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Materials and Methods 

Molecular Cloning  

The open reading frames (ORFs) of human Integrator subunits were amplified by PCR from cDNA 

clones (Harvard plasmid repository) except INTS1 and INTS2. PCR-amplified ORFs were 

inserted into the 438 series of MacroLab vectors (modified pFastBac, Addgene #55218 and 

#55220) by ligation independent cloning (41). The three main vectors employed in this study were 

438-A, 438-B and 438-C, which encode no tag, an N-terminal 6xHis tag and an N-terminal 6xHis-

MBP tag, respectively. For INTS1, the ORF was divided into four and synthetic DNA for each 

part was purchased from Integrated DNA Technologies (IDT). The fourth fragment encoded a 

10xHis tag at the C-terminus. The four fragments were assembled into the 438-C vector by uracil 

excision cloning (42). To obtain the ORF for INTS2, two synthetic DNA fragments encoding the 

full-length protein were purchased and assembled into the 438-A vector using Circular Polymerase 

Extension Cloning (43). INTS1 and INTS12 truncations as well as INTS11(E203Q) mutant were 

created using ‘round the horn’ PCR-based mutagenesis (44). Co-expression vectors containing 

multiple subunits were created by successive rounds of ligation-independent cloning. Constructs 

were amplified using XL1 blue chemically competent bacteria (Agilent) except for those larger 

than 25,000 base pairs which were amplified using NEB® Stable Competent E. coli (NEB).  

To reconstitute the 14-subunit Integrator after heterologous protein expression in insect 

cells, we generated four vectors for baculovirus-based overexpression. The first vector contains 

subunits of the cleavage module (INTS4-9-11) (18) with a 6xHis-MPB tag on INTS11. The second 

vector contained the INTS10-13-14 heterotrimer (21, 45) with a 6xHis tag on INTS13. Using 

systematic co-expression of Integrator subunits, affinity purification and crosslinking mass 

spectrometry, we identified the 8-subunit Integrator core that forms a stable complex. For this 

subcomplex we created two vectors one containing 6xHis-MPB-INTS1-12 heterodimer and the 

other containing INTS2-3-5-6-7-8 subcomplex with 6xHis-MBP tag on INT5 and 6xHis tag on 

INTS6. 

To clone the human PP2A complex, the ORF for PP2A-A was amplified using a purchased 

plasmid (Addgene: #81760) as template and the ORF for PP2A-C was purchased as a synthesized 

DNA (IDT). PP2A-A and PP2A-C were cloned into 438-A and 438-B vectors, respectively by 

ligation independent cloning. To increase the protein yield, a catalytically dead mutant of PP2A-

C (D88N) (46) was generated by site-directed mutagenesis PCR (Qiagen) using the 438B-PP2A-

C plasmid as template. All clones were verified by sanger sequencing. 

 

Protein expression and purification 

Production of bacmids and baculoviruses was done essentially as described previously (47, 

48). V1 baculoviruses were stored at 4 C for 1-2 years except for the baculovirus co-expressing 

6-subunit subcomplex (INTS2-3-5-6-7-8) which was made every 6 months to ensure protein 

expression. Protein expression was induced in Hi5 cells by infecting a 300 ml starting culture with 

150 µL of V1 viruses. For expression of 8-subunit Integrator core, we co-infected Hi5 cells with 

the two baculoviruses harboring INTS2-3-5-6-7-8 and INTS1-12 dimer. Careful titration of viruses 



was necessary to determine the amount of each virus. The PP2A complex was expressed by co-

infection of Hi5 cells with baculoviruses expressing PP2A-A and PP2A-C(D88N). 

 To prepare the Integrator cleavage module, Hi5 insect cells expressing the cleavage module 

were harvested ~72 hrs after infection by centrifugation at 238xg for 30 min. The supernatant was 

discarded and the cell pellet from 1 L culture was resuspended in 35 ml of lysis buffer (20 mM 

HEPES pH 7.4, 300 mM NaCl, 30 mM imidazole, 10% (v/v) glycerol, 10 mM beta-

mercaptoethanol (ME), 10 µM ZnCl2, 0.284 μg/ml leupeptin, 1.37 μg/ml pepstatin A, 0.17 mg/ml 

PMSF, 0.33 mg/ml benzamidine). The harvested cells were flash frozen in liquid nitrogen and 

stored at -80 C until purification. The frozen pellets were thawed in a water bath at 25 C and 

lysed by sonication using a BRANSON Digital sonifier. The lysate was cleared by centrifugation 

at 87,207xg for 1 hr and filtered through a 0.8 µm syringe filter. The cleared lysate was applied to 

a pre-equilibrated 5 ml HisTrap column (GE Healthcare Biosciences) at a flow rate of 1.5 ml/min 

and the column was washed with 100 ml of wash buffer (20 mM HEPES pH 7.4, 300 mM NaCl, 

30 mM imidazole, 10% (v/v) glycerol, 10 mM  ME, 10 µM ZnCl2). A self-packed amylose 

column with a total bed volume of 15 ml pre-equilibrated in wash buffer was connected in tandem 

to the 5 ml HisTrap column. The bound protein was eluted from the 5 ml HisTrap column using 

Ni elution buffer (20 mM HEPES pH 7.4, 300 mM NaCl, 10% (v/v) glycerol, 10 mM ME, 10 

µM ZnCl2, 250 mM imidazole). The HisTrap column was detached and the amylose column was 

washed with 100 ml of wash buffer before eluting with wash buffer supplemented with 100 mM 

maltose. The fractions containing the heterotrimeric complex were combined and treated overnight 

with 6xHis-TEV protease to remove the affinity tag. The protein was applied to 5 ml HisTrap in a 

reverse nickel affinity step to remove the TEV protease, the affinity tag and proteins with 

undigested affinity tag. The unbound protein was collected and concentrated using a 100 kDa cut-

off Amicon Ultra Centrifugal Filter (MERCK Millipore). The protein was further purified on a 

Superose 6 10/300 increase size exclusion column (GE Healthcare Biosciences) pre-equilibrated 

in size exclusion buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 10% (v/v) glycerol, 10 mM ME, 

10 µM ZnCl2). Peak fractions were combined, concentrated, flash frozen in liquid nitrogen and 

stored at -80 C.  

