 10 minutes and subjected to
sucrose-gradient centrifugation in a 5 mL centrifugation tube. The gradient was generated
from a 15% sucrose light solution (15% (w/v) sucrose, 150 mM KOac, 25 mM KeHEPES
pH 7.5, 2 mM Mg(OAc),, 2.5% glycerol (v/v), 1 mM TCEP, 0.75 mM AMP-PNP) and a
40% sucrose heavy solution (40% (w/v) sucrose, 150 mM KOac, 25 mM KeHEPES pH 7.5,
2 mM Mg(OAC),, 2.5% glycerol (v/v), 1 mM TCEP, 0.75 mM AMP-PNP) containing 0.13%
(v/v) glutaraldehyde crosslinker with a BioComp Gradient Master 108 (BioComp
Instruments, Fredericton, Canada). Centrifugation was performed at 175,000x g for 16 hours
at 4°C. Subsequently 200 L fractions were collected and quenched with a mix of 10 mM
aspartate and 30 mM lysine for 10 minutes. Fractions containing crosslinked PIC-cMed
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complex were dialyzed for 10 hours in dialysis buffer (150 mM KOac, 25 mM KeHEPES pH
7.5, 2 mM Mg(OACc),, 1 mM TCEP) in Slide-A-Lyzer MINI Dialysis Devices (2 mL, 20 000
MW(CO) (ThermoFisher Scientific, Waltham, USA) to remove sucrose and glycerol. The
dialyzed sample was concentrated to 0.7 mg/mL using a Vivaspin 500 MWCO 100 000 (GE
Healthcare, Little Chalfont, United Kingdom) centrifugal device and applied to cryo-EM
grids.

Cryo-electron microscopy

Cryo-EM data collection was performed on R1.2/1.3 gold grids (Quantifoil, GroRlébichau,
Germany). Grids were glow-discharged for 45 seconds before application of 5 uL
concentrated PIC-cMed sample, blotted for 5 seconds and vitrified by plunging into liquid
ethane with a Vitrobot Mark IV (FEI Company, Hillsboro, US) operated at 4°C and 100%
humidity. Cryo-EM data were acquired on a FEI Titan Krios G2 transmission electron
microscope (FEI, Hillsboro, USA) operated in EFTEM mode at 300 kV and equipped with a
K2 Summit direct detector (Gatan, Pleasanton, USA). Automated data acquisition was
carried out using the FEI EPU software package at a nominal magnification of 105,000x
(1.37 A/pix). A total of 14,000 image stacks were collected at a defocus range from -0.5 uM
to -5.0 uM. Each stack contained 40 frames that were acquired over a 10 seconds exposure
time window in the counting mode of the camera. A dose rate of 4.2 e"/AZ%s was applied,
resulting in a total dose of 42 e"/A2,

Image processing

Cryo-EM image frames were stacked and processed with MotionCor253 and CTF parameter
estimation was performed with Gctf54. CTF correction and subsequent image processing
were performed with the RELION 2.0.4 package23,55 unless indicated otherwise. Post-
processing of refined models was performed with automatic B-factor determination in
RELION and resolution was reported based on the gold-standard FSC (0.143 criterion) as
described56 unless indicated otherwise. Local resolution estimates were determined using a
sliding window of 403 voxels as described6. To obtain an initial particle set, coordinates of
ca. 15 000 particles were determined semi-automatically with the e2boxer.py tool
implemented in EMAN257. The coordinates were imported into RELION and the respective
particles were extracted with a 3802 pixel box and normalized. Reference-free 2D class-
averages were calculated and 20 representative 2D classes were selected. These were low-
pass filtered to 20 A and used as templates for automated particle picking on the first 700
micrographs, resulting in ca. 200,000 particles. Particles were extracted with a 3802 pixel
box size, normalized and screened by a combination of manual inspection and iterative
rounds of reference-free 2D-classification. From the obtained improved 2D class-averages,
20 representative 2D classes were selected, low-pass filtered to 20 A and used as templates
for automated picking on the remaining micrographs with RELION. Initially ca. 1.6 million
particle images were obtained. Particles were extracted with a box size of 3502 pixel,
normalized and screened using a combination of iterative rounds of reference-free 2D- and
template-guided 3D-classification with image alignment combined with manual inspection
of the images in specific classes. An initial reference (Modell) for the screening 3D-
classifications had been obtained by performing one pre-3D-classification with the initial
200,000 particles using a 60 A low-pass filtered EM map of the core-PIC-cMed complex
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(EMD-2786)4 as reference. Calculation of five 3D classes resulted in one class with the
complete PIC-cMed complex. This class was used as ‘“Model I” for the screening 3D-
classifications after low-pass filtering to 60 A. During the screening process, ca. 60% of the
initial 1.6 million particles were discarded, resulting in 650,000 input particles. Using
‘Model I’ as the initial reference, iterative rounds of hierarchical 3D-classification with
image alignment were performed as outlined in Extended Data Fig. 2. After the first round
of classification, classes with clearly visible density for cMed were selected. The same
procedure was applied for classes with clear TFIIH density but no density for cMed,
resulting in a separation of the classification tree in one branch for the PIC-cMed particles
and one branch for PIC particles that lacked cMed. Prior to the second round of 3D-
classification, new reference models (‘Model PIC’ and ‘Model PIC-cMed”) were generated
from the best classes of the first round of 3D-classification and low-pass filtered to 60 A.
The second round of template-guided 3D-classification for the PIC-cMed branch was
consequently performed with ‘Model PIC-cMed’ as a reference whereas for the PIC branch
‘Model PIC’ served as reference. Subjecting the best 3D class of the PIC branch to a focused
3D-refinement with a local mask encompassing only TFIIH resulted in a reconstruction with
a resolution of 7.4 A (after post-processing) from 32,000 particles.

