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The preinitiation complex (PIC) assembles on promoters of protein-coding
genes to position RNA polymerase Il (Pol II) for transcription initiation.

Previous structural studies revealed the PIC on different promoters,

but did not address how the PIC assembles within chromatin. In the

yeast Saccharomyces cerevisiae, PIC assembly occurs adjacent to the +1
nucleosome that is located downstream of the core promoter. Here we
present cryo-EM structures of the yeast PIC bound to promoter DNA

and the +1 nucleosome located at three different positions. The general
transcription factor TFIIH engages with the incoming downstream
nucleosome and its translocase subunit Ss12 (XPB in human TFIIH) drives the
rotation of the +1 nucleosome leading to partial detachment of nucleosomal
DNA andintimate interactions between TFIIH and the nucleosome.

The structures provide insights into how transcriptioninitiation canbe
influenced by the +1 nucleosome and may explain why the transcription start
siteis oftenlocated roughly 60 base pairs upstream of the dyad of the +1
nucleosomein yeast.

Previous studies provided structures of yeast and human preinitia-
tion complexes (PICs) on various promoters'’. However, promot-
ers are flanked by nucleosomes within the chromatin environment
in vivo'" and thus PIC structures must also be determined in the
presence of nucleosomes. In the yeast Saccharomyces cerevisiae, PIC
assembly occurs adjacent to the +1 nucleosome'>", which resides
at the downstream end of the core promoter. The +1 nucleosome is
oftenwell-positioned'* and thought to be involved in PIC assembly®,
although the underlying mechanisms are unclear'®. The +1 nucleosome
is associated with the PIC at most Pol Il promoters”. Correct position-
ing of the +1 nucleosome positively influences binding of the TATA
box-binding protein (TBP), selection of the transcription start site
(TSS) and transcription activity'*'in vivo.

Here we use a combination of biochemistry and cryo-electron
microscopy (cryo-EM) to provide structural insights into the PIC in
the context of the +1 nucleosome. We show that TFIIH can engage with
the +1 nucleosome in different ways and provide evidence that there

is a preferred mode of TFIIH-nucleosome interaction that relies on
multiple contacts. Finally, we use the PIC-nucleosome structures and
modelingto provide amolecular explanation for long-standing obser-
vations on the preferred relative position of the TSS and the location
of the +1 nucleosome. Our work thus provides the basis for a detailed
analysis of structural and functional PIC-nucleosome interactions at
gene promoters.

Results

Formation of PIC-nucleosome complex

Toinvestigate PIC assembly in the presence of the +1 nucleosome, we
formed aPIC fromtheyeastS. cerevisiae on a promoter flanked by a +1
nucleosome (Fig. 1a,b). At most yeast promoters, the +1 nucleosome
coversthe TSS, whichis typically located roughly 10-15 base pairs (bp)
downstream of the proximal border of the nucleosome’>***%, To mimic
this natural arrangement, we prepared a His4 promoter template with
aWidom-601-derived nucleosome positioning sequence that places
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the +1nucleosome at a positionin which the TSSis 10 bp downstream
ofthe proximalborder of the nucleosome (Fig.1a). We reconstituted a
nucleosome onthis DNA and used the obtained nucleosomal template
forinvitro assembly of the PIC* (Extended Data Fig. 1a and Methods).

The +1 nucleosome represses transcription

Toevaluate the effect of the +1 nucleosome on transcription activity, we
performed promoter-dependent in vitro transcription assays’ (Fig. 1b
and Methods). We found that the presence of the +1 nucleosome
strongly reduced RNA synthesis in this assay (Fig. 1c). The amount of
full-length RNA product was reduced to 20% and shorter RNA tran-
scripts were produced, as expected from Pol Il stalling within the nucle-
osome?* (Fig. 1c). To test whether the reduction of RNA synthesis is
caused by the high stability of anucleosome obtained ona Widom-601
derived positioning sequence, we repeated the assay with atemplate
containing the natural His4 promoter sequence. We observed that the
level of RNA synthesis was again repressed, albeit to a lesser extent
thanfor the original template containing the nucleosome positioning
sequence (Extended DataFig.1b). Theseresultsindicate that the degree
of transcription reductionis related to the stability of the nucleosome
while any type of nucleosome causes a decrease in RNA production.

