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Transcription-coupled DNA repair removes bulky DNA lesions from the genome'*and
protects cells against ultraviolet (UV) irradiation®. Transcription-coupled DNA repair
begins when RNA polymerase Il (Pol II) stalls at a DNA lesion and recruits the Cockayne
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syndrome protein CSB, the E3 ubiquitin ligase, CRL4%* and UV-stimulated scaffold
protein A (UVSSA)®. Here we provide five high-resolution structures of Pol Il

transcription complexes containing human transcription-coupled DNA repair factors
and the elongation factors PAF1 complex (PAF) and SPT6. Together with biochemical
and published®* data, the structures provide a model for transcription-repair
coupling. Stalling of Pol Il at a DNA lesion triggers replacement of the elongation
factor DSIF by CSB, which binds to PAF and moves upstream DNA to SPT6. The
resulting elongation complex, EC™®, uses the CSA-stimulated translocase activity of
CSBto pull on upstream DNA and push Pol Il forward. If the lesion cannot be bypassed,
CRL4“*spans over the Pol Il clamp and ubiquitylates the RPB1 residue K1268,
enabling recruitment of TFIIH to UVSSA and DNA repair. Conformational changesin
CRL4“*lead to ubiquitylation of CSB and to release of transcription-coupled DNA
repair factors before transcription may continue over repaired DNA.

Eukaryotic cells use transcription-coupled DNA repair (TCR) to elimi-
nate bulky DNA lesions, suchas UV light-induced pyrimidine dimers'
When Polllencounters abulky lesionin the template strand, transcrip-
tion elongationstalls and this triggers TCR®. TCR requires the Cockayne
syndrome proteins, CSB and CSA, and UVSSA**. CSB, CSA and UVSSA
bind to arrested Pol Il in vivo**” and recruit the DNA nucleotide exci-
sion repair machinery>. CSB binds to the Pol Il elongation complex®1°
and to CSA™?2, which in turn binds to UVSSA*. CSA also associates with
DNA damage-binding protein 1 (DDB1), cullin-4A (CUL4A) and RING
box protein1(RBX1) to form CRL4“**, an E3 ubiquitin ligase™"*. CRL4“*
may be responsible for ubiquitylation of damage-stalled Pol 11 at RPB1
residue K1268, whichisrequired for TCR and transcription restart*”>1,
Following ubiquitylation of Pol II, UVSSA recruits TFIIH and other fac-
tors that are required for nucleotide excision repair*”",

As afirst step towards understanding the molecular mechanism
of TCR, the structural basis for Pol Il stalling at a pyrimidine dimer
lesion was previously reported™®. Another study has localized the
yeast counterpart of CSB (Rad26) on the Pol Il elongation complex
and suggested that its translocase activity pulls on upstream DNA
to push Pol Il onto the lesion'. However, yeast lacks counterparts of
CSA and UVSSA, prompting us to study the human TCR mechanism.
Thisis feasible based on the structure of the Pol Il elongation complex
EC*, which contains the elongation factors DSIF?, PAF, RTF1and SPT6
(ref.?). Using cryo-electron microscopy (cryo-EM), we resolved five
different Pol Il elongation complex structures containing CSB, the
CSA-DDBI1 complex or the complete CRL4%*, and UVSSA. Together
with biochemical probing, our results provide the structural basis for
coupling transcription to DNA repair in human cells.

Structure of Pol II-TCR complex

We prepared recombinant human CSB, the CSA-DDB1 complex and
UVSSA and tested the effect of these factors on Pol Il transcription over
anarrestsequence (Extended Data Fig.1a). CSB facilitated Pol Il passage
over thearrest sequence, as previously described®'?. UVSSA also facili-
tated Pol Il passage to some extent, whereas CSA-DDB1did not. Whenall
three factors were present, amore than additive effect of stimulation by
CSBand UVSSAwas observed, indicating that TCR factors cooperatively
stimulate Pol Il elongation. This effect was largely due to stimulation of
the ATPase activity of CSB by CSA (Extended Data Fig. 1b, c).

Consistent with these results, our recombinant TCR factors
bound a Pol Il elongation complex containing a large DNA bubble®
(Extended Data Fig. 1e). We solved the structure of the resulting
Pol II-CSB-CSA-DDB1-UVSSA elongation complex (referred to
here as the Pol [I-TCR complex) by cryo-EM at an overall resolution
of 2.8 A (structure 1; Fig. 1a, Extended Data Figs. 3, 10). UVSSA was
more flexible, but helical density features and crosslinking mass
spectrometry data enabled unambiguous placement of a homol-
ogy model for the N-terminal Vsp27-Hrs-STAM (VHS) domain*?%
(Extended Data Figs. 2a, 10i, j; Methods). This resulted in a nearly
complete atomic model of the Pol II-TCR complex with very good
stereochemistry (Extended Data Table 1).

The structure of the TCR complex shows that CSB contacts
upstream DNA, UVSSA lies near downstream DNA, and CSA forms
abridge between them (Fig.1, Supplementary Video1). The binding
of CSB alters the trajectory of upstream DNA by approximately 50°,
essentially as observed for Rad26 (ref. ™) (Fig.1a). CSB contacts the
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Fig.1|Structure of the Pol II-TCR complex. a, Cryo-EM density (left) and
ribbon model (right) of the Pol II-CSB-CSA-DDB1-UVSSA complex.
Theschemedepicts the domain compositionand colour code for proteins.
Thesolidblack lines mark residuesincluded in the model.

Polllclamp and protrusion that form opposite sides of the active cen-
tre cleft (Fig. 1a). CSA and UVSSA do not bind to Pol I, consistent with
their recruitment by CSB in vivo*. CSB binds to the CSA B-propeller
domain with its ATPase lobe 1 and with its helical CSA-interacting
motif (Fig. 1a, Extended Data Fig. 2d), which is essential for CSA
binding and TCRin vivo*. The binding of the CSA-interacting motif
to CSA might restrict the mobile ATPase lobe 2 of CSB to an active
conformation, explaining the stimulation of CSB ATPase activity
by CSA (Extended Data Fig. 6e). UVSSA contacts the opposite face
of the CSA B-propeller via its VHS domain (Fig. 1a, Extended Data
Fig.10i, j), which explains why recruitment of UVSSA to stalled Pol
Il depends on CSA in vivo*??,

Thestructure rationalizes known mutations associated with Cockayne
syndrome?® (Extended DataFig.4). Many mutationsin CSB and CSA clus-
ter in the CSB-CSA interface, including three CSB mutations (R670W,
W686C and S687L) thatlead to severe type Il Cockayne syndrome. Other
mutations in CSB are found in the ATP-binding site and in the interface
with upstream DNA and probably impair CSB function. By contrast, the
CSA mutation W361C, which causes UV-sensitive syndrome®, maps
to the CSA-UVSSA interface and is predicted to impair recruitment of
UVSSA. This supports the view that recruitment of UVSSA is critical for
transcription-repair coupling, whereasloss of CSB and CSA might addi-
tionally impair transcription elongation or processing of stalled Pol II,
perhaps explaining the more-severe clinical manifestations of Cockayne
syndrome than of UV-sensitive syndrome>Z,

CSB translocase and elongation stimulation

Our structure suggests how the translocase activity of CSB pushes Pol I
forward. The two ATPase lobes hold upstream DNA, and a helix-loop-
helix element (‘pulling hook’) protrudes from lobe 2 and inserts into
the upstream fork of the DNA bubble (Fig. 1b, Extended Data Fig. 6a,
¢, d). The pulling hook contains a conserved phenylalanine residue
(F796) that stacks with its aromatic side chain against the first base of
the non-template strand at position -14 (Fig 1b, Extended Data Fig. 6a).
Substitution of F796 by alanine impairs CSB activity, showing that
the pulling hook is required for CSB function (Extended Data Fig. 1f,
g). Rad26 contains an element corresponding to the pulling hook®
(Extended DataFig. 6d).