Flexible refinement (WarpCraft)

Both the PIC and the PIC-cMed complexes showed intrinsic flexibility. In particular, TFIIH
was flexible with respect to cPIC, and cMed was flexible with respect to PIC. Although such
flexibility can be dealt with using local refinement in RELION, this leads to composite
density maps. In order to obtain reconstructions with a continuous density throughout the
entire maps, we developed and used a flexible refinement tool, WarpCraft. To calculate the
reconstructions, the best classes of the second round of 3D-classification of the PIC and
PIC-cMed branches were merged as shown in Extended Data Fig. 2. The first 20 normal
modes were calculated as described58, using 15,000 pseudo atoms derived from a globally
refined map of the complexes, and a distance cut-off of 8 A. Maps were then automatically
divided in 20 regions with the objective to minimize the mean intra-region across all normal
modes. The region masks were given a raised cosine fall-off of 8 pixels within the particle
boundaries to create a slight overlap, and 16 pixels outside the boundaries. The mask values
were normalized to have a sum of 1 in each intra-particle voxel. Separate reference volumes
were then generated by multiplying each initial, locally low-pass filtered half-map by each
region mask. The local filtering was performed with a 40 pixel window and an FSC
threshold of 0.7. The refinement procedure aimed to find the optimal linear combination of
normal modes that described the conformation observed in each experimental projection. To
achieve this, the squared difference between the experimental projections, and the sum of all
region reference projections multiplied by the previously determined CTF was minimized
using the L-BFGS algorithm59. The orientation of each region in the projections was
defined as the global particle rotation and translation, adjusted by the rigid body transform
that best described the shift of pseudo-atoms within that region, as defined by the current
linear combination of normal modes for the particle. After 20 optimization steps, the
reconstructions were obtained as follows. For each half-map and each region, a
reconstruction was calculated using the particle orientations adjusted by that region’s rigid
body transform determined in the optimization. The region reconstructions were multiplied
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by masks identical to those used for optimization, except that the fall-off region outside the
particle boundaries was also normalized to have a sum of 1 in each voxel, so as not to create
additional masking in the result. The masked reconstructions were added up to form the final
half-map volumes, and the local resolution for each region was calculated with a 40 pixel
window and an FSC threshold of 0.3. This process was repeated until the resolution values
converged, usually after 5-6 iterations. The code for WarpCraft is available as
Supplementary Data 1.

Structural modeling

For structural modeling we used both the continuous EM maps obtained by WarpCraft and
EM maps with focus on specific regions in TFIIH. Model placement and docking of rigid
bodies into the EM maps was performed with UCSF Chimera60. The I-TASSER61,62,
SWISS-Model63,64 and Rosetta65,66 tools were utilized for the generation of homology
models of various PIC-cMed components as indicated in Supplementary Data Table 1 and
Supplementary Data Table 4. Manual modification of models and de-novo model building
procedures were performed with COOT67. The model of the S. cerevisiae cPIC6 was placed
into the EM map and the Pol 11 clamp and stalk regions, as well as TFIIA, TFIIF and
peripheral regions in Rpb3, Rpb6, Rpb8, Rpb9 and Rpb12 were adjusted as rigid bodies.
The model of TFIIB was extended in the B-linker and B-reader regions based on the Pol IlI-
TFIIB crystal structure68 (PDB 4BBR). Homology models for TFIIE subunits Tfal and
Tfa2 were generated based on the H. sapiens crystal structures of TFIIE69 (PDB 5GPY) and
flexibly fitted into the TFIIE density, replacing the previous TFIIE model. The S. cerevisiae
cMed homology model was adapted from the previously generated homology model of the
S. pombe cMed crystal structure5 (PDB 5N9J). To improve the fit to the EM map, cMed was
divided into seven rigid bodies (head module, knob, hook-connector, plank, beam RWD1-
UBC1, beam RWD?2, beam UBC?2) that were placed in the density individually. Downstream
DNA was generated by placing three pieces of ideal B-DNA into the density, connecting
these in COOT and performing alternating rounds of real space refinement with secondary
structure restraints and geometry optimization in PHENIX70. For a summary on structural
modeling of proteins refer to Supplementary Data Table 1 and Supplementary Data Table 4.