Cryo-EM structure determination

Wethendetermined cryo-EM sstructures of the reconstituted PIC-nucle-
osome complex (Methods) in the absence (complex A) or presence
(complex B) of nucleoside triphosphates (NTPs) under the conditions
of our transcription assay. Classification of the dataidentified asubset
of particles that contained the complete complex (Extended Data Figs.2
and 3). Cryo-EM densities for TFIIH and the nucleosome were further
improved by focused refinement. For complex A we obtained arecon-
struction atan overall resolution of 3.3 A, withlocal resolutions of 2.9 A
for Pol 11,3.2 A for the nucleosome and 3.7 A for TFIIH (Extended Data
Figs.2 and 4 and Supplementary Video 1). Complex B was resolved at
an overall resolution of 4.0 A, with local resolutions of 3.4 A for Pol II,
3.6 Afor the nucleosome and 3.9 A for TFIIH (Extended Data Figs. 3 and
4 and Supplementary Video1). The structures were obtained with the
use of atomic models of the PIC’ and the nucleosome? and subsequent
manual modeling, leading to good stereochemistry (Table 1).

PIC structures are largely unchanged

Inboth cryo-EMsstructures, the overall conformation of the PIC resem-
bles thatin the absence of the nucleosome*’, except for aminor rotation
of TFIIH with respect to the rest of the PIC (Fig. 2 and Extended Data
Fig.5a). The complex adopts the previously described closed promoter
state with distorted DNA* and shows the TFIIH ATPase Ssl2 in the pre-
translocationstate. The DNAis located above the active center cleft and
theinitially melting DNA regionis flanked by the Rpb1 clamp head loop
and the TFIIF charged region as observed before’ (Fig. 2a,b). In contrast
tothe closed promoter state observed here, previous cryo-EM studies
of the yeast PIC revealed a large portion of PIC particles in the open
promoter state*’, suggesting that the +1 nucleosome counteracts DNA
opening and thatimpaired DNA openingis responsible for the observed
suppression of transcription in the presence of the +1 nucleosome.

Rotation of the +1 nucleosome

Comparison of the structures of complexes A and B shows that the +1
nucleosomeis rotated by roughly 75°in the presence of NTPs (Fig. 3a).
Thisrotationis apparently caused by the translocase activity of TFIIH
subunit Ssl2 that hydrolyzes ATP to propel downstream DNA into the
PIC.Such ATPase actionis predicted to cause arotation of the nucleo-
someby 30-40°withrespect to the PIC for eachtranslocated DNA base
pair. The observed roughly 75° rotation would thus correspond to a
DNA translocation of 2 bp toward the active center of Pol I, and this is
reflected by an observed bending of the DNA duplex into the cleft of
Pol Il around the initially melted region (Extended Data Fig. 5b). The
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Fig.1|Reconstituted, functional PIC-nucleosome complex. a, Schematic

of template DNA. The distances between the TATA box, TSS and nucleosome
dyad areindicated. The expected lengths of template and transcript are noted
atthe bottomright. b, Schematic of in vitro transcription assay. For details, see
the Methods. ¢, The +1 nucleosome impairs promoter-dependent transcription
invitro. Assays were performed with template DNA without (DNA) or with +1
nucleosome (Nuc). Representative original scan of the urea-PAGE analysis that
yielded results presented on the right. RNA transcripts were analyzed by urea-
denaturing PAGE and the full-length product was quantified (dashed rectangle).
Experiments were performed at least three times. Bars correspond to the mean
of threeindependent experiments; error bars represent the s.d. FL, full-length
transcript; ST, shorter transcripts.

transition from complex A to complex B also led to a further detach-
ment of nucleosomal DNA from the histone octamer (Fig. 3b). In the
absence of NTPs (complex A), only one turn of terminal nucleosomal
DNA (SHL-7 to SHL-6) is detached from the histone octamer surface,
whereasinthe presence of NTPs (complex B), two turns of nucleosomal
DNA are detached (SHL-7 to SHL-5).

PIC-nucleosome contacts

Therotation of theincoming nucleosome leads to amore intimate asso-
ciation ofthe PIC and the +1 nucleosome. Inthe structure of complex A,
TFIIH contacts the +1 nucleosome only via its Tfb2-Tfb5 dimerization
domain (Fig. 4a and Supplementary Video 1). In complex B, however,
TFIIH forms four contact sites with the nucleosome (Fig. 4b and Sup-
plementary Video 1). TFIIH subunits Ssl2 (XPB in human), Tfb2 (p52),
Ssl1 (p44) and Tfb4 (p34) all contain charged loop residues that pro-
trude toward the nucleosome in complex B (Fig. 4b). The SsI2 ATPase
domain engages with downstream DNA, whereas the SsI2 N-terminal
extension and clutch domains form a wedge between DNA and the
nucleosome (Fig. 4b). This SsI2 wedge stabilizes the two detached
turns of nucleosomal DNA. Tfb2 possesses a lysine-containing loop
inits HTH-3 domain (residues 258-270) that approaches the acidic
patchofthe nucleosome (Fig.4b). Ssll uses alysine-richinsertioninits
RING domain (residues 414-421) to contact nucleosomal DNA around
the dyad (Fig. 4b). Finally, Tfb4 uses an extension in its VWA domain
(residues 90-105) to reach near the N-terminal region of histone H4
(Fig.4b). These PIC-nucleosome interactions may counteract further
rotation of the +1 nucleosome and impair TFIIH translocase action
beyond this state.