 To prepare the INTS10-13-14 module, protein expression and harvesting of cultures were 

executed as described for the cleavage module using a baculovirus harboring the INTS10-13-14 

heterotrimer. The cell pellet from 1 L culture was resuspended in 35 ml of lysis buffer (20 mM 

HEPES pH 7.4, 200 mM NaCl, 10% (v/v) glycerol, 10 mM ME, 30 mM imidazole, 0.284 μg/ml 

leupeptin, 1.37 μg/ml pepstatin A, 0.17 mg/ml PMSF, 0.33 mg/ml benzamidine). The harvested 

cells were flash frozen in liquid nitrogen and store at -80 C until purification. Frozen pellets of 

cells expressing the subcomplex were thawed in a water bath at 25 C. Cell lysis and clearance of 

the lysate were performed as described for the cleavage module. The cleared lysate was applied to 

a pre-equilibrated 5 ml HisTrap column at a flow rate of 1.5 ml/min and contaminating proteins 

were removed by washing the column with 100 ml of the lysis buffer without protease inhibitors. 

Bound protein was eluted from the HisTrap column with a gradient (0-100%) of Ni elution buffer 

(20 mM HEPES pH 7.4, 200 mM NaCl, 10% (v/v) glycerol, 10 mM ME, 500 mM imidazole). 



Fractions containing the heterotrimeric complex were pooled and treated with 6xHis-tagged TEV 

protease while dialyzing against the wash buffer to remove the affinity tag and reduce imidazole 

concentration. A reverse nickel affinity step was done to remove the TEV protease, the affinity tag 

and proteins with undigested affinity tag. The unbound protein was collected, concentrated using 

a 100 kDa cut-off Amicon Ultra Centrifugal Filter and applied to a Superose 6 10/300 Increase 

size exclusion column pre-equilibrated in a size exclusion buffer (20 mM HEPES pH 7.4, 150 mM 

NaCl, 10% (v/v) glycerol, 10 mM ME). Peak fractions were pooled, concentrated, flash frozen 

in liquid nitrogen and stored at -80 C. 

 To prepare the 8-subunit Integrator core, we started with 8-10 L of Hi5 cells co-infected 

with the two baculoviruses harboring INTS1-12 and INTS2-3-5-6-7-8. Cultures were harvested as 

described for the cleavage module and cell pellets were suspended in lysis buffer (50 mM HEPES 

7.4, 200 mM NaCl, 1 mM DTT, 10% (v/v) glycerol, 0.005% (w/v) CHAPS and cOmplete™ 

Protease Inhibitor cocktail (MERCK)). Resuspended cells were flash frozen in liquid nitrogen and 

stored at -80 C until purification. Frozen cells were thawed at 25 C and lysed by 2 cycles of 60 

s sonication with a 2 min cooling of the sample between cycles. Lysate was cleared by 

centrifugation at 85,000xg for 30 min in a high-speed centrifuge and 45K rpm for 45 min in an 

ultracentrifuge using a Ti45 rotor (Beckman). The supernatant was filtered with a 0.8 µm syringe 

filter and applied to a self-packed amylose column at 1.5 ml/min flow rate. The column was 

washed with 150 ml of wash buffer (50 mM HEPES 7.4, 200 mM NaCl, 1 mM DTT, 10% (v/v) 

glycerol, 0.005% (w/v) CHAPS) and eluted with wash buffer supplemented with 100 mM maltose. 

The peak fractions from amylose affinity purification were pooled and treated with TEV protease 

overnight. The protein was further purified on a 1 ml HiTrap Q column (GE Healthcare 

Biosciences) equilibrated in wash buffer. After washing the column with 10 ml of the wash buffer, 

the bound protein was eluted with a gradient (0-100%) of high salt buffer (20 mM HEPES pH 7.4, 

1 M NaCl, 10% (v/v) glycerol, 1 mM DTT, 0.005% (w/v) CHAPS). The peak fractions were 

pooled and concentrated using a 100 kDa cut-off Amicon Ultra Centrifugal Filter (Millipore). 

Protein was used immediately for downstream experiments. 

 To reconstitute the complete Integrator, we mixed the purified Integrator core, cleavage 

module and INTS10-13-14 module in a 1:2:2 molar ratio and incubated on ice for 1 hour. The 

resulting complex was separated on a 10-40% (v/v) glycerol gradient that was prepared in complex 

buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 3 mM MgCl2, 1 mM DTT, 0.005%(w/v) CHAPS). 

The gradient was spun at 34,000 rpm for 16 hours using a SW60 rotor (Beckman) in a Beckman 

ultracentrifuge operated at 4 ºC. The gradient was manually fractionated into 200 µl fractions from 

the top and fractions 4 – 20 were analyzed by SDS-PAGE followed by Coomassie staining. Protein 

bands were verified by mass spectrometry. 

 To prepare the PP2A phosphatase, Hi5 cells co-infected with baculoviruses expressing 

PP2A-A and PP2A-C(D88N) were harvested by centrifugation and resuspended in lysis buffer (50 

mM Tris 7.9, 100 mM NaCl, 5 mM ME, 0.284 μg/ml leupeptin, 1.37 μg/ml pepstatin A, 0.17 

mg/ml PMSF, 0.33 mg/ml benzamidine). The resuspended cells were flash frozen and stored at -

80 C until protein purification. Lysis of cells and clearance of the lysate was performed as 



described for the cleavage module. The cleared lysate was applied to a 5 ml HisTrap column (GE 

Healthcare Biosciences), which was pre-equilibrated with lysis buffer. The column was washed 

with lysis buffer and the complex was eluted from the nickel column with a linear imidazole 

gradient from 0 to 500 mM.  The eluate of nickel column was cleaved with TEV protease to remove 

the His-tag on PP2A-C, while dialyzing in a dialysis buffer (50 mM Tris 7.9, 100 mM NaCl and 1 

mM DTT). Some precipitation was observed during cleavage and dialysis. The cleaved PP2A 

complex in solution was loaded on tandem 5 ml HisTrap and HiTrap Q columns (GE Healthcare 

Biosciences), which were pre-equilibrated with Q buffer A (25 mM Tris 7.9, 100 mM NaCl and 1 

mM DTT). The columns were washed with 40 ml Q buffer A, followed by removal of HisTrap 

column. After further washing the HiTrap Q column with 20 ml of Q buffer A, the complex was 

eluted with a linear salt gradient (100 mM-1M NaCl) and further polished with size exclusion 

using Superdex 200 10/300 increase column (GE Healthcare Biosciences). The PP2A complex 

was concentrated in the size exclusion buffer (25 mM Tris 7.9, 100 mM NaCl and 1 mM DTT) 

and stored at -80 C. 