We generated a conservative model of S. cerevisiae TFIIH with the use of available
structural information. Models of domains were first derived based on structures of TFIIH
homologues from different species and on other structures with regions of partially related
sequences. Homology models were generated for the Tfb1l BSD1 and BSD2 domains, for
the three Tfb2 HTH motives, for the Tfb3 RING-Finger, for the Tfb4 vVWA-fold, for the
extended Zn-Finger motifs in Tfb4 and Ssl1, and for the Ssl1 RING-Finger. These models
were derived from the H. sapiens NMR structure of the BSD1 domain (PDB 2DI|I), the S.
aureus CadC crystal structure71 (PDB 1U2W), the H. sapiens MUS81 NMR structure72
(PDB 2MC3), the £ furiosus TrmBL2 crystal structure73 (PDB 5BOX), the NMR structure
of the H. sapiens Matl RING-Finger74 (1G25), the crystal structure of the H. sapiens p34
VWA-fold75 (PDB 4PN7), the crystal structure of a H. sapiens E3 ubiquitin ligase (PDB
3LRQ), the crystal structure of 2 furiosus rubrerythrin76 (PDB 1NNQ) and the NMR
structure of the H. sapiens p44 RING-Finger77 (1260), respectively. In addition, two 3-helix
bundle domains, one located at the C-terminus of Tfb1 (residues 543-639) and one located
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C-terminally of the Tfb3 RING-Finger (residues 71-145) were modeled ab-initio utilizing
the QUARK server78. Together with the crystal and NMR structures of the Tfb1l PHD79
(PDB 1Y50), the Tfb2/Tfb5 dimerization domains28 (PDB 3DGP) and the vWA-fold of
Ssl1180 (PDB 4WFQ), the homology- and ab-initio models listed above were placed into the
density and rigid-body adjusted. If the correct position of the models could not be deduced
from the electron density directly, placement was performed on the basis of BS3- and SBAT-
derived crosslinks that had been published10,24,25 or EDC-derived crosslinks obtained in
this study (Extended Data Fig. 3).

Several homology models were subjected to conservative modifications, in particular minor
truncations, short a-helical extensions and positional corrections, to improve their fit to the
electron density manually. The S. cerevisiae crystal and NMR structures exhibited a good fit
to the electron density and did not require modification with the exception of the Tfb1 PHD
that was C-terminally extended (residues 115-121). Homology models for the ATPases Rad3
and Ssl2 were generated from crystal structures of their 7. acidophilum29 (PDB 2VSF), A.
fulgidis81 (PDB 2FWR) and H. sapiensd2 (PDB 4ERN) homologues. The models were split
into their domains (Rad3: Lobe 1, FeS-cluster, ARCH, Lobe 2; SsI2: Lobe 1 and Lobe 2)
and placed individually into the electron density. Lobe 1 and Lobe 2 of Rad3 did not require
further adaptation. The FeS-cluster was placed by superpositioning the 7. acidophilum Rad3
structure onto the TFIIH model in COOT and extracting the coordinates of the Fe and S
atoms. A backbone model of the ARCH domain was generated with Gorgon83,84 and used
as an additional input to calculate a second homology model, which then was adjusted to the
density. It accounted for an evolutionary difference between S. cerevisiaeand 7.
acidophilum that had resulted in an extension of two a-helices and an insertion of one a-
helix and a loop (residues 255-347). In the Ssl2 homology model an additional a-helix
(residues 468-481) was placed into well-defined density substituting for an initially
unstructured stretch of residues. Two loops (residues 426-451, 692-702) with significant
deviation from the EM density were manually adjusted. The location of four Tfb1 a-helices
(residues 308-330, 369-394, 465-483, 495-519) and two TFIIE a-helices (residues 267-289,
349-373) was confirmed by XL-MS analysis as described above and the respective a-helices
were placed into the corresponding density. Additionally, a few linkers and a-helical regions
within TFIIH subunits Tfbl (residues 219-251, 295-307, 331-353, 484-495), Tfb2 (residues
3-40, 113-159, 195-214, 433-450), Tfb4 (residues 89-97, 103-114, 257-273), and Ssl1
(residues 309-324, 373-386) which could be clearly traced in the EM maps and assigned
respectively were built de-novo. Lastly, the TFIIE acidic peptide (residues 407-417)
interacting with the PHD of Tfb1 was modeled based on the co-NMR structure of the H.
sapiens TFIIE C-terminus and the PHD of p6285 (PDB 2RNR).