To better understand the translocase mechanism of CSB, we also
solved the Pol II-TCR structure in the presence of ADP-BeF, at 2.7 A
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resolution (structure 2; Extended Data Figs. 5,10). The CSB trans-
locase adopts the pre-translocated and post-translocated states in
structures 1and 2, respectively, elucidating the mechanism of the
translocase (Fig. 1c, Extended Data Fig. 6¢, Supplementary Video 2).
Upon ATP binding, the ATPase lobe 2 of CSB closes and pulls on the
template strand of the upstream DNA, whereas the pulling hook pulls
on the non-template strand in the same direction. As lobe 1 of CSBis
anchored to the Pol Il clamp, pulling on the upstream DNA template
will push Pol Il forward.

Switching from elongation to TCR

Comparison of the Pol II-TCR structure with the structure of the Pol
IIEC* (ref. ?) reveals a clash between CSB and DSIF, which comprises
the subunits SPT4 and SPT5 (ref. 2°). We therefore tested whether the
binding of CSB to Polll displaces DSIF. We labelled DNA, CSB and DSIF
with different fluorescent dyes and monitored the composition of
Pol Il complexes by electrophoretic mobility shift assay (Methods).
Theaddition of increasing amounts of CSB indeed displaced DSIF from
Pol Il (Fig. 2a). To investigate whether CSB could replace DSIF during
transcription, we conducted RNA elongation assays (Fig. 2b). Whereas
the Pol II-DSIF complex could not transcribe over an arrest sequence,
the addition of CSB stimulated the passage of Pol II, indicating that CSB
replaced DSIF on transcribing Pol Il. Competition between DSIF and
CSB for Pol I binding explains the observation that SPT5 can repress
TCR?. In summary, these results indicate that the switch from active
Pol Il elongation to TCR involves replacement of DSIF by CSB on the
surface of Pol II.

To further investigate the switch from elongation to TCR, we
extended our Pol [I-TCR complex preparation by adding SPT6, PAF
and RTF1, and analysed the resulting complex by cryo-EM (Extended
Data Fig. 7). The overall resolution of the structure was 2.9 A and it
revealed all factors except RTF1, which probably dissociated after loss
of DSIF (structure 3; Fig. 2¢, Extended Data Fig. 8a). This 22-subunit Pol
11-CSB-CSA-DDB1-UVSSA-SPT6-PAF complex represents an alterna-
tive elongation complex that we call EC™R,

The conversion of EC*to EC™Rinvolves three structural changes
(Supplementary Video 3). First, TCR factors replace DSIF and dis-
place RTF1, which interacts with DSIF?¥, Second, upstream DNA
moves and contacts the helix-hairpin-helix domain of SPT6 (Fig. 2c).
Helix-hairpin-helix domains are found in several DNA-binding
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Fig.2|Formation and structure of EC"™®. a, Electrophoretic mobility shift
assay monitors replacement of DSIF by CSB on the Pol Il elongation complex.
Thegelwasscannedin three different channels to reveal the elongation
complex (viaDNA), DSIF and CSB through different fluorescent labels. The
experiment wasrepeated three times. Asterisks indicate the attachment of

proteins?® and yeast Spté binds to DNA%. Modelling shows that
extension of upstream DNA leads to a clash with parts of SPT6, and
thus changes in the position of DNA or SPT6 are required to accom-
modate longer DNA (Extended Data Fig 8b). Third, the C-terminal
linker of the PAF subunit, LEO], that contacts upstream DNA in EC*
(ref.>°) moves by up to approximately 30 A and forms a helix that
binds to lobe 2 of the CSB ATPase (Fig. 2¢). This contact accounts for
the known PAF-CSB interaction that is induced by UV light in vivo®"*
and for our observation that PAF stimulates CSB ATPase activity
(Extended Data Fig. 1d, h).

Ubiquitylation by CRL4*

The cellular response to UV irradiation not only involves recruitment
of TCR factors but also ubiquitylation events”?*32, Ubiquitylation
of the largest Pol Il subunit, RPB1, on K1268 regulates transcription
shutdown and recovery™®. Inaddition, the E3 ligase CRL4“** polyubiq-
uitylates CSB, leading to degradation of CSB'. To investigate these
events in vitro, we performed ubiquitylation assays with the com-
plete Pol II-TCR complex containing CRL4°* (Fig. 3a). We observed
ubiquitylation of CSA and CUL4A and polyubiquitylation of CSB, as
previously described". We also detected ubiquitylation of UVSSA and
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Fig.3|Complete Pol II-TCR complex and ubiquitylationby CRL4%*. a,
Invitro ubiquitylation of the complete Pol [I-TCR complex by CRL4“**. The
experiment was repeated two times. For gel source data, see Supplementary
Fig.1.b, Tandem mass spectrometry fragment spectrum of the RPB1 peptide
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the fluorescentlabel. For gel source data, see Supplementary Fig.1.b, CSB can
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Supplementary Fig.1. ¢, Differences between EC* (left; PDB code: 6TED?) and
the new EC™® (right).

identified 11 ubiquitylation sites on RPB1, including residue K1268 as
the highest-scoringsite (Fig. 3b). Ubiquitylation of Pol Il was dependent
on CSBand occurred in the absence of UVSSA (Extended Data Fig 9a),
as shown in vivo®, These results indicate that CRL4** is the E3 ligase
that ubiquitylates K1268.

We then solved the structure of the complete Pol II-TCR complex
including CRL4* at an overall resolution of 3.0 A (Fig. 3¢, Extended
DataFigs.9,10). Focused classification revealed two distinct states that
differed in the conformation of CRL4%** (Extended Data Figs. 9,10).In
thefirst state (structure 4), UVSSA positions the C-terminal domain of
CUL4A suchthat RBX1facesaloopinthe RPB1jaw domain that contains
the ubiquitylated residue K1268. RBX1 binds to an E2 enzyme-ubiq-
uitin complex®*, which we modelled onto our structure (Fig. 3¢).In
this model, the activated C terminus of ubiquitin is positioned at the
K1268-containing loop, which explains how CRL4%* directs site-specific
Pol Il ubiquitylation.