 To prepare proteins for reconstitution of the paused elongation complex (PEC), 

mammalian RNA Pol II was purified from S. scrofa thymus essentially as described (49), with 

minor modifications as described (50). Cloning and expression of full-length human DSIF 

(heterodimer of SPT4 and SPT5) was described (23) and purification was carried out according to 

our published protocol (22). Cloning, expression and purification of the 4-subunit human NELF 

complex was also done as described (22). All protein work was carried out on ice or at 4 C unless 

otherwise stated. 

 

Preparation of PEC-Integrator-PP2A complex 

To investigate binding of Integrator and PP2A to the paused elongation complex (PEC), we 

compared the migration of Integrator, PEC and PEC-Integrator-PP2A on a 10-40% glycerol 

gradient. The gradient was prepared in complex buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 3 

mM MgCl2, 1 mM DTT, 0.005%(w/v) CHAPS). We first formed PEC as previously described 

using the same nucleic acid scaffolds (22) and analyzed its migration. Briefly, 100 pmol of Pol II, 

200 pmol of annealed RNA-template DNA, 200 pmol non-template DNA were assembled. We 

then added 400 pmol each of DSIF and NELF in a buffer containing 20 mM HEPES pH 7.4, 150 

mM NaCl, 4% (v/v) glycerol, 3 mM MgCl2, 1 mM DTT, 0.005%(w/v) CHAPS). The sample was 

incubated at 30 C for 30 min and applied to the glycerol gradient. The gradient was spun at 34,000 

rpm for 16 hrs in an SW60 rotor using a Beckman ultracentrifuge operated at 4 ºC. The fractions 

from the gradient were analyzed as described for Integrator. To form the PEC-Integrator-PP2A 

complex, 300 pmol each of the purified Integrator subcomplexes and 300 pmol of the PP2A 

complex were mixed and incubated on ice for 1 hour to pre-form a 16-subunit Integrator-PP2A 

complex. We used the cleavage module containing INTS11E203Q variant for complex formation 

to impair RNA cleavage. In parallel, a Pol II elongation complex was assembled using 100 pmol 

of Pol II, 200 pmol of annealed RNA-template DNA and 200 pmol non-template DNA. We then 

added the Integrator-PP2A complex and 400 pmol each of DSIF and NELF to the Pol II elongation 



complex. The sample was incubated for 30 min at 30 C in the complex buffer and applied to the 

glycerol gradient. Fractions were analyzed by SDS-PAGE followed by Coomassie staining. The 

identity of all proteins in the peak fraction was confirmed by mass spectrometry.     

 

Cryo-EM sample preparation 

For cryo-EM analysis, fraction 15 from the PEC-Integrator-PP2A glycerol gradient was stabilized 

by batch crosslinking using 0.2% (v/v) glutaraldehyde for 10 min on ice. The crosslinker was 

quenched using 100 mM Tris-HCl (pH 8). The crosslinked sample was dialyzed for 7 hrs at 4 °C 

against a dialysis buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 1% (v/v) glycerol, 3 mM MgCl2, 

1 mM DTT, 0.01%(w/v) CHAPS) using a 20,000 MWCO Slide-A-Lyzer MINI Dialysis Unit 

(Thermo Fisher Scientific). For preparation of cryo-EM grids, homemade ~2.7 nm thin continuous 

carbon was floated on the dialyzed sample for ~2 min. The carbon was fished using a holey-carbon 

grid (Quantifoil R3.5/1, copper, mesh 200). Grids were blotted for 3 s with a blot force of 5 and 

vitrified by plunging into liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific) 

operated at 4 °C and 100 % humidity.  

 

Cryo-EM data collection and processing 

Cryo-EM data collection was performed with SerialEM (51) using a Titan Krios transmission 

electron microscope (Thermo Fisher Scientific) operated at 300 kV. Images were acquired in 

EFTEM mode with a slit width of 20 eV using a Quantum LS energy filter and a K3 direct electron 

detector (Gatan) at a nominal magnification of 81,000× corresponding to a calibrated pixel size of 

1.05 Å/pixel. Images were recorded with -0.5 to -2.0 µm defocus range. About 45,000 exposures 

were recorded in counting mode for 3 s with a dose rate of 16.97 e−/pixel/s resulting in a total dose 

of 46.18 e−/Å2 which was fractionated into 50 movie frames. Motion correction, dose weighting, 

CTF estimation and particle picking were performed on-the-fly using Warp (52). The data was 

divided into four parts for easier handling. Particles were extracted in a box of 200 pixels and 

binned to a pixel size of 3.15 Å/pixel using RELION 3.1 (53, 54). A fourth of the data set was 

subjected to 2D classification in cryoSPARC 2.15 (55). A good ab initio 3D model was generated 

using selected good 2D class averages and three bad ab initio models were calculated from selected 

bad 2D class averages using cryoSPARC. To clean the data from contamination and broken 

particles, heterogenous refinement was performed on the entire data set using the generated ab 

initio 3D models in cryoSPARC. The selected good particles were subjected to another round of 

cryoSPARC heterogenous refinement using only the good ab initio as input model. This allowed 

us to select ~610,000 particles which have good density for both Integrator-PP2A and PEC. This 

set of particles was re-extracted in a box of 480 pixels without binning and subjected to global 3D 

auto-refinement in RELION 3.1 to yield a 3.7 Å reconstruction of PEC-Integrator-PP2A. The 

resolution of the reconstruction was improved to 3.6 Å (Map 1) by one round of CTF refinement 

followed by 3D auto-refinement.  