The model fit to the EM maps was further optimized by iterative rounds of flexible fitting
with vmd86 and MDFF87. Each flexible fitting procedure was divided in three simulation
steps, starting with a simulation at room temperature, followed by a cooling step to 0 K and
a third step in which the simulation was performed at 0 K. Flexible fitting was performed
without domain restraints for small units and with domain restraints once models had been
combined into larger entities.
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Density-adjusted PIC and PIC-cMed models were refined using the geometry minimization
routine in PHENIX70 with applied secondary structure and rotamer restraints. A brief
overview of EM-data collection, data processing and model statistics for the final PIC and
PIC-cMed models is provided in Extended Data Table 2. Figures were generated using
UCSF Chimera60.

Crosslinking analysis

PIC-cMed sample was crosslinked with a final concentration of 200 mM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) (ThermoFisher Scientifc,
Waltham, USA) in the sucrose heavy solution during gradient centrifugation. Fractions from
the sucrose gradient were quenched with 50 mM ammonium bicarbonate. Fractions were
dialyzed as before to remove sucrose and pooled for precipitation. Precipitated sample was
dissolved in 50 pl buffer containing 8 M urea and 50 mM ammonium bicarbonate.
Crosslinked sample was digested 1:20 (w/w) with trypsin and peptides were enriched by
peptide size-exclusion chromatography and analyzed in duplicate on an Dionex UltiMate
3000 RSLCnano HPLC system (Thermo Fisher Scientific) coupled to an Orbitrap Fusion
Tribrid Mass Spectrometer (Thermo Fisher Scientific). MS acquisition was performed as
described88 with the exception that peptides were separated on the analytical column using
a 63-min linear gradient. The datasets were analyzed with pLink 1.2389 against a database
containing the sequences of the protein components in the complex. Database search
parameters included mass accuracies of MS1 < 10 ppm and MS2 < 20 ppm,
carbamidomethylation on cysteine as a fixed modification and oxidation on methionine as a
variable modification. The number of residues of each peptide on a cross-link pair was set
between 5 and 40 amino acids. A maximum of two trypsin-missed cleavage sites was
allowed. An initial false discovery rate (FDR) cutoff of 1% was set. For simplicity, the
crosslink score was represented as a negative logarithm value of the original pLink score and
identified spectra with a score larger than three were considered. Results were visualized
using the xiNET online server90 and the XLink Analyzer Plugin91 for UCSF Chimera60.
New crosslinks are summarized in Extended Data Fig. 3.
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Extended Data Figure 1. Preparation of TFIIH and PIC-cMed complex.
a. Preparation of recombinant TFIIH. Analysis of purified TFIIH core and kinase modules

by size exclusion chromatography and SDS-PAGE revealed high purity and homogeneity of
the complexes with apparently stoichiometric subunits. SDS-PAGE analysis of fractions
1-13 of a sucrose gradient centrifugation after reconstitution of TFIIH from purified core
and kinase modules. A shift of the bands originating from the subunits of the kinase module
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(Ccl1, Kin28 and Tfb3) by four fractions was detected, indicating formation of complete
TFIIH. This experiment was repeated multiple times with equivalent results.

b. Assembly of complexes. SDS-PAGE analysis of fractions 1-19 of 15-40% sucrose
gradient centrifugations (Methods). Labeling of protein subunits according to the color
scheme in Figs. 1 and 2. The analysis demonstrates successful formation of the cPIC, cPIC-
cMed and PIC-cMed complexes (top to bottom). Bands originating from Pol Il, cMed and
TFIIH are shifted by several fractions, indicating formation of higher-order complexes.
Subunits are present in apparently stoichiometric amounts. This experiment was repeated
multiple times with equivalent results.

c. Representative cryo-EM micrograph of PIC-cMed complex. A scale bar is provided. This
experiment was repeated multiple times with equivalent results.

d. 2D-class averages reveal 2D reconstructions from particles with clear signal for TFIIH
and/or cMed adjacent to the centrally located Pol 1 density. A scale bar is provided.
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Extended Data Figure 2. Cryo-EM data processing and quality of the obtained reconstructions.
a. Particle sorting and classification tree used for 3D reconstruction of the PIC and PIC-

cMed complex at nominal resolutions of 4.7 A and 5.8 A, respectively. The distinct branches
of the classification tree (Methods) are highlighted in pink (PIC) and blue (PIC-cMed). In a
conventional focused refinement approach in RELION23,55, the best-resolved PIC class
was reconstructed with a local TFIIH mask, resulting in a focused map with a nominal
resolution of 7.4 A (green branch) that was not deposited.
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b. Two views of the final reconstructions of PIC and PIC-cMed colored according to local
resolution6. The color scheme is indicated.

c. Fourier shell correlation (FSC) between half maps of the final reconstructions of PIC and
PIC-cMed. Resolutions for the gold-standard FSC 0.143 criterion are listed. For comparison
of distinct regions within PIC and PIC-cMed reconstructions, FSC 0.143 was additionally
calculated utilizing local masks.