In the second state of the complete Pol II-TCR complex structure
(structure 5), CUL4A and RBX1 have moved over a large distance
toreach the C-terminal region of CSB (Fig. 3¢). This CSB region is
targeted by ubiquitylation® and is essential for TCR*. Conversion
of the first state to the second state of the complete EC™® complex
requires extensive rearrangements within CRL4%*, including an

Pol Il ubiquitylation <— CRL4CSA ubiquitin ligase —> CSB ubiquitylation

st :5/,

& C-terminal st

2
Ubiqui

CRLA4CSA repositioning

1261-IMNSDENK(Gly-Gly)MQEEEE VVDKMDDDVFLR-1286. ¢, Structure of the
EC™R containing CRL4°*. Two conformations related to targeting of the Pol Il
jawdomain (left) or CSB (right) for ubiquitylation are shown. RBX1and the E2
enzyme-donor ubiquitin complex were modelled as described in the Methods.
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approximately 70° rotation of the DDB1 B-propeller Band a roughly
100 A displacement and approximately 20° rotation of CUL4A (Sup-
plementary Video 4). Modelling an E2 enzyme-ubiquitin complex
onto structure 5 reveals minor clashes with Pol I, showing that
some adjustments are required for E2 binding. The conversion to
the second state may occur when nucleotide excision repair fac-
tors are recruited to downstream DNA. Thus, stable conversion of
the complete EC™® complex to the state observed in structure 5 is
predicted to enable ubiquitylation of CSB and to complete transcrip-
tion-repair coupling.

TCRmodel

Our work converges with published data® on a molecular model that
explains how the complete TCR complex, consisting of CSB, CRL4%**and
UVSSA, mechanistically couples transcription to DNA repair (Fig. 4).
When Pol Il encounters an obstacle that cannot be overcome with the
elongation factor TFIIS, Pol Il stalls and the TCR complex binds. This
requires displacement of DSIF and converts EC* to EC™®, which then
uses the ATPase activity of CSB to push Pol Il forward. If the obstacle
canbebypassed, Pol Il resumes elongation and EC*is re-established. If
the obstacle cannot be overcome, CRL4%* ubiquitylates Pol 1 at K1268,
leading to recruitment of TFIIH near UVSSA* and downstream DNA.
TFIIH may then use ATPase activity" to push Pol Il backwards® and
enable DNA repair. Finally, rearrangement of CRL4“** leads to polyubiq-
uitylation of CSB and degradation by the proteasome, which releases
TCRfactorsthatareall anchored via CSB. Release of TCR factors liber-
ates the Pol Il sites for DSIF and RTF1, and EC* is re-established. Pol II
may resume transcription after DNA repair. Interconversion between
EC*and EC™® may facilitate both bypass of small DNA lesions and repair
of large lesions. Alternatively, Pol Il becomes persistently stalled and
is degraded™,.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and the investigators were not
blinded to allocation during experiments and outcome assessment.

Cloning and protein expression

Vectors encoding full-length human CSA, DDB1, CSB, UVSSA, CUL4A
and mouse RBX1were obtained from Harvard Medical School PlasmID
Repository. Genes were amplified by PCR and cloned into respective
vectors by ligation-independent cloning®. CSA and RBX1 were cloned
into the 438A vector (addgene no. 55218), and CSB, DDB1, UVSSA
and CUL4A were cloned into the 438B vector (addgene no. 55219),
resulting in no tag or 6xHis tag, respectively. CSA and DDBI, and
CSA, DDB1, CUL4A and RBX1 were combined into single vectors by
ligation-independent cloning®. The CSB ATPase-deficient mutant (CSB
K538R)*? and the pulling hook mutant (CSB F796A) were produced by
around-the-horn-mutagenesis and expressed and purified as their
wild-type counterparts. For fluorescent labelling of CSB, the gene was
clonedinto the 438-SNAP-V1vector (addgene no. 55222), which resulted
inaSNAPftagatthe N terminus. For fluorescent labelling of DSIF,aybbR
tag* preceded by a GGGG linker was introduced to the C terminus of
Spt4 by around-the-horn mutagenesis.

Proteins were expressed in insect cells. Sf9 (ThermoFisher), Sf21
(Expression Systems) and Hi5 (Expression Systems) cell lines were not
tested for mycoplasma contamination and were not authenticated
in-house. Preparation of bacmids and baculoviruses has previously
beendescribed in detail**. In brief, 600 ml of Hi5 cells grown in ESF-921
mediumwereinfected with V1virus and grown for 2-3 days. Cells were
collected by centrifugation (30 min, 4 °C, 500g) and resuspended in
lysis buffer (400 mM NacCl, 20 mM Tris-HCI pH 7.9, 10% glycerol (v/v),
1mMDTT,30 mMimidazole pH8.0,0.284 pug mlleupeptin,1.37 pg ml™*
pepstatin A, 0.17 mg ml™ PMSF and 0.33 mg mI” benzamidine). Cell
suspension was frozen in liquid nitrogen and stored at -80 °C until
protein purification.

Protein purification

Pol Il was purified from the pig thymus as previously describe
Human transcription elongation factors (DSIF, PAF, SPT6, RTF1 and
P-TEFb) were prepared as previously described?*?*°, All protein purifi-
cationsteps were performed at 4 °C, unless stated otherwise. The purity
of protein preparations was monitored by SDS-PAGE using NuPAGE
4-12% Bis-Tris protein gels (Invitrogen), followed by Coomassie stain-
ing. Initial purification steps were the same for all TCR proteins. Cells
were thawed in awater bath at 30 °C. Cells were opened by sonication
and thelysate was clarified by centrifugation and ultracentrifugation.
Clarified lysate was further filtrated through 0.8-pum syringe filters and
applied onto a HisTrap HP 5-ml column (GE Healthcare) equilibrated
inlysis buffer. The column was washed with 5 CV of lysis buffer,20 CV
of high-salt buffer (800 mM NaCl,20 mM Tris-HCIpH 7.9,10% glycerol
(v/v),1mM DTT, 30 mM imidazole pH 8.0, 0.284 pg ml™ leupeptin,
1.37 pg mI™* pepstatin A, 0.17 mg ml™ PMSF and 0.33 mg ml™ benza-
midine) and again 5 CV lysis buffer. Proteins were eluted witha 0-80%
gradient of elution buffer (400 mM NaCl, 20 mM Tris-HCI pH 7.9,10%
glycerol (v/v),1mMDTT, 500 mMimidazole pH 8.0, 0.284 pg ml™leu-
peptin, 1.37 pg ml™ pepstatin A, 0.17 mg mI” PMSF and 0.33 mg ml™
benzamidine).Inthe case of the CSA-DDB1 complex, anadditional step
wasintroduced at this point to separate the CSA-DDB1 complex from
excess of DDBI. After a high-salt wash, the column was washed with a
low-salt buffer (150 mM NaCl,20 mM Tris-HCIpH 7.9,10% glycerol (v/v),
1mMDTT,30 mMimidazole pH8.0,0.284 pug mlleupeptin,1.37 pg ml™*
pepstatin A, 0.17 mg ml™ PMSF and 0.33 mg ml™ benzamidine) and
proteinwas eluted directly onto a5-mIHiTrapQHP column (GE Health-
care) inalow-salt elution buffer (150 mM NaCl,20 mM Tris-HCIpH 7.9,
10% glycerol (v/v),1mMDTT, 500 mM imidazole pH 8.0, 0.284 pg ml™
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leupeptin, 1.37 pg ml™” pepstatin A, 0.17 mg mI PMSF and 0.33 mg ml™*
benzamidine). The HiTrapQ column was washed with 5 CV of low-salt
buffer and proteins were eluted witha 0-100% of monoQ elution buffer
(1MNacCl,20 mM Tris-HCIpH 7.9,10% glycerol (v/v),1mMDTT, 500 mM
imidazole pH 8.0, 0.284 pg ml™ leupeptin, 1.37 pg ml™ pepstatin A,
0.17 mg mI™ PMSF and 0.33 mg ml™ benzamidine).