To improve the resolution of various regions of the map and to aid model building we used 

focused classification without image alignment and refinement of the best class. To obtain a high-



resolution reconstruction for the PEC, we applied a soft mask around Pol II, NELF and DSIF 

which led to a 2.7 Å reconstruction of the PEC. Parts of DSIF and NELF could not be improved 

further by focused classification due to conformational flexibility in these regions. In the same 

way, different regions of the Integrator-PP2A complex were improved by applying masks around 

regions that appeared to be one moving body or guided by the difference in local resolution.  This 

allowed us to obtain maps better than 3.2 Å for most parts of the Integrator-PP2A complex that 

were used in modeling the respective subunits. Details of the masks used and the resultant focused 

maps are provided in fig. S2. All focused maps were aligned on Map 1 and a composite map for 

the overall structure was generated using Warp (52). During cryo-EM data processing, we noted 

density for the CTD on Integrator in the absence of stably bound PEC. To investigate this, classes 

lacking stably bound PEC from the cryoSPARC heterogenous refinement were subjected to 3D 

refinement in RELION. We then applied a soft mask around the CTD-binding region and 

performed focused refinement. This revealed a defined density of the CTD in this population of 

particles despite the absence of PEC density (fig. S11A-C.).  

 

Model building and refinement 

To build a model for PEC, the previously published PEC structure (6GML) (22) was rigid-body 

fitted into the focused map for PEC in UCSF Chimera (56) and manually adjusted in Coot (57). A 

model containing Pol II (except the RPB4-RPB7 stalk), SPT5 KOW5 domain, NELF-A, and 

NELF-C C-terminus (residues193-590) was refined against this map to good chemical geometry 

using Phenix Real-Space refinement with standard settings and nonbonded weights of 500 (58, 

59). The Pol II stalk (RPB4-RPB7), NELF-B, NELF-E and the N-terminal region of NELF-C 

(residues 55-192) were rigid-body fitted into the PEC map sharpened with a B factor of –50 Å2 in 

RELION 3.1. The KOW2-3 and KOWx-4 domains of DSIF subunit SPT5 were rigid-body docked 

into a 6 Å-filtered Map 1. 

To build a model for Integrator, we modeled the previously unobserved INTS1 N-terminal 

region based on results from threading using trRosetta (60) and BS3 crosslinking. The models of 

INTS1(1-950) and INTS1(900-1318) from trRosetta were flexibly fitted into the focused maps 

corresponding to INTS1(300-800) and INTS1(949-1316), respectively using NAMDINATOR 

(61) and manually adjusted in Coot. Regions that have weak or no density due to flexibility were 

removed from the model. We only traced the backbone for INTS1(357-866) because this region 

lacks clear side-chain density. For modeling of INTS1(1360-1766), chain A from PDB 7CUN (15) 

was rigid body fitted into the INTS1(1360-1750) focused map. The N-terminal part until residue 

1598 was built de novo to correct for a register shift in the published model. The regions C-terminal 

of residue 1610 were manually adjusted in Coot. Region 1770 to 2042 was removed from the 

model as it was moved according to our density. The very C-terminal part of INTS1 (residue 2043-

2190) was adjusted in Coot and a few amino acids were added to the C-terminus using the focused 

map for INTS5-8 that included this part of INTS1. To build models for INTS2, INTS4 C-terminus 

(608-959), INTS5, INTS7 and INTS8, chains B, D, E and H of the published Integrator-PP2A 

structure (PDB 7CUN) (15) were used as input models. INTS2 (chain B), INTS4(608-959) (part 



of chain D) and INTS7 (chain G) were fitted into the focused map for INTS1-2-7. INTS5 (chain 

E) and INTS8 (chain H) were fitted into the focused map for INTS5-8 in UCSF Chimera (56). The 

input models were manually adjusted using the corresponding maps in Coot. Major rebuilding was 

performed for INTS2, INTS5, INTS8 and part of INTS4(608-959) due to many differences in 

residue registers according to our maps. The INTS7 model was extended at the C-terminus after 

the -sandwich domain to include the newly observed helix 40. The INTS6 model was built by 

placing INTS6 (chain F) from PDB 7CUN into the INTS6 focused map using UCSF Chimera 

followed by manual adjustments in Coot to fit the density. To build INTS9 and INTS11, we used 

the cleavage module structure (PDB 7BFP) (19) as input model. Chains were individually fitted 

into the corresponding focused map and manually adjusted. Minor adjustments were made to 

INTS9. Due to conformational changes in the -CASP domain of INTS11 compared to the input 

model, we manually rebuilt INTS11 residues 208-350. INTS4 (35-585) was modeled by initially 

placing chain D from PDB 7CUN into the CM focused map. The N-terminal region (residues 35-

322) was manually adjusted in Coot. Residues 376-585 were built de novo using Coot. 

To build the PP2A-A and PP2A-C models, chain D and F of the PP2A holoenzyme (PDB 

3DW8) (62) were fitted into the focused map for PP2A and adjusted as described above. The 

PP2A-A initial model was divided into two parts, an N-terminal (residues 1-375) and a C-terminal 

part (residues 376-end).  

Modelling of the two observed Pol II CTD repeats was carried out de novo using the 

INTS1-2-7 focused map. Due to the pseudosymmetric nature of the CTD heptad repeats, we could 

not assign the directionality of the polypeptide chain with absolute certainty, but chose the 

directionality that fits the density better. The CTD repeats was assigned to a new chain, chain M. 

 Each model was real-space refined against the corresponding focused map using phenix 

and showed good stereochemistry. We merged the various refined models in the composite map 

to create the final model which was subjected to manual inspection using Coot and real-space-

refinement in phenix. The model was validated by Molprobity (63) and EMringer (64) and showed 

good stereochemistry (Table S1). Figures were prepared using Pymol 2.4.1, UCSF Chimera and 

UCSF ChimeraX (65).  