d. Angular distribution plot for all particles in the final reconstructions of PIC and PIC-
cMed. Color shading from blue to yellow correlates with the number of particles at a
specific orientation as indicated.
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Extended Data Figure 3. EDC-crosdinking analysis of PIC-cM ed.
a. EDC-derived inter-subunit crosslinks between selected subunits in the PIC-cMed

complex. Observed crosslinks are consistent with the structure of the cPIC and with
positions of previously reported BS3- and SBAT-crosslinks. Color code is indicated.

b. EDC-crosslinks observed in TFIIH and between TFIIH and cPIC. Intra- and inter-subunit
crosslinks are depicted as blue and black lines, respectively. Crosslinks between the TFIIE
Tfal C-terminal region and Tfbl, Tfb2 and Ssl1 confirm interactions between TFIIE
elements and TFIIH.
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c. Crosslinking hub of the Tfb1 N-terminal region. Ribbon representation of Tfbl (residues
1-353, 369-394, 544-639) and the surrounding domains of Rad3, Ssl1 and Tfb4. BS3-/
SBAT- and EDC-derived crosslinks are depicted in red and black, respectively. The
displayed crosslinks aided modeling of the Tfb1 PHD, BSD1, BSD2 and Rad3 anchor
domains into the cryo-EM density.

d. Statistical analysis of EDC-derived crosslinks. Most observed crosslinks are within a
cutoff Ca-distance of 16 A. Ca-distances of up to 21 A may be attributed to flexibility of
the involved residues and the coordinate error of the model. Some outliers with Ca.-distances
of 22-30 A were observed for the well-defined cPIC and Rad3 structures and may have
originated from over-crosslinking of particles.
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Extended Data Figure 4. TFIIH structure and quality of the cryo-EM density.
a. Schematic of TFIIH subunit and domain architecture with bound dsDNA using the top

view. Flexible linkers are depicted as black lines. Prominent helices within the folds of the
tethering subunit Tfb1 and in Tfb2 are highlighted.

b. Top view of the TFIIH structure in cylindrical representation. Prominent domains are
labeled. The DNA register with respect to the putative transcription start site +1 is indicated.
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c. Overall fit of PIC structure into final WarpCraft PIC reconstruction. Observed density for
a few remaining regions that could be clearly assigned but were not modeled are highlighted
as indicated in Supplementary Data Table 1.

d. Fit of cPIC structure into final WarpCraft PIC reconstruction at a higher contour level
than in (c) shows the high resolution of the map in this region.

e. Fit of TFIIH model into final WarpCraft PIC reconstruction. EM map reveals secondary
structure throughout. Observed density for regions that could be clearly assigned but were
not modeled are highlighted (compare Supplementary Data Table 1).

f-k. EM density (black mesh) for domains and subunits of TFIIH reveals secondary structure
throughout. Loops and linkers were traced when continuous density between unambiguously
placed models was observed. Depicted density is part of either the WarpCraft PIC
reconstruction or a focused reconstruction with a local mask on TFIIH core unless indicated
otherwise.

I. Cryo-EM reconstruction of the PIC reveals side chain density in well-ordered regions.
Depicted are helical regions in the large Pol Il subunit Rpb1.

m. Fit of the PIC-cMed model into the final WarpCraft PIC-cMed reconstruction. Structures
of cMed head and middle modules account for density within this region.
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E_Xtended Data Figure 5. L ocation of mapped essential regionsin TFIIH and sites mutated in
1Ssease.
a. TFIIH regions essential for cell viability in yeast. Mapping of TFIIH regions identified to
be essential in S. cerevisiae by in vivo deletion analysis33 on the PIC structure revealed that
they are generally forming well-ordered regions of the TFIIH core. Structures are viewed
from the top (Fig. 1) with regions colored in magenta or yellow if their removal caused cell
lethality or growth defects, respectively. Affected TFIIH subunits and ranges of deleted
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residues are highlighted in colors according to Fig. 3. For deletions exceeding the modeled
residue range, the last modeled residue is indicated in parentheses.

b. Mapping of human disease mutations onto the structures of Rad3 (human XPD) and Tfb5
(human p8). Reported mutations in Xeroderma pigmentosum, Trichothiodystrophy or
Cockayne syndrome14,34,35 were included. The sites of point mutations are depicted as red
spheres and Tfb5 truncations are colored in black. Color coding of TFIIH subunits as in Fig.
3. A list of yeast residues highlighted in the PIC structure is provided together with the
corresponding human mutations in parentheses. Mutation sites are conserved. Rad3
mutations apparently interfere either with the stability and/or the function of the ATPase
core or with the Rad3-Ssl1 interaction. Only few mutations target the FeS cluster or ARCH
domain. Newly available data on the Rad3 anchor in Tfb1 suggest close proximity to at least
four mutation sites that may affect the Rad3-Tfb1 interaction in this region. Tfb5 mutations
either abolish SsI2 binding or the formation of the dimerization domain with the Tfb2 C-
terminus, resulting in destabilization of the Ssl2/Tfh2 region. If the clutch domains remain
intact, however, a complete disruption of the Ssl2/Tfb2 interaction seems unlikely. We
omitted SsI2 from analysis as our structure does not cover the region in which reported
mutations occur.
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Extended Data Figure 6. TFIIE-TFIIH interactions.
a. Tfb3-Pol Il interaction. The TFIIH kinase module subunit Tfb3 (human MAT1) tethers