Evidence for a preferred nucleosome orientation

We next asked whether the position of the nucleosome observed in
complex B, and its interactions with TFIIH are specific to the DNA
sequence used here or whether they may be of more generic nature.
Yeast promoters vary with respect to the distance between their TATA
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Fig. 2| Structures of PIC-nucleosome complexes A and B. a, Two views of a ribbon model of complex A with template and nontemplate DNA shown as dark and light
blue spheres, respectively. b, Two views of aribbon model of complex B with template and nontemplate DNA shown as dark and light blue spheres, respectively.

box and their TSS inarange of roughly 40-120 bp (ref. *®), and thus the
distance between their TATA box and the dyad of the +1 nucleosome can
varyinarange of roughly100-180 bp. Toinvestigate any such distance
effects, we prepared an additional PIC-nucleosome complex on an
altered DNA template where the nucleosome positioning sequence
was shifted downstream by 10 bp (complex C), resultingin a130 bp
distance between the TATA box and the nucleosome dyad, as compared
toal20 bpdistance in complexes A and B (Fig. 5a).

We incubated complex C with NTPs and could obtain a cryo-EM
structure at an overall resolution of 6.6 A (Extended Data Fig. 6).
Althoughtheresolution prevented us from observing molecular details
within the cryo-EM map, the overall orientation of the nucleosome with
respect to the PICin complex C resembled thatin complex B (Fig. 5b).
This observation indicates that TFIIH uses acommon surface to contact
the nucleosome in the state of complexes B and C even though the
detailed PIC-nucleosome interactionis partially different, suggesting
apreferred orientation between TFIIH and the nucleosome may exist
when they collide even with different initial PIC-nucleosome distances
and on different promoters. We speculate that the preferred orienta-
tion of the nucleosome with respect to the PIC observedin complexes

B and C occurs within a common intermediate of the transcription
initiation process at yeast promoters.

Rpb6 N-terminal tail (NTT) in the Pol Il active center

Inallthree PIC-nucleosome structures, we obtained an ordered con-
formation ofthe NTT of Pol Il subunit Rpbé6 (Fig. 6a and Supplementary
Video 1) as confirmed by crosslinking mass spectrometry (Extended
Data Fig. 7a). Whereas the NTT is mobile in all previous structures of
Pol Il complexes, Rpbé6 residues 12-35 are observed here in the active
center cleft of the polymerase (Fig. 6a). The Rpb6 NTT contains sev-
eral negatively charged residues that interact with positively charged
residues in the cleft that are often conserved (Fig. 6a and Extended
DataFig. 7b).

Structural superpositionshows that the NTT would clashwith DNA
and RNA inaninitially transcribing complex (ITC)” (Fig. 6b), indicating
its positionisincompatible with transcription. The NTT is dispensable
for growth of budding yeast® but its mutation causes temperature
sensitivity in the fission yeast S. pombe”. We note that Pol 1 and Pol 11
also contain elements that can transiently occupy the active center
(Extended DataFig. 8). These elements arereferred to as the expander
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Fig.3|Movement of the +1 nucleosome upon NTP addition. a, Rotation
of the +1 nucleosome as observed by comparison of complex A (light colors,
without NTPs) and complex B (full colors, with NTPs). b, Detachment of
promoter-proximal, terminal nucleosomal DNA from the histone octamer.
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Fig.4 | TFIIH-nucleosome contacts. a, TFIIH-nucleosome interface in complex
A.Tfb2residues K495, K506 and R507, and TfbS residues R3, R5 and K6 from the
dimerization domain contact DNA around the nucleosome dyad. Except for K495
inTfb2, these TFIIH residues are conserved in human TFIIH. b, TFIIH-nucleosome
interface in complex B. Four TFIIH subunits that are implicated in nucleosome
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Fig. 2a. The first contact may involve Ssl2 residue D103 and H3 residue R52. The
second contact may involve Tfb2 residue K262 and the acidic patch on histones
H2A and H2B. The third contact may involve Ssl1residues K414, K417 and K420
that contact DNA around the nucleosome dyad. The fourth contact may involve
Tfb4 residue R104 and histone H4 residue D24. Except for R104 in Tfb4 and K414
and K417 in Ssl1, these TFIIH residues are conserved in human TFIIH.
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Table 1| Cryo-EM data collection, refinement and validation