 

Crosslinking-mass spectrometry analysis 

The peak fractions of the PEC-Integrator-PP2A glycerol density gradient (fractions 13-16) 

containing ~45 pmol of PEC-Integrator-PP2A complex were pooled and crosslinked with 3 mM 

BS3 at 30 C for 30 min. Following quenching by 100 mM Tris-HCl (pH 8.0), the sample was 

pelleted by ultracentrifugation in an S100AT4 rotor (Thermo Fisher Scientific). The pellet was 

solubilized in 50 mM ammonium bicarbonate (pH 8.0) supplemented with 4M Urea, reduced with 

DTT and alkylated with 17 mM iodoacetamide. After dilution to 1 M urea with 50 mM ammonium 

bicarbonate, crosslinked complex was digested with trypsin (Promega) in a 1:30 enzyme-to-

protein ratio (w/w) at 37 C overnight. Peptides were reverse-phase extracted using SepPak Vac 

tC18 1cc/50mg (Waters) and eluted with 50% acetonitrile (ACN) / 0.1% trifluoroacetic acid 

(TFA). The eluate was split in two halves and vacuum dried. Dried peptides were dissolved in 



either 40 µl 10 mM ammonium hydroxide and separated on basic pH Reverse Phase (bRP) using 

an xBridge C18 3.5µm 1x150mm column (Waters) or in 40 µl 30% ACN / 0.1% TFA and 

subjected to peptide size exclusion chromatography (pSEC, using a Superdex Peptide PC3.2/300 

column, GE Healthcare) at a flow rate of 50 µl/min. Fractions of 50 µl were collected. Fractions 

containing the crosslinked peptides were vacuum dried and dissolved in 5% ACN / 0.1% TFA for 

subsequent uHPLC-ESI-MS/MS analysis. Crosslinked peptides enriched by pSEC were analysed 

as technical triplicates on a Thermo Orbitrap Exploris mass spectrometer. bRP fractionated 

peptides were measured twice on an Orbitrap Exploris with and without FAIMS (Thermo 

Scientific) installed. In both cases the mass spectrometer was coupled to a Dionex UltiMate 3000 

uHPLC system (Thermo Scientific) with a custom 30 cm C18 column (75 µm inner diameter 

packed with ReproSil-Pur 120 C18-AQ beads, 1.9 µm pore size, Dr. Maisch GmbH). MS1 and 

MS2 resolution were set to 120000 and 30000, respectively. Only precursors with a charge state 

of 3-8 were included. Protein-protein crosslinks were identified by pLink2.3.9 search engine 

(pfind.ict.ac.cn/software/pLink) and filtered at false discovery rate (FDR) of 1% according to the 

recommendations of the developer(66, 67). 

 

RNA cleavage assay 

All concentrations refer to the final concentration used in the assay. The PEC template and non-

template DNA scaffolds (22) were used in the assay. In addition to the HIV TAR RNA used for 

structural analysis (fig. S10A), we also used a single-stranded RNA that anneals to the PEC DNA 

template (Fig. 2C and fig. S10B-F) for the cleavage assay. RNAs were purchased from IDT with 

a 5’ 6-FAM fluorescent label. To test RNA cleavage activity of free Integrator-PP2A complex, the 

annealed nucleic acid scaffolds (30 nM) were incubated with the wild-type Integrator-PP2A 

complex (lane 2) or Integrator(E203Q)-PP2A complex (lane 3) that contains the INTS11E203Q 

mutant. The Integrator-PP2A complexes were formed by incubating 150 nM of the Integrator 

subcomplexes and 150 nM PP2A on ice for 1 hr. 

To test the activity of Integrator in the context of a Pol II elongation complex (EC), we formed a 

Pol II EC using 150 nM of Pol II, 30 nM of annealed RNA-template DNA and 30 nM non-template 

DNA. We added Integrator-PP2A complex (lane 4) or Integrator(E203Q)-PP2A complex (lane 5) 

which were preformed using 150 nM of each Integrator subcomplex and PP2A, and 150 nM of 

DSIF and NELF. The assay was also performed using only Integrator-PP2A complex (lane 8) or 

in the absence of DSIF (lane 6) or NELF (lane 7). All cleavage reactions were performed in 20 µl 

final volume in a buffer containing 20 mM HEPES pH 7.4, 150 mM NaCl, 10% (v/v) glycerol, 3 

mM MgCl2, 1 mM DTT, 1 U/µl RNAsin® plus (Promega). The reactions were incubated at 30 C 

for 1 hr. Reactions were stopped by adding 20 µl of 2x stop buffer (6.5 urea, 50 mM EDTA, 1x 

TBE) and boiling at 70 C for 2 minutes. Proteins were digested using Proteinase K (Thermo 

Scientific). 8 µl of each reaction was applied to a denaturing gel (8 M urea, 1x TBE, 20% Bis-Tris 

acrylamide 19:1 gel run in 1x TBE buffer at 300V for 80 min). Products were visualized using the 

6-FAM label and a Typhoon 9500 FLA Imager (GE Healthcare Life Sciences). The same gels 

were stained with SYBR gold to visualize the microRNA marker (NEB catalogue #N102S).  



 



Fig. S1. Preparation of proteins and reconstitution of complexes  

Representative Coomassie stained SDS-PAGE analysis of proteins used in this study are shown 

for (A) the Integrator cleavage module, (B) the INTS10-13-14 module of Integrator, (C) the 

Integrator core, (D) the PP2A phosphatase, (E) Pol II, (F) DSIF and (G) NELF. (H) SDS-PAGE 

analysis of fractions from a glycerol density gradient shows the formation of Integrator from the 

three subcomplexes shown in A-C. Fractions analyzed are indicated at the bottom of the gel. For 

this gradient, Integrator core, cleavage module and INTS10-13-14 module were mixed in a 1:2:2 

molar ratio. (I) SDS-PAGE showing the formation of PEC from Pol II (E), DSIF (F) and NELF 

(G). (J) SDS-PAGE showing formation of PEC-Integrator-PP2A. Identity of proteins in the peak 

fraction was confirmed by mass spectrometry. 

  



 
 

 



Fig. S2. Cryo-EM data processing  

(A) A representative micrograph denoised using Warp (52) showing distribution and concentration 

of particles per field of view. A 30 nm scale bar is shown. (B) Selected good 2D class averages 

showing different views of the cryo-EM reconstruction. (C) Initial clean-up of the dataset in 

cryoSPARC (55). Four ab initio 3D models generated from the dataset were used as references for 

heterogenous refinement. The selected good particles were subjected to another round of 

heterogenous refinement which yielded ~610K particles that have density for both Integrator-

PP2A and PEC. (D) Processing of the selected good particles from cryoSPARC in RELION 3.1  

(53, 54). Selected particles were subjected to CTF refinement and 3D refinement resulting in a 3.6 

Å reconstruction (Map 1). Various regions of the reconstruction were masked for 3D classification 

without image alignment and 3D refinement. This produced well-resolved focused maps that were 

used for initial modeling. Focused map names are based on the dominant subunits present and 

colored with the same color code as in Fig. 1. CM, Integrator cleavage module. Note that only the 

selected good class of each focused classification is shown. The percentage of the input 610K 

particles that went into the selected good class is indicated as well as the estimated resolution. 