Pol 11 and the TFIIH core together. Ribbon representation of the Tfb3 N-terminal RING-
finger binding in a groove between the Pol 11 stalk subunit Rpb7 and the TFIIE E-linker
helices. The RING-finger is linked to the ARCH anchor which binds the ARCH domain of
Rad3.
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b. Secondary structure and conservation of TFIIE subunit Tfal as determined with
CONSURF92. Regions observed in the PIC and PIC-cMed structures are exceptionally well
conserved throughout evolution. C-terminal residues with utilized crosslinks are indicated.
c. E-dock. The predicted Tfal helix a7 is wedged between the TFIIE eWH domain situated
on the Pol 11 clamp and the PHD of Tfb1 in the TFIIH core. a7 was not modeled due to
weak density at the interface of the two major mobile parts of the PIC structure (cPIC and
TFIIH) and due to the absence of crosslinks (Methods). The Tfb1 PHD is additionally
contacted by the Tfal C-terminal acidic region. The identity and directionality of this acidic
peptide were unambiguously established by crosslinking (Methods).

d-e. E-bridge. This helix (a.8) extends from the Tfb1 BSD2 domain at the center of the
TFIIH crescent to the central B-sheet of the Ssl2 ATPase lobe 2. The C-terminal anchor
peptide (dashed line) was not modeled into the density due to limited resolution. The
identity and directionality of the E-bridge was unambiguously established by independent
crosslinking experiments (Methods).

f-g. E-floater. The Tfal helix a9 is positioned by the BSD1 domain of Tfb1 and located
adjacent to the 3-helix bundle at the center of the TFIIH crescent. The identity and
directionality of the E-floater was unambiguously established by independent crosslinking
experiments (Methods).
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Extended Data Figure 7. Detailed analysis of Ssl2 AT Pase conformation and implications for
translocase activity.

a. Overview of PIC complex with highlighted Ssl2 (human XPB) ATPase lobes 1 and 2 (in
pink and bordeaux, respectively) and interacting domains of Tfb2, Tfb5 and Tfal.

b. Detailed view on SsI2 positioned on dsDNA in the presumed pre-translocation state. The
ATP analogue AMP-PNP was present in the buffer but was not observed in the active site of
the Ssl2 ATPase, supporting the model that we trapped the structure in the pre-translocation
state. Register of covered nucleotides with respect to the TSS +1 is indicated. Highlighted
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helicase motifs were identified and assigned as described93. Yellow colored motifs are
involved in DNA interaction, purple motifs participate in NTP binding and hydrolysis and
green motifs are involved in coupling of ATP hydrolysis to DNA binding. Both lobes of the
ATPase contact both nucleic acid strands. The highlighted RED motif is essential and
strictly conserved throughout the SsI2/XPB family.

c. Chd1 and Ssl2 ATPases are closely related on a structural level and share the same fold.
The presumed post-translocation state of Ssl2 was modeled by separate alignment of ATPase
lobe 1 and 2 to the respective lobes in the structure of Chd1 bound to an ATP analogue (PDB
509G); the presumed pre-translocated state was modeled vice versa using the Ssl2 structure
as reference model. In both states, the structures overlap to a high degree.

d. The SsI2-DNA arrangement observed in the PIC structure resembles that of 3’-5’-directed
rather than 5°-3’-directed members of the SF2 family. Superposition of the SsI2-dsDNA
structure with models of the NS3 (PDB 3KQK)94 and 7. acidophilum (7ac) Rad3 (PDB
5H8W)30 ATPase domains reveals a closer resemblance of Ssl2 to the 3’-5’-helicase NS3.
Additionally, the bound DNA fragment in the NS3 model aligned well to the dsDNA the in
the Ssl2 structure whereas the bound fragment in the 7acRad3 structure was positioned
differently and did not exhibit a minor groove twist as observed for NS3 and SsI2 in the
respective position.

€. Superposition of structures of 7acRad3 and ScRad3 ATPase domains indicates very high
level of structural homology. ATPase lobes 1 and 2 were superimposed separately to account
for the absence of bound DNA in the ScRad3 structure.

f. Putative movement of E-bridge and the Tfb2-Tfb5 dimerization domain upon Ssl2
transition from the presumed pre- to the presumed post-translocated state (grey and color,
respectively). Upon movement of lobe 2, the E-bridge may undergo a rotation-translation
movement towards Pol 1l and against its own trajectory onto the central p-ribbon of SsI2
ATPase lobe 2. The flexible Tfb2-Tfb5 dimerization domain would swing towards Pol I1.
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Extended Data Figure 8. Structure and conformational changes of core Mediator (cMed).
a. Schematic representation of cMed subunits. Regions contributing to submodules are

colored as in the SpcMed crystal structure5. Solid and dashed black lines refer to protein
regions that were modeled as atomic or backbone models, respectively.