statistics
PIC-nucleosome, PIC-nucleosome, PIC-nucleosome,
complex A complex B complexC
(EMD-14927) (EMD-14928) (EMD-14929)
(PDB 7ZS9) (PDB 7ZSA) (PDB 7ZSB)
Data collection and processing
Magnification x81,000 x81,000 x81,000
Voltage (kV) 300 300 300
Electron . 42 iyl 45
exposure (e7/A?)
Defocus range 0.8t02.0 0.8t02.0 0.8t02.0
(um)
Pixel size (A) 1.05 1.05 1.05
Symmetry Cc1 C1 c1
imposed
Initial particle 2,595,857 2,329,133 1,410,713
images (no.)
Final particle 55,851 142,136 82,942
images (no.)
Map resolution 3.3 4.0 6.6
(A)

FSC threshold 0.143 0.143 0.143
Map resaolution 2.4-6.5 2.9-70 3.9-84
range (A)

Refinement

Initial models 7073, 70HC 7073, 70HC
used (PDB code)

Model resolution 3.2 37

(A)

FSC threshold 0.5 0.5
Model reesolution 25-3.3 3.0-3.9
range (A)

Map sharpening ~ -60 -58
B factor (A?)
Model composition

Nonhydrogen 86,362 86,373
atoms

Protein residues 9,719 9,723

Nucleotides 418 118

Ligands 19 19
B factors (A%

Protein 109.51 77.55

Nucleotides 14515 139.67

Ligand 15014 m.24
R.m.s. deviations

Bond lengths (A) 0.004 0.004

Bond angles (°) 0.687 0.753
Validation

MolProbity 1.39 1.53
score
Clashscore 5.48 6.62

Poor rotamers 0.00 0.00
(%)

Ramachandran plot

Favored (%) 97.56 9710
Allowed (%) 2.44 2.90
Disallowed (%) 0.00 0.00

a His4 core promoter > Widom 601 derived sequence
TATA Dyad
i A/B: 120 bp |
| C:130 bp

Complex B

Fig. 5| Evidence for a preferred orientation of the +1 nucleosome. a, Schematic
oftemplate DNA for complexes A/B and C. The distances between the TATA box
and nucleosome dyad are indicated. b, Structure of PIC-nucleosome complex

C compared to complex B. The left panel shows the front view of complex Cand

B. The right panel shows the similar orientation of the +1 nucleosome in each
complexaligned on TFIIH.

or the DNA-mimicking loop of A190 in Pol I’**, and as the C-terminal
tail of RPC7 (C31inyeast) in Pol lII2, Further analysis of the function of
the NTT awaits the development of arecombinant Pol Il system that is
currently not available.

Coactivators may be accommodated

Finally, we asked whether the coactivators Mediator and TFIID may
be accommodated in our PIC-nucleosome structures. Superim-
position of the yeast core Mediator-PIC structure* indeed showed
that Mediator could be appended to our structures without clashes
(Extended Data Fig. 9a). In the resulting model, the Mediator hook
domainapproaches the +1nucleosome up toadistance of roughly 40 A
(Extended Data Fig. 9a). We also superimposed our PIC-nucleosome
structures onto two human PIC structures containing TFIID®’ since
no yeast TFIID-containing PIC structure is available. This showed that
TFIID could in principle be accommodated in the PIC-nucleosome
complex surface without clashes (Fig. 7 and Extended Data Fig. 9b).
The putative TFIID position is consistent with reports that the double
bromodomain of TFIID subunit TAF1and the PHD finger domain of TAF3
can contribute to promoter recognition by binding modified histone
tails®*** (Extended Data Fig. 9b). Histone modifications might also be
involved inregulating the assembly of PIC.

Discussion

Here, we report structures of Pol Il PIC-nucleosome transcription
complexes. The structures show that TFIIH directly interacts with the
nucleosomeindistinct conformations. They alsoindicate thatapreferred
orientation of the nucleosome with respect to the PIC is adopted that
ischaracterized by multiple TFIIH-nucleosome contacts. Although the
nucleosome may initially be found in different rotational states relative
tothePIC, action of the SsI2 translocase may lead to a preferred nucleo-
some orientation thatallows for multiple TFIIH contacts as observedin
complexBand Cof this study. As TFIIH apparently has ceased to unravel
nucleosomal DNA beyond SHL-5incomplexB, the translocase activity of
TFIIH may not be sufficient to enable the PIC to pass through nucleosomal
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Fig. 6| Rbp6 NTT occupies the active center cleft of Pol Il. a, Close-up views
of Pol Il active center in complex A. Pol Il subunits are colored and labeled
individually. Rpb6 NTT residues are shown as sticks and labeled as indicated.
Electrostatic interactions and hydrogen bonds are shown as yellow dotted lines.