 

  



 



Fig. S3. Resolution of cryo-EM reconstructions  

(A) Resolution of Map 1 (fig. S2) and angular distribution plot for the reconstruction. FSC plot 

shows the overall resolution of the reconstruction as determined by the ‘gold standard’ FSC cut-

off of 0.143 which is indicated by a dashed line. Two views show the local resolution (as 

implemented in RELION 3.1) of regions on the surface and a slice through shows resolution inside 

the core of the reconstruction. A scale bar indicates the resolution represented by the various 

colors. An angular distribution plot of the reconstruction showing assignment of particles to the 

various angles is also provided. (B-J) Show FSC plots and local resolutions of the focused maps. 

CM, Integrator cleavage module 

 

  



 
 

 

 

 



Fig. S4. Quality of the cryo-EM densities. 

(A) Overview of the PEC-Integrator-PP2A model relative to the cryo-EM reconstruction. In the 

top panel the composite map used for modelling is shown fitted into the 6 Å low-pass filtered 

version used for docking. The lower panel shows our model fitted into the 6 Å low-pass filtered 

version of the composite map used for docking. Left panel, front view; middle panel, back view; 

right panel, top view. The views correspond to those in Fig. 1B-C. The color code of the model is 

the same as in Fig. 1. (B) Tilted DNA-RNA hybrid in the Pol II active center. The map for the 

DNA-RNA hybrid and the catalytic metal ion (metal A) is shown as surface representation. DNA 

template strand (blue) and RNA transcript (red) are shown as sticks. Metal A (magenta) is shown 

as a sphere. (C) Cryo-EM density for Pol II RPB1 funnel helices. RPB1 is shown as ribbon and 

sticks (side-chains). (D) Cryo-EM density of the region around the two observed CTD heptad 

repeats. INTS2, light pink; INTS4, orange; INTS7, sky blue; RPB1-CTD, gray. Proteins are shown 

as ribbon and sticks (side-chains). (E) Cryo-EM density at the RPB3 (gray)-INTS7 (sky blue) 

interface. Proteins are shown as ribbon and sticks (side-chains). (F) Cryo-EM density of NELF 

(warm pink)-INTS6 (slate) interface. INTS6 forms a bridge to PP2A (PP2A-A, smudge; PP2A-C, 

limon). (G) Cryo-EM density at the RPB2 (gray)-INTS1 (red) interface. (H) Low-pass filtered (6 

Å) cryo-EM density for SPT5 (forest green) interfaces with INTS11 (violet) and INTS9 (purple 

blue). 

 

  



 
 

 

 



Fig. S5. Crosslinking-mass spectrometric analysis. 

(A) Overview of BS3 mediated crosslinks visualized using xiNET (68). Subunits are colored 

according to Fig.1. For clarity, only inter-protein crosslinks that have at least eight crosslinked 

peptide-spectrum matches (CSMs) are shown. Note distinctive crosslinks between the N-termini 

of INTS1 and INTS12, INTS12 and NELF-A, INTS10-13-14 to subunits of the cleavage module. 

(B) Mapping of crosslinks on our PEC-Integrator-PP2A structure using the Xlink analyzer (69) 

plugin in UCSF Chimera. The histogram shows distribution of C pair distances of unique 

crosslinks mapped on our structure. The y-axis shows the number of unique crosslinked peptides 

with the specific C pair distances shown on the x-axis. Estimation of C pair distances were done 

using Xlink analyzer (69) plugin in UCSF Chimera. A dotted line demarcates the 30 Å distance 

cut-off for BS3 crosslinked C pair. ~87% of the unique crosslinks are within the favored distance. 

(C) Crosslinks from SPT5 KOW2-3 and KOWx-4 domains that support formation of interface C. 

(D) Crosslinks between INTS6 and NELF-B that support formation of interface D are shown. 

  



 
 

 

 

 

 



Fig. S6. Localization of mobile subunits/regions using XLMS. The specifically crosslinked 

lysine residues in our structure are shown as spheres and the crosslinked lysine residues in the 

mobile region indicated. (A) The crosslink sites of the mobile regions of INTS1 on our structure 

are shown as red spheres. (B)  The crosslink sites of INTS12 on our structure are shown as blue 

spheres. (C) A size exclusion chromatogram and SDS-PAGE confirms the physical interaction 

between INTS1(1-292) and INTS12(1-194) as predicted by the XLMS data. (D) Mapping of 

crosslink sites of the flexible parts of DSIF on our structure. SPT4 and SPT5 crosslink sites are 

shown as blue and green spheres, respectively. (E) Mapping of INTS3 (blue sphere) and INTS10-

13-14 (red spheres) crosslink sites on our structure.  

  



 
Fig. S7. Structural comparisons. (A) Alignment of the PEC structure (PDB 6GML) (22) onto 

our PEC-Integrator-PP2A structure reveals no changes in Pol II and only minor conformational 

changes in NELF regions that bind INTS6. The PEC-Integrator-PP2A structure is colored as in 

Fig. 1 and PEC (PDB 6GML) is colored yellow. For clarity, Integrator-PP2A is shown as a 

transparent cartoon. (B) Alignment of unbound Integrator-PP2A structure (PDB 7CUN) (15) 

shown as gray onto our PEC-Integrator-PP2A structure shows conformational changes of several 

elements. Superpositions of INTS2, INTS4, INTS6 and INTS7 subunits of the unbound and PEC-

bound Integrator-PP2A are also shown. The arrows show the directions of movements upon PEC 



binding. (C) A zoom-in view shows that INTS11 in the closed conformation (19) would clash with 

SPT5 KOWx-4. The view is the same as in Fig. 2C. (D) Alignment of our PEC-Integrator-PP2A 

structure onto the structure of Mediator-bound transcription pre-initiation complex (PDB 7ENC; 

yellow) (70), shows binding of transcription initiation factors and Mediator exclude Integrator 

binding.  