b. Ribbon model of cMed colored by type of structural model used for interpreting the cryo-
EM density. Regions with backbone models based on the Sp cMed structureb, regions with
atomic models inclusive of the PDB code, and de-novo modeled regions are indicated in
grey, orange and blue, respectively.
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c. Repositioning of the cMed middle module upon PIC binding. The structures of unbound
cMed (khaki, PDB 5N9J) and PIC-cMed complex (blue, this study) were superimposed on
the cMed head module. The positions of the cMed middle module domains hook, knaob,
connector, plank and beam apparently undergo conformational changes upon PIC binding,
as indicated by arrows. This may cause or enlarge two observed openings at the head-middle
interface.

d. PIC-cMed interactions. Structure of the PIC-cMed complex in two views. The three
previously identified interfaces4 between cPIC and cMed are indicated. In interface A the
Mediator movable jaw (light blue) contacts the Pol I Rpb3-Rpb11 heterodimer (red/yellow),
dock domain (beige) and the TFIIB B-ribbon (green). In interface B the Mediator spine
domain (green) contacts helix H* of the Pol 11 stalk subunit Rpb4 (blue) with its Med22
helix H1, and the Mediator arm domain (violet) contacts Rpb4 with its Med8 helices H1 and
H2. In interface C the Mediator plank domain (pink) contacts the Pol Il foot region (cyan)
with its Med9 helix H2. Two newly observed EDC-crosslinks between Med9 helix H2 and
the Pol 11 foot domain are indicated by black spheres.

e. Mediator head-middle module interfaces. In the unbound Sp cMed X-ray structure, four
interfaces (I-1V) were observed between the head and middle modules5. Due to stretching of
the beam, interfaces I and Il are altered in the PIC-bound cMed structure. In the new
conformation the Med4 C-terminal region in the Mediator knob is flexible and does not
contact the spine region. Interface 1V between the shoulder and hook domains is lost.
Mediator domains are colored as in panel (a).

Extended Data Table 1
Components of the PIC-cM ed complex.

Names of the human counterparts of the yeast subunits are provided. For details about
complex assembly and composition also refer to main text and Methods.

Component Subunit (yeast) Corresponding human subunit Construct Mass (kDa) Molarity
residues
(aq) /
scaffold
length (nt)

Rpb1 RPB1 1-1733 191.6 1

Rpb2 RPB2 1-1224 138.7 1

Rpb3? RPB3 1-318 353 1

Rpb4 RPB4 1-215 254 1

Rpb5 RPB5 1-155 25.1 1

Pol 11 Rpb6 RPB6 1-171 17.9 1
Rpb7 RPB7 1-146 19.1 1

Rpb8 RPB8 1-122 16.5 1

Rpb9 RPB9 1-70 14.3 1

Rpb10 RPB10 1-120 8.3 1

Rpb11 RPB11 1-70 13.6 1

Rpb12 RPB12 1.7 1

TEIF Tig1l? Rap74 1-735 82.2 5
Tfg2 Rap30 1-400 46.6 5
Nucleic acid strands Template - 106 326 15
Non-template - 106 326 15

TFIHA Toal TFHAa 1-94, 210-286 194 10
Toa2? TFIAB 1-122 134 10

TBP TBP? TBP 1-240 27.0 5
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Component Subunit (yeast) Corresponding human subunit Construct Mass(kDa) Molarity
residues
(aa) /
scaffold
length (nt)

TFIIB TFns? TFIIB 1-345 38.2 5
TFIIE Tfa1? TFIIEa 1-482 54.7 25
Tfa2 TFIER 1-328 37.0 25
Rad3 XPD 1-778 89.8 2.5
Ssl1 p44 1-461 52.3 25
Ssl2 XPB 1-843 95.3 25
core-TFIIH Tfbl p62 1-642 729 25
Tfb2 p52 1-513 58.5 25
Tfb4 p34 1-338 375 25
Tfb5 p8/TTD4 1-72 8.2 25
TFIIH kinase module Ccll Cyclin-H 1-393 45.2 25
Kin28 Cdk7 1-306 35.2 25
Tfb3 MAT1 1-321 38.1 25
Med17 Med1 1-566 64.2 15
Med4 Med4 1-284 32.2 15
Med6 Med6 1-295 32.8 15
Med7 Med7 1-222 25.6 15
Med8 Med8 1-223 253 15
Med9 Med9 1-149 174 15
Med10 Med10 1-157 17.9 15
cMed Med11 Med11 1-115 13.3 15
Med147 Med14 1-745 84.6 15
Med17 Med17 1-687 78.5 15
Med18 Med18 1-307 34.3 15
Med19 Med19 1-220 249 15
Med20 Med20 1-210 229 15
Med21 Med21 1-140 16.1 15
Med22 Med22 1-121 13.8 15
Med31 Med31 1-127 14.7 15

Final PIC-cMed 46 subunits 16,622 aa 1948.7 -

aa: amino acids, nt: nucleotides, kDa: kilodalton

fconstructs contain N- or C-terminal 6xHis or 10xHis tags as described

Extended Data Table 2
Cryo-EM data collection and model statisticsfor the

PIC and the PIC-cM ed complex structures.