b, Superposition of the core PIC containing the Rpb6 NTT with the structure of an
ITC (PDB 4BBS)* shows that binding of the NTT isincompatible with nucleic acid
binding during transcription. The template strand, nontemplate strand and RNA
transcriptin the ITC structure are indicated.
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TFIIB Pol I
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Fig.7|Mediator and TFIID can be accommodated on PIC-nucleosome
structure. Mediator and TFIID were placed onto the complex B PIC-nucleosome
structure by superimposing the Mediator- and TFIID-containing human PIC
structure (PDB 7ENC)’ aligned on Pol II.

sites with strong histone-DNA interactions (such as SHL-5 and -1). Pas-
sage of PIC through the +1 nucleosome may thus rely onassistance from
chromatin remodelers and chromatin modifying complexes.
Together with modeling, the observed structures with the stalled
PIC on the nucleosome also provide a possible explanation for why
the TSSis often located roughly 60 bp upstream of the dyad of the +1
nucleosome in yeast”. Before initiation of RNA chain synthesis, the
yeast PIC scans downstream DNA for the TSS*. Modeling based on
complex B indicates that scanning requires further progression of
the PIC into the +1 nucleosome and detachment of three additional
turns of DNA (Extended Data Fig. 10). This may be achieved by the
ATP-dependent Ssl2 translocase whose activity is required for scan-
ning***. We speculate that scanning may be impaired at the major
histone-DNA interacting sites (for example, SHL-1) just upstream of
the nucleosome dyad***, which then may trigger TSS usage and RNA
chain initiation as suggested”. This model of nucleosome-defined
TSS usage may explain why TSSs in yeast are generally located at a

distance of roughly 60 bp from the dyad of the +1 nucleosome, even
though the distance from the TSS to the TATA box varies in the range
of roughly 40-120 bp (ref. *°). In our experimental system, the high
stability of the nucleosome on the Widom-601 positioning sequence
may have prevented scanning and ledto astableintermediate amenable
to structure determination.
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Methods

Preparation of PIC-nucleosome complex

S. cerevisiae 12-subunit Pol II, TBP, TFIIA, TFIIB, TFIIE, TFIIF and TFIIH
were purified as described previously>**. The DNA scaffolds con-
taining the modified His4 promoter and Widom-601 sequence were
synthesized by Integrated DNA Technologies, amplified and purified
asdescribed*’. Xenopus laevis and S. cerevisiae histones were prepared
and assembled into nucleosomes as described*"*?. The sequences for
the scaffold used in this study is listed with the Widom-601 sequence
underlined. The TATAbox and TSS are indicated in bold.

His4 promoter (209 bp):

5-AGCACGCTGTGTATATAATAGCTATGGAACGTTCGATTCAC
CTCCGATGTGTGTTGTACATACATAAAAATATCATAGCTCTTCTGCGCT
GTGTTATAGTAATACAATAGTTTACAAAATTTTTTTTCTGAATAATG
GTTTTGCCGATTCTACCGTTAATTGATGATCTGGCCTCATGGAATAG
TAAGAAGGAATACGTTTCACTTGTT-3/

Scaffold for complex Aand B (209 bp):

5-AGCACGCTGTGTATATAATAGCTATGGAACGTTCGATTCACCTC
CGATGTGTGTTGTACATACATAAAAATATCATAGCTCTTCTGCGCTGT
GTTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCT
GTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAG
GCACGTGTCAGATATATACATCGAT-3

Scaffold for complex C (219 bp):

5’-AGCACGCTGTGTATATAATAGCTATGGAACGTTCGATTCAC
CTCCGATGTGTGTTGTACATACATAAAAATATCATAGCTCTTCTGCGCT
GTGTTCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACG
CACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCC
CTAGTCTCCAGGCACGTGTCAGATATATACATCGAT-3’

The PIC-nucleosome complex was assembled according to a
previously reported protocol*, with minor modifications. Briefly, scaf-
fold containing a reconstituted nucleosome was incubated with TBP,
TFIIA and TFIIB, whereas Pol Il and TFIIF were incubated for 10 min at
25°C. These two preparations were then combined and incubated for
another 5 min. TFIIE and preassembled 10-subunit TFIIH were added
to the mixture simultaneously and incubated for 5 min. NTPsatacon-
centration of 400 uM were added and the assembly wasincubated for
1hat25°C. The PIC-nucleosome samples were subjected to GraFix
ultracentrifugation*® at137,600g (32,000 r.p.m.for SW60 rotor) for16 h
at4°Cinal5-40% (w/v) sucrose gradient with 0-0.1% glutaraldehyde
crosslinker. Subsequently, the gradient solutions were fractionated
and quenched with a mixture of 40 mM aspartate and 10 mM lysine
for 10 min. Fractions were analyzed by native PAGE. Gels were stained
with SYBR Gold (Invitrogen) and Coomassie brilliant blue. Peak frac-
tions containing crosslinked PIC-nucleosome complex were dialyzed
for 16 h in dialysis buffer (20 mM HEPES-Na pH 7.5, 50 mM KCl, 2 mM
MgCl,, 1 mM TCEP) to remove sucrose. The dialyzed samples were
concentrated to 0.2 mg ml™ and used for grid preparation.