 



 



 

Fig. S8. Integrator excludes elongation factors of the activated elongation complex EC* 

(A-C) Comparison of our structure to the activated elongation complex (EC*) structure (PDB 

6GMH) (37) shows clashes of PAF and SPT6 with Integrator subunits at all the interfaces between 

PEC and the Integrator-PP2A complex. Pol II is shown as a gray surface, Integrator-PP2A is 

colored as in Fig. 1, SPT6 is colored blue, and the PAF complex is colored yellow orange. Close-

up views showing the clashes are provided in the right panel. 



 



 



 
 



 

 

Fig. S9. Sequence alignments of protein regions that for PEC and Integrator interfaces.  

The alignments were performed with full-length proteins in Jalview (71) with ‘Muscle with 

defaults’ algorithm. Aligned sequences were visualized using ESPript 3.0 (72). Residues with 

identity above 70% are colored. Regions of each subunit that are involved in contact interfaces are 

indicated by dashed boxes A-D for interfaces A-D, respectively. (A) Sequence alignment of INTS1 

and RPB2 regions that interface A. The UniProt IDs for INTS1 are Homo sapiens (Q8N201), Mus 

musculus (Q6P4S8), Gallus gallus (F1P4X9), Xenopus laevis (A0A1L8EXS4), Danio rerio 

(A0A0G2KYX9), Drosophila melanogaster (Q9W1C5) and Caenorhabditis elegans (O01483). 

UniProt IDs for RBP2 are Homo sapiens (P30876), Mus musculus (Q8CFI7), Gallus gallus 

(F1NCB0), Xenopus laevis (A0A1L8HW57), Danio rerio (A0A0R4IXL0), Drosophila 

melanogaster (A0A0B4LI86) and Caenorhabditis elegans (Q10578). (B) Sequence alignments of 

INTS7 and Pol II RPB3 regions that form Interface B. INTS7 UniProt IDs are Homo sapiens 

(Q9NVH2), Mus musculus (Q7TQK1), Gallus gallus (Q5ZL91), Xenopus laevis (A0JMW3), 

Danio rerio (Q8JGR7), Drosophila melanogaster (Q9VT41) and Caenorhabditis elegans 

(G5EDW9). RPB3 UniProt IDs are Homo sapiens (P19387), Mus musculus (P97760), Gallus 

gallus (E1BV97), Xenopus laevis (Q6IRR3), Danio rerio (Q7ZV11), Drosophila melanogaster 

(O97183) and Caenorhabditis elegans (Q93338) (C) Sequence alignments of INTS11 and SPT5. 

INTS11 UniProt IDs for INTS11 are Homo sapiens (Q5TA45), Mus musculus (Q9CWS4), Gallus 

gallus (Q5ZIH0), Xenopus laevis (A0A1L8FM59), Danio rerio (Q503E1), Drosophila 

melanogaster (Q9VAH9) and Caenorhabditis elegans (Q9U3K2). SPT5 UniProt IDs for INTS11 

are Homo sapiens (O00267), Mus musculus (O55201), Gallus gallus (Q5ZI08), Xenopus laevis 

(A1L1H7), Danio rerio (Q9DDT5), Drosophila melanogaster (Q9V460) and Caenorhabditis 

elegans (Q21338).  (D) Sequence alignments of INTS6 and NELF-B showing regions that form 

interface D. The UniProt IDs for INTS6 are Homo sapiens (Q9UL03), Mus musculus (Q6PCM2), 

Gallus gallus (E1BV07), Xenopus laevis (Q5U4W6), Danio rerio (Q7SYD9), Drosophila 

melanogaster (Q9W485) and Caenorhabditis elegans (B7WN63). The UniProt IDs for NELF are 

Homo sapiens (Q8WX92), Mus musculus (Q8C4Y3), Gallus gallus (Q5ZLK9), Xenopus laevis 

(Q32NK8), Danio rerio (Q6TNV1), and Drosophila melanogaster (Q9Y113). Please note the 

NELF complex is not conserved in C. elegance and hence its omission in the sequence alignment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



Fig. S10. Integrator RNA cleavage. (A)  A schematic representation of the HIV TAR RNA 

scaffold used for structural analysis and the cleavage assay. Two representative replicates of the 

RNA cleavage assay performed using this scaffold are provided. After visualization with the 6-

FAM label, the same gels were stain with SYBR Gold to visualize the microRNA marker (NEB 

catalogue #N102S) which is overlayed. A marker containing 6-FAM labeled 27 nt and 15 nt 

single-stranded RNA was also loaded. (B) Schematic of the single-stranded RNA scaffold that 

lacks the stem-loop structure. (C-E) representative replicates of the cleavage assay performed 

using the single-stranded RNA. The red boxes show the regions that were quantified to illustrate 

Integrator-dependent cleavage of the input RNA. We observe cleavage product of different sizes 

which is expected because single-stranded RNA that emerges from the RNA exit channel of Pol 

II is flexible. Therefore, exiting RNA may form loops of different sizes between the point of 

RNA exit (i.e. the Pol II surface) and the INTS11 endonuclease active site, leading to RNA 

cleavage products of different lengths. (F) A histogram showing the fraction of the input RNA 

that was uncleaved for each reaction condition. We quantified the remaining input RNA signal 

intensities (shown by red boxes) using ImageJ(73) (See table S3 for raw values). After 

subtracting background signal, we normalized each value by the intensity of the input RNA in 

the free Int(E203Q) sample that has no detectable activity to determine the uncleaved fraction. 

Error bars represent standard deviation in the three experiments. Int(wt), wild-type Integrator-

PP2A; Int(E203Q), Integrator-PP2A complex with INTS11-E203Q mutation. 