For details about EM-data collection, data processing and model building refer to main text

and Methods.

PIC (EMD-3846) (PDB 50QJ)

PIC-cMed (EM D-3850) (PDB 50QM)

Data collection

Magnification 105 000 105 000
Particles 58 000 16 000
Pixel size (A) 1.37 1.37
Defocus range (um) -0.5t0-5.0 -0.5t0-5.0
\oltage (kV) 300 300
Electron exposure (e/A2) 42 42
Symmetry imposed C1 C1
Reconstruction
Map resolution (A) 4.70 5.84
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PIC (EMD-3846) (PDB 50QJ)  PIC-cMed (EM D-3850) (PDB 50QM)

Map sharpening B-factor (A2) -201 -334
FSC threshold 0.143 0.143

Model composition

Non-hydrogen atoms 62,931 79,757
Protein residues 8,188 10,825
DNA bases 148 148
Ligand atoms 25 25

Model validation

MolProbity Score 1.92 1.89
Clashscore 7.83 7.53
Rotamer outliers (%) 0.30 0.37
Cp-deviations 0 0

Ramachandran Plot

Favored (%) 91.95 9221
Allowed (%) 6.66 6.45
Disallowed (%) 1.39 1.34

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of Pol Il pre-initiation complex (PIC).
Two views50 of the yeast PIC cryo-EM structure. The DNA template and non-template

strands are in dark and light blue, respectively. Positions of TFIIH subunits are indicated.
Dashes lines represent flexible linkers in TFIIE and TFIIF. The color code is used
throughout.
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Figure 2. Structure of PIC-core Mediator (PIC-cMed) complex.
Two views of the PIC-cMed cryo-EM structure. The first view is rotated by 180° compared

to the top view in Fig. 1. The second view is obtained by a 120° rotation around a horizontal
axis. Mediator submodules in the head (blue) and middle modules (cyan) are indicated.
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Figure 3. Structure of TFI1H.

a. Domain organization of yeast TFIIH subunits except Kin28 (CDK7) and Ccll (CyclinH).
Names of corresponding human subunits are in parenthesis. Residue numbers are given for
domain borders. Color saturation scales with the percentage of residues modeled as atomic
or backbone structures (solid and dashed black bars, respectively).

b. TFIIH structure in cylindrical representation viewed from the side (Fig. 1). The DNA
register with respect to the putative transcription start site +1 is indicated.
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Figure 4. Interactionsof TFIIH with core PIC (cPIC).
a.Domain organization of TFIIE subunit Tfal (human TFIIEa) including the previously

unassigned helices a7 (E-dock), a8 (E-bridge) and a9 (E-floater). Solid and dashed black
bars refer to protein residues modeled as atomic or backbone structures, respectively.

b. TFIIH-cPIC interactions. PIC is viewed from the top (Fig. 1). Regions involved in the
formation of the four interfaces are encircled. The color code of cPIC and TFIIH subunits
highlights components participating in the interaction.
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Figure5. TFIIH and DNA opening.
a. Schematic cross-section of the PIC with open and closed DNA viewed from the side. PIC

elements involved in DNA opening are depicted. Color coding as in Fig. 1 except for Ssl2
(human XPB) lobe 1 (pink) and lobe 2 (bordeaux). The Ssl2 ATPase translocates to the right
and DNA moves to the left during DNA opening.

b. Putative ratcheting of lobe 2 in the SsI2 ATPase with respect to lobe 1. The PIC structure
reveals the pre-translocation conformation (no ATP bound). The post-translocation
conformation of lobe 2 was modeled by superposition of Chd1 (PDB 509G). Helicase
motifs are indicated (Extended Data Fig. 7).
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Figure6. TFIIH and Pal |1 phosphorylation.
a. PIC-cMed structure as in Fig. 2 but with additional cryo-EM density for the mobile TFIIH

Kin28-Ccl1 (human CDK7-CycH) kinase-cyclin pair (orange, filtered to 15 A). An orange
sphere depicts the last modeled residue in the Tfh3 linker to the kinase-cyclin pair. A black
sphere depicts the last ordered residue in the Rpb1 linker to the CTD. Red spheres depict
Med19 residues that crosslink to the CTD C-terminal end. Two openings at the Mediator
head-middle interface are indicated with filled red circles.
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b. The same structure viewed from the front into the cradle between Pol Il and Mediator (red
outline). A model for the kinase-cyclin pair is shown for size comparison in an arbitrary
position.
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