Invitro promoter-dependent transcription assay

Assays were performed as described’, with minor alterations. DNA scaf-
folds withor without nucleosome were prepared as described above. All
scaffolds containedidentical DNA sequencesirrespective of the nucleo-
some component. Assembled scaffolds were stored inalow salt buffer
(50 mMMKCI, 5 mMK-HEPES pH 7.5,0.025 mM EDTA). PIC was reconsti-
tuted on scaffold DNA essentially as reported’. All incubation steps
were performedat 25 °Cunlessindicated otherwise. Per sample, 1.6 pM
of TBP,1.8 pMPolIl,2.7 pM TFIIEand TFIIH, 9 pM TFIIF, 9 pM TFIIB and
18 pM TFIIA were used. Reactions were prepared in a sample volume
of 23.8 pl with final assay conditions of 3 mM HEPES-K pH 7.9, 20 mM
Tris-HCIpH 7.9, 60 mM KCI, 8 mMMgCl,, 2% (w/v) PVA, 3% (v/v) glycerol,
0.5mMDTT, 0.5 mg ml™ BSA and 20 units of RNase inhibitor. Samples
were incubated for 45 min and transcription was started by adding
1.2 pl of 10 mM NTP solution and permitted to proceed for 60 min.
Reactions were quenched with 100 pl of Stop buffer (300 mM NacCl,
10 mM Tris-HCIpH 7.5,0.5 mM EDTA) and 14 pl of 10% SDS, followed by

treatment with 4 pg of proteinase K (New England Biolabs) for 30 min
at 37 °C.RNA products were isolated from the samples as described’,
applied to urea gels (7 M urea, 1x TBE, 6% acrylamide:bis-acrylamide
19:1) and separated by denaturing gel electrophoresis (urea-PAGE)
in 1x TBE buffer for 45 min at 180 V. Gels were stained for 30 min with
SYBR Gold (Invitrogen) and RNA was visualized with a Typhoon 9500
FLA imager (GE Healthcare Life Sciences). The densities of the bands
onthe gels were quantitated with Image).

Cryo-EM analysis and data processing
Four microliters of PIC-nucleosome samples were applied to
glow-discharged UltrAuFoil 2/2 grids (Quantifoil). After incubation
ongridsfor10s,samples were blotted for 4 sand vitrified by plunging
intoliquid ethane viaa Vitrobot Mark IV (FEI) operated at 4 °Cand 100%
humidity. Cryo-EM data were collected on a Titan Krios G2 transmis-
sion electron microscope (FEI) operated at 300 keV, equipped with a
K3 summit direct detector and a GIF quantum energy filter (Gatan).
Automated dataacquisition was performed using SerialEM software at
anominal magnification of x81,000, corresponding to a physical 1.05 A
per pixel. Image stacks of 40 frames were collected in counting mode
over1.5satadefocus range from 0.8-2.0 pm. The dose rate was 27 e /A
per second resulting in 1.02 e /A2 per frame. Totals of 26,764, 31,286
and 15,515 videos were collected for complexes A, Band C, respectively.
Image stacks were motion-corrected, contrast-transfer function
corrected, dose-weighted and auto-picked using Warp**. Image pro-
cessing was performed with RELION v.3.0.5 (ref. ). Particles were
extracted using a box size of 4002 or 3607 pixels, and normalized.
Reference-free 2D classification was performed to remove poorly
aligned particles. An abinitio model generated with cryoSPARC* was
used for subsequent 3D classification. All classes containing PIC-nucle-
osome density were combined and used for aglobal 3D refinement. To
obtain animproved density map for cPIC, TFIIH and the nucleosome,
particles were subjected to focused 3D classification without image
alignment. All classes containing good cPIC density were subjected
to contrast-transfer function refinement, Bayesian polishing and 3D
refinement. Postprocessing of refined models was performed using
automated B factor determination in RELION and reported resolu-
tions were based on the gold-standard Fourier shell correlation 0.143
criterion. The density of TFIIH was furtherimproved by applying signal
subtraction and focused refinement. Local resolution estimates were
obtained using the built-in local resolution estimation tool of RELION
and previously estimated B factors.