 

Fig. S11. Integrator recruitment via Pol II CTD and transcription regulation. (A-C) 

Integrator binds the CTD without stably binding the PEC. (A) Particles in 3D classes without 

stably bound PEC (see fig. S2) were subjected to 3D refinement. Weak density from mobile Pol 

II is indicated with a dashed circle and the masked used for focused refinement is shown as a 



transparent surface. (B) Focused refinement map around INTS2, INTS4 and INTS7 regions that 

bind the CTD. (C) Zoom-in showing a density for the CTD peptide fitted with our model for the 

two CTD heptad repeats. (D). Model for Integrator-mediated transcription regulation. PIC, pre-

initiation complex; PEC, paused elongation complex; EC*, activated elongation complex; PTC 

pre-termination complex. In the promoter-proximal region of protein-coding genes, the PEC can 

either be converted to EC* or to the PTC (PEC-Integrator-PP2A complex, this study), which is 

an intermediate during transcription termination. This intermediate likely also underlies 3’-

processing of snRNAs and Pol II termination at all non-coding transcription units including 

enhancers.  

 

  



Table S1. Statistics of cryo-EM reconstruction and structural model  
 

 #1 Map 1 

(PDB 7PKS) 

(EMD-13479) 

Data collection and Processing   

Microscope 

Voltage (kV) 

Camera 

Magnification 

Pixel size at detector (Å/pixel) 

Total electron exposure (e–/Å2) 

Exposure rate (e-/pixel/sec) 

Number of frames collected during exposure 

Defocus range (μm) 

Automation software  

Energy filter slit width  

Micrographs collected (no.) 

Micrographs used (no.) 

Total extracted particles (no.) 

 

Reconstruction: 

Refined particles (no.) 

Final particles (no.) 

Point-group or helical symmetry parameters 

Resolution (global, Å)                              

     FSC 0.5 (unmasked/masked) 

     FSC 0.143 (unmasked/masked) 

Resolution range (local, Å) 

Map sharpening B factor (Å2) / (B factor Range) 

Map sharpening methods 

FEI Titan Krios 

300 

Gatan K3 

81,000x 

1.05 

46.18 

16.97 

50 

-0.5 to -2.0 

SerialEM 

20 eV 

45,000 

45,000 

4,437,434 

 

 

614283 

614283 

C1 

 

6.8/4.4 

4.1/3.6 

3.0-9.3 

-90 

RELION 3.1 

  

Model composition  

Protein 

Ligands 

RNA/DNA 

 

Model Refinement  

 

13,141 

ZN:10, Mg:1, Mn:2 

74 

Refinement package  

Model-Map scores (-CC) 

Initial models 

Phenix (real space) 

0.84 

6GML, 7CUN, 7BFP, 3DW8 

Map used Composite map# 

B factors (Å2)  

    Protein residues 90.28 

    Ligands 

    RNA/DNA 

147.23 

208.82 

R.m.s. deviations from ideal values  

    Bond lengths (Å) 0.04 

    Bond angles (°) 

 

Validation  
MolProbity score 

CaBLAM outliers 

Clashscore 

Poor rotamers (%) 

0.78 

 

 

1.56 

2.36 

5.27 

0.00 



C-beta deviations 

EMRinger score 

Ramachandran plot 

     Favored (%) 

     Allowed (%) 

     Outliers (%) 

 

0.00 

2.86 

 

95.92 

4.04 

0.04 

# A composite map was created by aligning all the high resolution focused maps onto Map 1 using Warp (52). This 

map was sharpened with a B factor of -70 and used for refinement of the complete structure. We deposited this map 

as an additional map in the EMDB entry.  



Table S2. Input structural models and model confidence 

 

Complex/domain Chain id(s) Input model (pdb) Level of confidence 

Pol II A-C, E, F, H-L, N, T, P 6GML Atomic 

Pol II stalk D, G 6GML Rigid body fitting 

SPT5 KOW5 Z 6GML Atomic 

SPT5 KOW2-3, KOWx-4 Z 6GML Rigid body fitting 

NELF-A U 6GML Atomic 

NELF-B V 6GML Rigid body fitting 

NELF-C W 6GML Atomic 

NELF-E X 6GML Rigid body fitting 

INTS1(357-866) a - Backbone trace 

INTS1(949-1316) a - Atomic 

INTS1(1360-2190 a 7CUN Atomic 

INTS2, 4, 5, 6, 7, 8 b, d, e, f, g, h 7CUN Atomic 

INTS9, 11 i, k 7BFP Atomic 

PP2A p, q 3DW8 Atomic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3: Quantification of input RNA signal intensities in the RNA cleavage assay (related to Fig. S10C-F).  

   
Area Mean Intensity Background subtracted Uncleaved Fraction 

Replicate 1 

background 0.29 22240.595 
  

2.Int(wt) 0.29 38665.738 16425.143 0.985793238 

3.Int(E203Q) 0.29 38902.449 16661.854 1 

4.PEC-INT(wt) 0.29 30801.698 8561.103 0.513814549 

5. PEC-Int(E203Q)  0.29 35384.689 13144.094 0.788873435 

6. Pol II-NELF-

Int(wt) 

0.29 34103.413 11862.818 0.71197467 

7. Pol II-DSIF-Int(wt) 0.29 31710.512 9469.917 0.568359139 

8. Pol II-Int(wt) 0.29 33576.192 11335.597 0.680332273 

Replicate 2 

background 0.29 22142.326 
  

2.Int(wt) 0.29 39474.489 17332.163 0.912784503 

3.Int(E203Q) 0.29 41130.557 18988.231 1 

4.PEC-INT(wt) 0.29 30435.648 8293.322 0.436761171 

5. PEC-Int(E203Q)  0.29 36263.024 14120.698 0.743655267 

6. Pol II-NELF-

Int(wt) 

0.29 35184.581 13042.255 0.686859929 

7. Pol II-DSIF-Int(wt) 0.29 33034.568 10892.242 0.573631214 

8. Pol II-Int(wt) 0.29 36542.306 14399.98 0.75836343 

Replicate 3 

background 0.264 39184.911 
  

2.Int(wt) 0.264 51514.985 12330.074 0.973642249 

3.Int(E203Q) 0.264 51848.776 12663.865 1 

4.PEC-INT(wt) 0.264 45388.817 6203.906 0.489890409 

5. PEC-Int(E203Q)  0.264 49205.817 10020.906 0.791299181 

6. Pol II-NELF-

Int(wt) 

0.264 48649.271 9464.36 0.747351618 

7. Pol II-DSIF-Int(wt) 0.264 47232.817 8047.906 0.635501563 

8. Pol II-Int(wt) 0.264 49224.132 10039.221 0.792745422 
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