Forall TCR proteins, appropriate protein fractions were pulled, mixed
with 2 mg of TEV protease and dialysed overnight against the dialysis
buffer (400 mM NacCl, 20 mM Tris-HCI pH 7.9,10% glycerol (v/v) and
1mMDTT). After, dialysis protein solution was passed through a 5-ml
HisTrap column equilibrated in dialysis buffer. Flow-through contain-
ingthe protein was collected, concentrated and loaded onto Superdex
20010/300 increase column (GE Healthcare) equilibrated in storage
buffer (400 mM NaCl, 20 mM NaOH:HEPES pH 7.5,10% glycerol (v/v)
and1 mM DTT). Peak fractions were pulled, concentrated, flash frozen
and stored at-80 °C.

CSB containing N-terminal SNAPf and TwinStrepll tag was puri-
fied as follows. The clarified lysate was incubated with 1 ml of
Strep-TactinXT 4Flow high-capacity resin (IBA) pre-equilibrated in
lysis buffer and washed extensively with lysis buffer. Protein was
eluted with BXT buffer (IBA), concentrated and loaded onto Superdex
20010/300 increase column (GE Healthcare) equilibrated in storage
buffer (400 mM NaCl,20 mM NaOH:HEPES pH7.5,10% glycerol (v/v)
and1 mMDTT). Peak fractions were pulled, concentrated, flash frozen
and stored at -80 °C.

RNA extension assays

DNA and RNA oligonucleotides were ordered from Integrated DNA
Technologies. Sequences' used in the assay are: CTA CAT ACA CCA
CACACCACACCGAGAAAAAAAAATTACCCCTTCACCCTCACTGCC
CCACATTCTAACCACACATCACTTACCTGGATACACCCTTACTCC
TCTCGATACCTCACCACCTTACCTACCACCCAC (templatestrand);
GTG GGT GGT AGG TAA GGT GGT GAG GTA TCG AGA GGA GTA AGG
GTGTAT CCAGGTAAGTGATGT GTG GTTAGAATGTGG GGCAGT GAG
GGT GAAGGGGTAATTTTTTTTTCT CGGTGTGGTGTGTGGTGT ATG
TAG (non-template strand); and /5Cy5/rUrUrA rUrArU rUrUrU rArUrU
rCrUrU rArUrC rGrA rGrArG rGrA (RNA). Template-strand DNA and
RNA were mixed in equimolar ratio and annealed in water by heating
to solution to 95 °C followed by slow cooling (1 °C per min) to 4 °C. Pol
Ilwas mixed with DNA-RNA scaffold inequimolar ratio and incubated
at30 °Cfor10 min. Next, 1.5 M excess of non-template DNA was added
andthe solution wasincubated for 10 minmore at30 °C. Atypical RNA
extensionreaction contained Pol I1 (200 nM) in the final buffer contain-
ing100 mM NaCl,20 mM HEPES pH 7.5, 5% (v/v) glycerol, 5 mM MgCl,
and 1 mM DTT. When proteins were titrated, the highest protein con-
centration was 2 uM (in case of a protein mixture, concentration of each
factor was2 uM), followed by a half-log dilution series. Inthe case of the
DSIF-CSB competition assay, Pol Il was pre-incubated with 1.5x excess
of DSIF before addition of TCR factors. Reactions were pre-incubated
at 37 °C for 5 min and started with the addition of NTPs (0.5 mM GTP,
UTPand CTP,1 mMATP and 0.5 mM dATP). Reactions were quenched
with 2x quenching buffer (7 M urea in TBE buffer, 20 mM EDTA and
10 pg ml™ proteinase K (Thermo Scientific)). Proteins were digested
for30 minat 37 °C.RNA products were separated on asequencing gel
andvisualized witha Typhoon FLA 9500 (GE Healthcare Life Sciences).
Gel quantification was performed with ImageJ software and data were
plotted with Prism 9 software.

Three-colour electrophoretic mobility shift assay

DNA and RNA oligonucleotides were ordered from Integrated DNA
Technologies. Sequences' used in the assay are: /56-FAM/CGC TCT GCT
CCTTCTCCCATCCTCTCGATG GCTATGAGATCAACT AG (template
strand); CTAGTT GAT CTC ATA GCC ATC GAG AGG ATG GGA GAA GGA
GCA GAG CG (non-template strand); and rArCrA rUrCrArUrArArCrArU
rUrUrG rArArC rArArG rArArU rArUrA rUrArU rArCrA rArArArUrCrG
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rArGrA rGrGrA (RNA). For this assay, CSB and DSIF were fluorescently
labelled. SNAPf-CSB (50 pM) was incubated with 10x molar excess of
SNAP-Surface 546 substrate (New England BioLabs) overnight at 4 °C
in CSB storage buffer. Labelled CSB was purified from the excess dye by
Superdex20010/300increase column (GE Healthcare) equilibratedin
storage buffer (400 mM NaCl,20 mM NaOH:HEPES pH 7.5,10% glycerol
(v/v)and1 mM DTT). Labelling efficiency was around 100%. DSIF subu-
nit SPT4 contained a ybbR tag on the C terminus and the protein was
labelled by using Sfp phosphopantetheinyl transferase, as previously
describedindetail*. Substrate for the labelling reaction was LD666-CoA
(Lumidyne Technologies) and the labelling efficiency was around 85%.
The Polll elongation complex was assembled by incubating Pol [l with
1.3x excess oftemplate strand:RNA for 10 minat 30 °C, followed by the
addition of 1.5x excess of non-template strand and further incubation
for 10 min at 30 °C. Next, the Pol Il elongation complex was supple-
mented with 1.2x excess of DSIF and incubated for 10 min at 30 °C.
Finally, CSB was titrated in the reaction and the reaction was further
incubated for 10 minat30 °C.Final reaction contained Pol 11 (100 nM),
DSIF (120 nM) and CSB (400 nM, 200 nM, 150 nM, 100 nM, 50 nM and
25 nM) in final buffer containing 100 mM NaCl, 20 mM HEPES pH 7.5,
10% glycerol,2 mM MgCl, and 1 mM DTT. Reactions were loaded on a
NativePAGE 3-12% Bis-Tris gels (Thermo Scientific) and ran at 150 V
for 1.5 h. The gels were scanned in Typhoon FLA 9500 (GE Health-
care Life Sciences) in three different channels for the visualization of
template-strand DNA, CSB and DSIF.