Model building

Thestructural models were builtinto the density of the final reconstruc-
tions with the best local resolutions for PIC or the TFIIH-nucleosome
complex. Anucleosome structure with 145 bp Widom-601 DNA (Protein
Data Bank (PDB) 70HC)* and the structure of yeast PIC (PDB 7073)°
were placed into the density maps by rigid-body fitting in Chimera®’,
followed by manually adjustment and connection of linker DNA. The
assignment of Rpb6 NTT was guided by the densities of bulky side
chains, the crosslinking mass spectrometry and secondary structure
prediction. The models were subjected to alternating real-space refine-
ment and manual adjustment using PHENIX** and COOT*, resultingin

very good stereochemistry as assessed by Molprobity*°.

Crosslinking and mass spectrometry

Samples for mass spectrometry were prepared by sucrose gradi-
ent centrifugation as described above for cryo-EM sample prepara-
tion without glutaraldehyde. Fractions containing fully assembled
complexes were pooled, subjected to chemical crosslinking using
zero-length crosslinker EDC (100 mM) and NHS (100 mM) for1h at
room temperature, and quench with 100 mM ammonium bicarbo-
nate. The samples were adjusted to 8 Murea, 50 mM NH,HCO;,10 mM
DTT followed by an incubation for 30 min at 37 °C. Proteins were
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alkylatedinthe presence of 40 mMiodoacetamide for another 30 min
at 37 °Cin the dark and the reaction was quenched by 10 mM DTT
for 5min at 37 °C. The reaction volume was adjusted to reach a final
concentration of 1 M urea and 50 mM NH,HCO,. Nucleic acids frag-
ments within the PIC-nucleosome complex were digested for 30 min
at37 °Cbytheaddition of 0.1 M MgCl, to afinal concentration of 1mM
in the reaction and 500 U of universal nuclease (Pierce, catalog no.
88702,250 U pl™?). Trypsin digest was performed overnight at 37 °C
with 5 pg of trypsin (Promega, V5111). Peptides were acidified with
4 pl of 100% formic acid, desalted on MicroSpin columns (Harvard
Apparatus) following the manufacturer’s instructions and vacuum
dried. Dried peptides were dissolved in 50 pl of 30% acetonitrile/0.1%
TFA and peptide size exclusion (pSEC, Superdex Peptide 3.2/300
column) on an AKTA micro system (GE Healthcare) was performed to
enrich for crosslinked peptides at a flow rate of 50 pul min™. Fractions
of 50 plwere collected. The first 21 fractions enriched in crosslinked
peptides were vacuum dried and dissolved in 5% acetonitrile/0.05%
TFA (v/v) for analysis by liquid chromatography with tandem mass
spectrometry.

Crosslinked peptides derived from pSEC were analyzed as techni-
cal duplicates on Q Exactive HF-X hybrid quadrupole-orbitrap mass
spectrometer (Thermo Scientific), coupled to a Dionex UltiMate 3000
UHPLC system (Thermo Scientific). The sample was separated on an
in-house-packed C18 column (ReproSil-Pur 120 C18-AQ, 1.9 um pore
size, 75 um inner diameter, 30 cm length, Dr. Maisch GmbH) at a flow
rate of 300 nl min™.. Sample separation was performed over 60 min
using a buffer system consisting of 0.1% (v/v) formic acid (buffer A)
and 80% (v/v) acetonitrile, 0.08% (v/v) formic acid (buffer B). The main
column was equilibrated with 5% B, followed by sample application
and a wash with 5% B. Peptides were eluted by a linear gradient from
15-48%B or 20-50% B. The gradient was followed by awash step at 95%
B and re-equilibration at 5% B. Eluting peptides were analyzed in posi-
tive mode using a data-dependent top-30 acquisition methods. MS1
and MS2 resolution were set to 120,000 and 30,000 full width at half
maximum, respectively. Precursors selected for MS2 were fragmented
using 30% normalized, higher-energy collision induced dissociation
fragmentation. Allowed charge states of selected precursors were +3
to +7. Further tandem mass spectrometry parameters were set as fol-
lows: isolation width, 1.4 m/z; dynamic exclusion, 10 s and maximum
injection time (MS1/MS2), 60/200 ms.