Analytical size-exclusion chromatography

Analytical size-exclusion chromatography was used to monitor associa-
tion of TCR factors with Pol Il (Extended Data Fig. 1e) and to monitor
RTF1associationwith EC*and EC™® (Extended DataFig. 8a).In the case
of TCRfactors, the proteins were mixed in equimolar ratiosin the final
size-exclusion buffer (100 mM NacCl, 20 mM HEPES 7.5, 5% glycerol,
1mMMgCl,and1mMDTT) and ran over aSuperose 6 Increase 3.2/300
column. The Polll elongation complex was formed as for structure 1.In
the case of RTF1binding, all factors were added to the pre-formed Pol Il
elongation complexin1.5x excess inthe final size-exclusion buffer and
incubatedfor1hat30 °Cinthe presence of 1 mMATP and P-TEFb. The
complexes were injected onto a Superose 6 Increase 3.2/300 column
and the fractions were analysed by SDS-PAGE. The template strand
and RNA used for the EC*and EC™® formation were the same (template
strand: CGC TCT GCT CCT TCT CCC ATC CTC TCG ATG GCT ATG AGA
TCAACTAG; RNA:rArCrArUrCrArUrArArCrArUrUrUrGrArArCrArArG
rArArUrArUrArUrArU rArCrA rArArA rUrCrGrArGrA rGrGrA) but dif-
fered in the non-template strand, which was fully complementary to
the template strand in the case of EC* (non-template strand: CTAGTT
GAT CTC ATA GCC ATC GAG AGG ATG GGA GAA GGA GCA GAG CG) or
formed a large bubble with the template strand in the case of EC™®
(non-template strand: CTA GTT GAT CTCATATTT CAT TCC TAC TCA
GGA GAA GGA GCA GAG CG).

Invitro ubiquitylation assay

Ubiquitin, UBE1 and UbcH5b were purchased from Boston Biochem.
The Polll elongation complex was formed as for structural analysis of
structure 1. The ubiquitylation reaction contained Pol I1 ECs (0.8 uM),
CSB (0.8 pM), UVSSA (0.8 uM), CSA-DDB1-CUL4A-RBX1 (0.8 pM),
UBE1 (150 nM), UbcH5b (0.5 uM) and ubiquitin (300 uM) in 100 mM
NacCl, 50 mM Tris pH 7.9, 10 mM MgCl,, 0.2 mM CacCl,, 5% glycerol and
1mM DTT. Reactions were started by the addition of ATP (3 mM) and
stopped with EDTA (15 mM). Proteins were separated on NUPAGE 4-12%
Bis-Tris protein gels (Invitrogen) and stained with Coomassie. In the
case of the ubiquitylation assay in the absence of CSB or UVSSA, the
assay was performed as described above, but with lower concentra-
tions of Pol Il, CRL4“* and CSB or UVSSA (0.4 uM). The proteins were
separated on 3-8% Tris-acetate gel (Invitrogen) and transferred onto
aPVDF membrane with a Trans-Blot Turbo Transfer System (Bio-Rad)

for immunoblotting. The membrane was blocked with 5% (w/v) milk
powder in PBS containing 0.1% Tween-20 (PBST) for1 hat room temper-
ature. The membrane was thenincubated with F-12 anti-RPBl antibody
(1:100dilution; Santa Cruz Biotechnology) in PBST supplemented with
2.5% (w/v) milk powder. After washing the membrane with PBST, the
membrane was incubated with an anti-mouse HRP conjugate (1:3,000
dilution; ab5870, Abcam) in PBST supplemented with 1% (w/v) milk
powder for 1h at room temperature. The membrane was developed
with SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher) and scanned witha ChemoCam Advanced Fluorescence imaging
system (Intas Science Imaging).

ATPase assay

Theenzyme-coupled ATPase assay uses two separate fast enzymatic reac-
tionsto couple ATP regeneration to NADH oxidation. The typical reaction
contained 100 nM proteininbuffer containing 50 mM potassiumacetate,
20 mM KOH-HEPES pH 7, 5 mM magnesium acetate, 5% glycerol (v/v),
0.2mgml™BSA,3 mM phosphoenolpyruvate (PEP), 0.3 mMNADH and
excess pyruvatekinase and lactate dehydrogenase enzyme mix (Sigma).
Thereaction mixture wasincubated for10 minat30 °Cand thereaction
was started by addition of ATP (1.5 mM final). Therate of ATP hydrolysis
was monitored by measuring a decrease in the absorption at 340 nm
using the Infinite M1I0OOPro reader (Tecan). Resulting curves were fit
toalinear model using GraphPad Prism version 9.

Crosslinking mass spectrometry

The Pol Il elongation complex was formed as described in the RNA
extensionassay. DNA and RNA sequences used for elongation complex
formationare the following": CGCTCT GCT CCT TCT CCCATCCTCTCG
ATG GCT ATG AGA TCA ACT AG (template strand); CTA GTT GAT CTC
ATATTT CAT TCC TAC TCA GGA GAA GGA GCA GAG CG (non-template
strand); and rArUrC rGrAr GrArG rGrA (RNA). Equimolar amounts of
elongation complex, CSB, CSA-DDB1 and UVSSA were mixed in the
final complex formation buffer of 100 mM NaCl,20 mMHEPES pH 7.5,
1mMDTT,1mMMgCl,and 5% glycerol. The complex wasincubated at
30 °Cfor10 minand subsequently purified over aSuperose 6 Increase
3.2/300 column equilibrated in complex formation buffer. For BS3
crosslinking, the protein solution was supplemented with 1 mM BS3
andincubated at30 °Cfor 30 min. The crosslinking was quenched with
50 mM ammonium bicarbonate. For EDC crosslinking, the complex
formation buffer contained HEPES pH 6.7 instead of pH 7.5. The protein
solution was supplemented with 2 mM EDC and 5 mM sulfo-NHS and
incubated at 30 °Cfor 30 min. The crosslinking reaction was quenched
with 50 mM 2-mercaptoethanol and 20 mM Tris pH 7.9.

Analysis of crosslinked peptides was performed as previously
described”. The crosslinked proteins were reduced with 10 mM DTT
for30 minat37 °Candalkylated with40 mMiodoacetamide for 30 min
at 25 °C. Protein digestion was performed overnight in denaturing
conditions (1 M urea) with 5 pg trypsin (Promega) at 37 °C. Formic acid
(FA) and acetonitrile (ACN) were added to the digested samples to 0.1%
(v/v) and 5% (v/v) final concentrations. Samples were purified with
Sep-Pak C18 1cc 50 mg sorbent cartridge (Waters) by washing away
salts and contaminants with 5% (v/v) ACN, 0.1% (v/v) FA and eluting
bound peptides with 80% (v/v) ACN and 0.1% (v/v) FA. The extracted
peptideswere dried under vacuum and resuspended in30 pl30% (v/v)
ACN and 0.1% (v/v) trifluoroacetic acid (TFA). Size separation of pep-
tides was performed with a Superdex Peptide PC3.2/30 column (GE
Healthcare) at flow rate of 50 pl min™ 30% (v/v) ACN and 0.1% (v/v)
TFA. Fractions (100 pl) corresponding to elution volume 1.1-2 ml were
collected, dried under vacuumand resuspended in 20 pl 2% (v/v) ACN
and 0.05% (v/v) TFA.

Mass spectrometry analysis was performed on the Q Exactive HF-X
Mass Spectrometer (Thermo Fisher Scientific) coupled with the Dionex
UltiMate 3000 UHPLC system (Thermo Fisher Scientific). Online chroma-
tographical separation was achieved with anin-house packed C18 column



(ReproSil-Pur 120 C18-AQ, 1.9-pm pore size, 75-pm inner diameter and
30 cminlength; Dr. Maisch). Samples were analysed as three 5-plinjec-
tions, separated on a 75-min gradient: flow rate of 300 nl min™; mobile
phase Awas 0.1% (v/v) FA; mobile phase B was 80% (v/v) ACN and 0.08%
(v/v) ACN. The gradient was formed with an increase from 8%/12%/18%
mobile phase B to38%/42%/48% (depending on the fraction). MSlacqui-
sition was achieved with the following settings: resolution 0f120,000;
mass range of 380-1,580 m/z; injection time of 50 ms; and automatic
gain control target of 1 x 106, MS2 fragment spectrawere collected with
dynamic exclusion of 10 s and varying normalized collision energy for
the different injection replicates (28%/30%/28-32%) and the following
settings: isolation window of 1.4 m/z; resolution of 30,000; injection
time of 128 ms; and automatic gain control target of 2 x 10°.