For identification of crosslinked peptides, raw files were ana-
lyzed by pLink (v.2.3.5), pFind group® using EDC as crosslinker and
trypsin/P as digestion enzyme with maximal three missed cleavage
sites. The search was conducted against acustomized protein database
containing all proteins within the complex (Supplementary Table 1).
Carbamidomethylation of cysteines was set as a fixed modification,
oxidation of methionines and acetylation at protein N termini were set
asavariable modification. Searches were conducted in combinatorial
mode with a precursor mass tolerance of 10 ppm and a fragment ion
mass tolerance of 20 ppm. The false discovery rate was set to 0.05
(separate mode). Spectra of both technical duplicates were combined
and evaluated manually.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Theelectron density reconstructions and final models were deposited
with the EM Data Bank (accession codes EMD-14927,14928 and 14929)
andwith the PDB (accession codes PDB 7759, 7ZSA and 7ZSB). Allmass
spectrometry raw files were deposited to the ProteomeXchange Con-
sortium (https://www.proteomexchange.org/) viathe PRIDE* partner
repository with the dataset identifier PRIDE: PXD029840. Source data
are provided with this paper.
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Extended Data Fig.1| Transcription assay using His4 promoter DNA. a. template DNA without (DNA) or with +1 nucleosome (Nuc). RNA transcripts were
Reconstitution of nucleosome with His4 promoter DNAs. Template DNAs (DNA) analyzed by urea-denaturing PAGE and the full-length product was quantified
and reconstituted nucleosomes (Nuc) were analyzed by 1% agarose gel. M: single (dashed rectangle). This experiment was repeated 3 times independently with
strand RNA marker with size for each band on the right. b. The +1 nucleosome similar results. Bars correspond to the mean of three independent experiments;

impairs promoter-dependent transcription in vitro. Assays were performed with error bars represent thes.d.
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Extended Data Fig. 2| Cryo-EM structure determination and analysis of histones are colored in light yellow. Maps deposited to EMDB are indicated with
PIC-nucleosome complex A. a. Exemplary cryo-EM micrograph. A scale bar is grey background and outlined in black. The subpopulation of TBP-nucleosome
provided. Intotal 26,764 micrographs were collected with similar results. complexis not described in this study since a similar TBP-NCP structure has been
b. Particle sorting and classification tree. Regions corresponding to Pol II, published before*. c. Representative 2D class averages of sorted particles used
general transcription factors (GTFs) and template DNA are colored as in Fig. 2a, for final reconstruction.
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Extended DataFig. 3 | Cryo-EM structure determination and analysis of histones are colored in light yellow. Maps deposited to EMDB are indicated with
PIC-nucleosome complex B. a. Exemplary cryo-EM micrograph. A scale bar is grey background and outlined in black. The subpopulation of TBP-nucleosome
provided. In total 31,286 micrographs were collected with similar results. complexis notdescribed in this study since a similar TBP-NCP structure has been
b. Particle sorting and classification tree. Regions corresponding to Pol II, published before*. c. Representative 2D class averages of sorted particles used
general transcription factors (GTFs) and template DNA are colored as in Fig. 2b, for final reconstruction.
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Extended Data Fig. 4 | Quality of cryo-EM reconstructions of complexes A

and B. a. PIC-nucleosome complex A and B reconstructions colored according

to local resolution® for the core PIC (left), TFIIH (middle) and the +1 nucleosome
(right). The color bars from blue to red indicate the local resolution range in A.
Angular distribution diagrams for particles in the final reconstructions are shown
ontheright. Color shading from blue to yellow correlates with the number of
particles at a specific orientation as indicated. b. Fourier shell correlation (FSC)

between the half maps of the reconstruction. The average resolution is estimated
at the FSC 0.143 cut-off criterion (dashed line). c. Electron densities (blue mesh)
for various parts asindicated. d. Model-to-map FSC correlation between the final
model and reconstruction. The depicted correlation curves were calculated from
the FSC between the derived model and the reconstruction. The resolutions at
the FSC 0.5 cut-off criterion (dashed line) are denoted.
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Extended Data Fig. 5| Structural changes in the PIC-nucleosome complexes. aligned on Pol I1. The red dashed box encloses the DNA around initially melting
a.Superimposition of PIC-nucleosome complex A and B on previous PIC complex  region. The black arrows indicate the directions of movement of the DNA towards
(PDB code: 7073)°. b. Superimposition of PIC-nucleosome complex Aand B the active center of Pol II.
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Data exclusions  No data were excluded from the analyses.

Replication All attempts at replication were successful. Cryo-EM single particle analysis inherently relies on averaging over a large number of independent
observations. The transcription assays were carried out with at least 3 independent replicates.

Randomization  Samples were not allocated to groups.

Blinding Blinding is not a common practice for cryo-EM studies.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.
Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the

rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.




Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.
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Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.

Did the study involve field work? ] Yes [ Ino

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies XI|[] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

X X X X X X X
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Antibodies

Antibodies used Describe all antibodies used in the study, as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.




Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field, report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
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Increase transmissibility of a pathogen
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Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot

number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.




Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state, event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).




Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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