Result raw files were converted to the mgfformat with ProteomeDis-
coverer 2.1.0.81 (Thermo Fisher Scientific): signal-to-noise ratio of 1.5,
and precursor mass of 350-7,000 Da. Crosslinked peptides were identi-
fied with pLink v2.3.9 (pFind group**) and the following parameters:
missed cleavage sites was 3; fixed modification was carbamidomethyla-
tion of cysteines; variable modification was oxidation of methionines;
peptide tolerance was 10 p.p.m.; fragment tolerance was 20 p.p.m.;
peptide length was 5-60 amino acids; and the spectral false discovery
rate was 1%. The sequence database was assembled from all proteins
within the complex. Crosslink sites were visualized with XiNet* and
the Xlink Analyzer*® plugin in Chimera.

The samples for the ubiquitylation analysis were produced by an
in vitro ubiquitylation assay as described above. Control sample was
prepared inthe same way but without the addition of ubiquitin to make
sure thatendogenously purified Pol [ was not already ubiquitylated. In
addition tosite-specific Pol Il ubiquitylation, promiscuous ubiquityla-
tion of free CSB and UVSSA was observed that probably resulted from
apopulation of TCR factors not bound to Pol I1.

For mass spectrometry, the samples were reduced with 5 mM
DTT for 30 min at 37 °C and alkylated with 20 mM chloroacetamide
for 30 min at room temperature. Unreacted chloroacetamide was
quenched by supplementing an additional 5 mM DTT. Proteolytic
digestion was performed overnight in denaturing conditions 1M
urea) with trypsin (Promega) ina1:20 (w/w) protein ratio. The diges-
tion mixtures were acidified with FA to 1% (v/v) end concentration
and ACN was added to 5% (v/v) final concentration. Reversed-phase
chromatographical purification for mass spectrometric analysis was
performed with Harvard Apparatus Micro SpinColumns C18 by wash-
ing away salts and contaminants with 5% (v/v) ACN and 0.1% (v/v) FA.
Purified peptides were eluted with 50% (v/v) ACN and 0.1% (v/v) FA.
The peptide mixture was dried under vacuum and resuspended in
2% (v/v) ACN and 0.05% (v/v) TFA (5 pl for 1 pg of estimated protein
amount before digestion).

Liquid chromatography with tandem mass spectrometry analysis
was performed by injecting 4 pl of the samplesin the Dionex UltiMate
3000 UHPLC system (Thermo Fisher Scientific) coupled with the
Orbitrap Fusion Tribrid Mass Spectrometer (Thermo Fisher Scien-
tific). Peptides were separated on an in-house packed C18 column
(ReproSil-Pur 120 C18-AQ, 1.9-um pore size, 75-pm inner diameter
and 31 cm in length; Dr. Maisch). Chromatographical separation
was achieved with 0.1% (v/v) FA (mobile phase A) and 80% (v/v) ACN
and 0.08% (v/v) ACN (mobile phase B). A gradient was formed by the
increase of mobile phase B from 5% to 42% in 43 min. Eluting pep-
tides were analysed by data-dependent acquisition with the following
MS1 parameters: resolution of 60,000; scan range of 350-1,500 m/z;
injection time of 50 ms; and automatic gain control target of 4 x 10°.
Analytes with charge states 2-7 were selected for higher-energy col-
lisional dissociation with 30% normalized collision energy. Dynamic
exclusion was set to 10 s. Fragment MS2 spectra were acquired with
the following settings: isolation window of 1.6 m/z; detector type was
orbitrap; resolution 0f15,000; injection time 0of 120 ms; and automatic
gain control target of 5 x 10*.

The resulting acquisition files were analysed with MaxQuant*

(v1.6.17.0). Fragment peptide spectra were searched against adatabase
containingall proteins of the complex and common protein contami-
nants. Oxidation of methionines, acetylation of protein N terminus and
ubiquitylation residue on lysines were set as variable modifications.
Carbamidomethylation of cysteines was set as a fixed modification.
Default settings were used with the following exceptions: main search
peptidetolerance was set to 6 p.p.m.; trypsin was selected for digestion
enzyme; and maximum missed cleavages were increased to 3.

Cryo-EM sample preparation and image processing

The same DNA scaffolds were used for all structures': CGC TCT GCT
CCTTCTCCCATCCTCTCGATG GCTATGAGATCAACT AG (template
strand) and CTA GTT GAT CTC ATATTT CAT TCC TAC TCA GGA GAA
GGA GCA GAG CG (non-template strand). In the case of Pol Il complex
formation with TCR factors only, the shorter RNA was used: rArUrC
rGrArGrArGrGrA.If SPT6, PAF and RTF1were also present, longer RNA
wasused: rArCrArUrCrArUrArArCrArUrUrUrG rArArC rArArG rArArU
rArUrArUrArUrArCrArArArArUrCrGrArGrArGrGrA. The elongation
complex was formed as in the RNA extension assays. For the Pol 1I-CSB-
CSA-DDBI1-UVSSA structure, the pre-formed elongation complex
was mixed with twofold excess of TCR factors in complex formation
buffer containing100 mM NaCl, 20 mM HEPES pH 7.5,1 mM MgCl,, 4%
glycerol and 1mM DTT. The protein solution was incubated at room
temperature for 10 minand purified by the Superose 6 Increase 3.2/300
columnequilibrated in complex formation buffer. Peak fractions were
crosslinked with 0.1% glutaraldehyde onice for 10 min and quenched
with amixture of lysine (50 mM final) and aspartate (20 mM final). The
quenched protein solution was dialysed in Slide-A-Lyzer MINI Dialysis
Device of 20K MWCO (Thermo Fisher Scientific) for 6 h against the
complex formation buffer without glycerol. For the Pol I-CSB-CSA-
DDBI1-UVSSA-ADP+BeF; structure, the complex was supplemented
with 0.5 mM ADP-BeF; before complex purification by size-exclusion
chromatography. In the case of complex formation between Pol II,
TCR factors, PAF, SPT6 and RTF1, the pre-formed elongation complex
was mixed with twofold excess of all proteins in complex formation
buffer. In addition, the reaction was supplemented with P-TEFb and
ATP (1 mM final), as previously described®. Because ATP was present,
we used a CSB ATPase-deficient mutant for complex formation. The
complex was incubated at 30 °C for 1 h and purified by a Superose 6
Increase 3.2/300 column equilibrated in complex formation buffer.
Downstream steps including crosslinking and dialysis were the same
asfor the previous samples. Dialysed samples wereimmediately used
for the preparation of cryo-EM grids. Of the sample, 4 pl was applied
toglow-discharged R2/1carbon grids (Quantifoil), which were blotted
for 5 sand plunge-frozeninliquid ethane witha Vitrobot Mark IV (FEI)
operated at 4 °C and 100% humidity.

Micrographs were acquired onaFEITitan Krios transmission electron
microscope withak3 summitdirectelectrondetector (Gatan) and a GIF
quantum energy filter (Gatan) operated withaslit width of 20 eV. Data
collection was automated using SerialEM*® and micrographs were taken
atamagnification of x81,000 (1.05 A per pixel) with a dose of 1-1.05 e/A?
per frame over 40 frames. For Pol [I-CSA-DDB1-CSB-UVSSA, a total of
10,300 micrographs were acquired; for Pol II-CSA-DDB1-CSB-UVSSA-
ADP-BeF;, 10,940 micrographs were acquired; for Pol II-CSA-DDB1-
CSB-UVSSA-SPT6-PAF, 8,365 micrographs were acquired; and for Pol
1I-CRL4“*-CSB-UVSSA-Spt6-PAF, 19,472 micrographs were acquired.
Estimation of the contrast-transfer function, motion correction and
particle picking was done on-the-fly using Warp*. Initial 2D classifica-
tionand 3D classification steps were done in CryoSPARC®, followed by
further processing in RELION 3.0 (refs *%%). Owing to the flexibility of
proteins on the Pol Il surface, many rounds of signal subtraction and
focused classifications were performed, as detailed for every dataset
inExtended DataFigs.3,5,7,9. Asaresult, the focused classified maps
were assembled into a final composite map for each structure. Masks
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were created with UCSF Chimera®. The final composite maps were
created from focused refined maps and denoised in Warp®.

Model building and refinement
Thefocused refined maps and the final composite maps were used for
model building. For the Pol II-CSB-CSA-DDB1-UVSSA structure, we
first docked existing structures into the density. An initial CSB model
was produced with SWISS-MODEL%**¢ using the Rad26 structure (Pro-
tein Data Bank (PDB) code: 5VVRY) as the template. The model was
fitted into the CSB focused refined map in Chimera® and rebuiltin
Coot¥, followed by real-space refinementin PHENIX*®, The CSA-DDB1
crystal structure (PDB code: 4A11 (ref.™*)) was fitted into the CSA-DDB1
focused refined map and real-space refinement in PHENIX®, During
3D classifications, the 3-propeller Bof DDB1was found to adopt many
different conformations, apparently rotating around the junction with
therestof the protein, and the finalmodel reflects the most commonly
observed conformation. The N-terminal VHS domain of UVSSA was
predicted with SWISS-MODEL%*¢ using the GGA3 VHS domain as a
template (PDB code:1JPL%). Guided by the crosslinking mass spectrom-
etry data and EM density, the model was fitted into the CSA-UVSSA
focused refined map, followed by several rounds of flexible fitting in
Namdinator®® and real-space refinement in PHENIX®. The Pol [lmodel
(PDB code: 7BOY®") was fitted into the final map and nucleic acids were
modified and builtin Coot. All protein models were combined in Coot
and real-space refined in PHENIX into the final composite map using
secondary structure, base-pairing and base-stacking restrains. For
the Pol II-CSB-CSA-DDB1-UVSSA-ADP+BeF, model, ADP-BeF; was
fitted into the density together with the Pol 1I-CSB-CSA-DDB1-UVSSA
model and real-space refined in PHENIX into the final composite map
using secondary structure, base-pairing and base-stacking restrains.
For the Pol II-CSB-CSA-DDB1-UVSSA-SPT6-PAF structure, the
SPT6 and PAF models (PDB code: 6TED*) were fitted into correspond-
ing focused refined maps, adjusted in Coot and real-space refined in
PHENIX. Owing to the improved resolution of the SPT6 core, we built
anatomic model for it (the SPT6 core was previously modelled on the
backbonelevel). The C-terminal part of LEO1 was displaced in our struc-
ture, and therefore these elements were manually built in Coot and
deposited as polyalanine because the register could not be determined
with certainty. RNA outside Pol llwas poorly resolved, presumably due
to the absence of DSIF, so we modelled it on the basis of the previous
structure (PDB code: 6TED?). All models were combined in Coot and
real-space refined in PHENIX in the final composite map. In the case of
the Pol lI-CSB-CRL4“*-UVSSA-SPT6-PAF complex, 3D classification
of the stably bound CSA-DDB1-CSB complex revealed two distinct con-
formations of CUL4A-RBXI. In the first conformation (state1), CUL4A
interacts with UVSSA; in the second conformation (state 2), CUL4A
interacts with CSB. Owing toincreased flexibility of CUL4A-RBX1, only
asmaller subset of particles was used for the final focused refinement
of this region. Both focused refinement rounds yielded reconstructions
with well-resolved CSA-DDBI, which was then used to resample maps
on the map of CSA-DDBI1-CSB reconstructed from all particles with
stably bound TCR proteins. The crystal structure of the CUL4A-RBX1
(PDB code: 4A0K™) complex was fitted into the corresponding focused
refined maps, followed by several rounds of flexible fitting in Namdina-
tor®®and real-space refinementin PHENIX®®. The B-propeller B of DDB1
was manually adjusted in Chimera and Coot for both CRL4** confor-
mations. The model of Pol I-CSB-CSA-DDB1-UVSSA-SPT6-PAF was
combined with CUL4A-RBX1in Coot and the complete models were
real-space refined in corresponding composite mapsin PHENIX using
secondary structure, base-pairing and base-stacking restrains. For
Fig. 3, fullRBX1was modelled on the basis of a CUL4A-RBX1structure
(PDB code: 2HYE)*? due to lower map quality in this region, and the E2
enzyme-donor ubiquitin complex was not present in the complex
and was modelled on the basis of a RNF4 RING-UbcH5a-ubiquitin
structure (PDB code: 4AP4)%. In the case of structures containing a

CSB ATPase-deficient mutant, the ATPase lobe 2 of CSBis very flexible.
Since the complex wasincubated with ATP, itis likely that the structure
contains amixture of empty and ATP-bound CSB molecules, resulting
inboth pre- translocated and post-translocated states of CSB. Final
models were validated in Molprobity® and the figures were generated
with Chimera®* and ChimeraX®.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.1|Biochemical characterisation of TCR factors.

a, Invitrotranscription overanarrestsequenceinthe presence of TCR factors.
Theratio of band intensity for bypass and arrest products was plotted for
triplicate measurement. Data are presented as mean values + SD. b, Invitro
transcription overanarrest sequence in the presence of CSB or CSB-CSA-
DDB1complex. The experiment was repeated two times independently with
similar results. Bar graph shows an average value for duplicate measurement.
¢, ATPase assay monitoring CSB activity in the presence of increasing
amounts of CSA-DDB1. The experiment was repeated two times
independently with similar results. d, ATPase assay monitoring stimulation of
CSBactivityinthe presence of Pol Il elongation complex, TCR factors and
PAF. Analysis shownin h. e, Analytical size exclusion chromatography of CSA-
DDBI, CSB, UVSSA, CSA-DDB1-CSB-UVSSA and Pol 11-CSA-DDB1-CSB-UVSSA

complexes. Thetwo latter samples were analysed by SDS-PAGE, which
confirmed complex composition and purity. The experiment was performed
once forindividual factors and at least three times for the complexes.

f, Invitro transcription over an arrest sequence in the presence of CSB or CSB
mutant F796A. The experiment was repeated two timesindependently with
similar results. Bar graph shows an average value for duplicate measurement.
g, ATPase assay monitoring the activity of CSB mutant F796A alone, in the
presence of bubble DNA and in the presence of a Pol Il elongation complex
(EC). Analysisshowninh.h, Summary of ATPase assay results. Therate of ATP
hydrolysis was plotted for triplicate measurement. The colour code asin
panelsdand g.Dataare presented as mean values + SD. For original gel scans
and graph dataassociated with the Extended Data Fig.1see Supplementary
Fig.1and Supplementary Table1, respectively.
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Extended DataFig. 2| Cross-linking mass-spectrometry interaction
networks. a, Cross-linking mass-spectrometry interaction network within the
Pol II-CSA-DDBI1-CSB-UVSSA complex after crosslinking with BS3. (right)
Crosslinks with thescore above 3 that were detected atleast twice are shown.
(left) Crosslinks were mapped onto the Pol 1I-CSA-DDBI1-CSB structure.
Colouredrods connecting crosslinked residues represent permitted (blue) or
non-permitted (red) crosslinking distances. 89% of mapped crosslink sites fall
within the permitted crosslinking distance of 30 A.11% of crosslinks in violation
of crosslinking distance are likely a result of complex flexibility or technical
errors. Histogram shows the number of crosslinks detected at a particular
crosslinking distance. b, Cross-linking mass-spectrometry interaction network

within the Pol II-CSA-DDBI1-CSB-UVSSA complex after crosslinking with EDC.
(left) Crosslinks with the score above 3 that were detected at least twice are
shown. (right) Crosslinks were mapped onto the Pol 1I-CSA-DDB1-CSB
structure. 83% of mapped crosslink sites fall within the permitted crosslinking
distance of 20 A.17% of crosslinks in violation of crosslinking distance are likely
aresult of complex flexibility or technical errors. Histogram shows the number
of crosslinks detected ata particular crosslinking distance. ¢, BS3 crosslinks
withascoreabove 3 that were detected atleast twice and mapped onto PolII.
The Pol Il surface area within the 30 A radius of the crosslink site was colored as
aproteinfootprint.d, BS3and EDC crosslinks used to identify the CSA-
interacting motif (CIM) in CSB.
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RTF1. Peak fractions were analysed by SDS PAGE. While RTF1elutes with EC*in
stoichiometricamounts, it elutes with EC"™® sub-stoichiometrically, whichis
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/" downstream DNA and UVSSA

The experiment with EC*-RTF1was performed once and with EC™®-RTF1 twice.

For gelsource data, see Supplementary Fig.1.b, Modelling shows clashes
between UVSSA and extended downstream DNA, and between SPT6 and

extended upstream DNA, suggesting that some repositioning of DNA and/or
SPT6 and UVSSA occurs when DNA is longer.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

Structure 1

Structure 2

Structure 3 Structure 4

Structure 5

(PDB 7003)
(EMDB-13004)

(PDB 700B)
(EMDB-13009)

(PDB 700P)

(PDB 70PC)
(EMDB-13010)

(EMDB-13015)

(PDB 70PD)

Magnification
Voltage (kV)
Electron
exposure (e—/A?)
Defocus range
(hm)
Pixel size (A)
Symmetry
imposed
Initial particle
images (no.)
Map resolution
(A, FSC 0.143)
Map resolution
range (/o\)
Map sharpening
B factor (A?)
Refinement

40.4

4977 134
2.8

25-44

41.2

2527 839
2.7

22-6.2

81 000x
300

40.4 404

0.5-2
1.05
Cl

1412038
2.9

2.4-8.1

Denoised map with flattened amplitude spectrum

(EMDB-13016)

404

5348 957

2.4-89

Initial model

(PDB code)
Model rgsolution
(A)

FSC threshold
Model

2.8
0.5

2.6
0.5

2.9 2.8
0.5 0.5

2.8
0.5

composition
Non-hydrogen

atoms
Protein residues

Nucleotide
Ligands
B factors (10&2)

49 391

6055
92

8Zn, 1 Mg

46 263

5550
92
87Zn,2 Mg,
ADP:BeF;

62 442 64 227

8426 9144
103 103

8Zn, 1 Mg 8Zn, 1 Mg

64 231

9144
103

8Zn, 1 Mg

Protein
Ligand
R.m.s.

43.2
72.6

29.6
32.5

68.7 64.5
71.8 90.5

65.3
91.3

deviations

Bond lengths (A)
Bond angles (°)
Validation

0.009
0.902

0.005
0.759

0.007 0.017
0.922 1.033

0.019
1.065

MolProbity score
Clashscore
Poor rotamers
(%)
Ramachandran

1.5
4.5

1.4
32

1.6 1.7
4.9 5.3

0 0.05

1.7
53

0.04

plot
Favored (%)

96.2

Allowed (%)
Disallowed (%)

3.8

96

95.2 94.12
4.7 5.79
0.1 0.09

94.05
5.86
0.09
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Data collection  Serial EM 3.8 beta 8

Data analysis RELION 3.0 beta-2, UCSF Chimera 1.13, UCSF ChimeraX v0.8, Coot 0.9, Warp v1.0.7, PHENIX 1.18, cryoSPARC 2.14.2, Prism 9, ImageJ version
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The electron density reconstructions and structure coordinates were deposited with the Electron Microscopy Database (EMDB) and with the Protein Data Bank
(PDB) under the following accession codes: PDB code 7003 and EMDB-13004 for Structure 1, PDB code 700B and EMDB-13009 for Structure 2, PDB code 700P
and EMDB-13010 for Structure 3, PDB code 70PC and EMDB-13015 for Structure 4 and PBD code 70PD and EMDB-13016 for Structure 5. The crosslinking mass
spectrometric data and the ubiquitin-mapping data have been deposited to the ProteomeXchange Consortium via the PRIDE with the dataset identifier PXD025328 .
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Sample size No statistical methods were used to predetermine sample size. All biochemical experiments were replicated two or more times. Structural
data was collected on five independently prepared samples.

>
Q
=
C
=
(@)
=
D
wv
()
eY)
=
(@)
>
=
D
o
©)
=
=
Q
(%2]
(-
3
=)
Q
=
=

Data exclusions  No data were excluded from the analyses.

Replication All attempts at replication were successful, at least two repetitions for biochemical assays were performed. Cryo-EM single particle analysis
inherently relies on averaging over a large number of independent observations.

Randomization  Samples were not allocated to groups.

Blinding Investigators were not blinded during data acquisition and analysis because it is not a common procedure for the methods employed.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology [ ] MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Antibodies
Antibodies used F-12 Pol Il antibody, Santa Cruz Biotechnology, sc-55492; anti-mouse HRP conjugate, Abcam, ab5870
Validation Mouse monoclonal antibody to RNA polymerase Il subunit A. Antibody has been validated for the following applications: EIA,

Immunoassay, Precipitation, ELISA, Immunofluorescence, Immunohistochemistry - fixed, Immunoprecipitation, and Western Blot.
Here it was used for Western blot.

Anti-mouse HRP conjugate was used as a secondary antibody.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Hi5 cells: Expression Systems, Tni Insect cells in ESF921 media, item 94-002F

>
Sf9 cells: ThermoFisher, Catalogue Number 12659017, Sf9 cells in Sf-9000TM 11l SFM =}
Sf21 cells: Expression Systems, SF21 insect cells in ESF921 medium, Item 94-003F Ny
g
Authentication None of the cell lines were authenticated.
Mycoplasma contamination Cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
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