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During eukaryotic transcription elongation, RNA polymerase II (RNAP2) is regulated by a 

chorus of factors. Here we identified a common binary interaction module consisting of 

TFIIS N-terminal domains (TNDs) and natively unstructured TND-interacting motifs (TIMs). 

This module was conserved among the elongation machinery and linked complexes including 

TFIIS, Mediator, super elongation complex, elongin, IWS1, SPT6, PP1/PNUTS phosphatase, 

H3K36me3 readers, and other factors. Using NMR, live-cell microscopy, and mass spectrometry, 

we revealed the structural basis for these interactions and found that TND-TIM sequences were 

necessary and sufficient to induce strong and specific co-localization in the crowded nuclear 

environment. Disruption of a single TIM in IWS1 induced robust changes in gene expression and 

RNAP2 elongation dynamics, underscoring the functional importance of TND-TIM surfaces for 

transcription elongation.
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At the majority of eukaryotic genes, RNA polymerase II (RNAP2) undergoes regulated 

transcriptional pausing during early elongation, followed by controlled release into 

productive RNA synthesis (1–3). Disruption of transcription elongation is implicated in 

cancer (4, 5), neurodegeneration (6), HIV latency (7), deregulation of immune response (8), 

UV-hypersensitivity disorders (9), and developmental defects (10, 11).

To ensure accurate and efficient transcription elongation, RNAP2 activity is modulated 

by highly conserved regulators. A number of kinases and phosphatases including P-TEFb/

CDK9 (12), CDK7 (13) and PP1/PNUTS (14) regulate phosphorylation patterns on the 

RNAP2 C-terminal domain (CTD) and therefore control the RNAP2 interactome. TFIIS and 

elongin promote recovery from transcriptional pauses by rescuing backtracked polymerases 

using distinct mechanisms (15, 16). Histone chaperones like FACT (17), SPT6 (18) or 

LEDGF/HRP2 (19) control the structure of nucleosomal DNA during elongation to facilitate 

progression of transcription elongation. Additionally, super elongation complex (20), P-

TEFb (12), PARPs (21), Mediator (22), and topoisomerases (23) are required for efficient 

transcription elongation.

Protein sequences lacking stable structure are common among eukaryotic transcription 

regulators (24). While many low-complexity repeat sequences contribute to phase separation 

(25), the most prevalent unstructured modules mediating specific interactions are relatively 

small (<15 amino acids) short linear motifs (SLiMs) (24, 26). SLiMs are natively 

unstructured but adopt defined structures upon docking at their cognate binding sites (24, 

26) and often maintain interactions that are subject to regulation by post-translational 

modification (26, 27). Unlike phase-separated condensates governed by multivalent 

interaction sites (25, 28), SLiMs display highly selective binding to individual target sites 

(24, 27). Despite the critical functions disordered sequences like SLiMs play in cells, 

regulatory networks sustained by such motifs are currently part of the “dark matter” of cell 

biology.
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Our work here revealed that prominent components of the eukaryotic transcription 

elongation machinery are linked through a network of binary interactions involving a family 

of unstructured interaction motifs and TFIIS N-terminal domains (TNDs).

Results

TFIIS N-terminal domains (TNDs) are conserved and enriched among transcription 
elongation factors

We performed domain enrichment analysis on proteins involved in RNAP2 transcription 

regulatory machinery and found that several structural folds are selectively enriched in 

transcription initiation, elongation and termination (Fig. 1A, Data S1 and Table S1). For 

transcription elongation, the most significantly overrepresented domain was the TFIIS N-

terminal domain (TND, odds ratio OR≈123, Padj=3.73e-6, hypergeometric test, Fig. 1B). 

TND-containing proteins are specifically associated with regulation of gene expression, 

as opposed to other nuclear processes (e.g. DNA damage repair, cell cycle regulation or 

chromatin organization and others), and constrained to transcription elongation by RNAP2 

rather than other polymerases (Fig. 1C and Data S1).

Many proteins that contain a TND have documented roles in transcription elongation 

(Table S2). We plotted experimentally validated interactions between these factors from 

the STRING database (Fig. 1D and Fig. S1) and found that TND-containing factors 

operate within a highly interconnected network of elongation complexes that includes 

RNAP2, the super elongation complex, P-TEFb, FACT, Mediator, TFIIS, elongin, TFIIH, 

PAF1, NELF, and DSIF complexes. Our analysis does not indicate that TNDs mediate all 

depicted interactions, however, our results reveal the ubiquitous presence of TNDs across 

transcription elongation regulators.

We next determined representative NMR solution structures for TNDs from human 

TFIIS (TCEA1), elongin A (ELOA), the H3K36me3 readers LEDGF (PSIP1) and HRP2 

(HDGFRP or HDGFL2), Mediator subunit 26 (MED26), the PP1/PNUTS regulatory subunit 

10 (PPP1R10), and IWS1 (Fig. 1E, Fig. S2 and Table S3). The solution structure of each 

TND showed a compact right-handed bundle of five α-helices, which is characteristic of the 

TND family (29). Although the sequence identity between some TNDs is less than 10%, the 

fold is conserved, as the RMSD of the mean Cα coordinates for all pairwise combination of 

TNDs is <3Å (Fig. 1F). Hydrophobic residues in the helices show the strongest conservation 

and are buried in the domain core (Fig. 1G). In contrast, most poorly conserved side chains 

are solvent-exposed and may confer interaction specificity among TNDs.

TNDs mediate selective binding to conserved TIMs in major transcription regulators

While we showed that the TND is a recurrent feature of the elongation machinery, little 

is known about the interactome of this domain. Structural comparison of the human 

LEDGF TND in complex with binding partners (27, 30, 31) revealed a striking similarity 

with Iws1–Spt6 complexes from distantly related species (32, 33) (Fig. S3A–B). The 

structural conservation of these interfaces led us to hypothesize that TND-containing 
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proteins throughout the elongation machinery may bind their partners through unstructured 

motifs.

We used features shared between the motifs known to bind human LEDGF and IWS1 

homologues from other species as a bootstrap to uncover related motifs in humans that bind 

TNDs, which we refer to as “TND-interacting motifs” (TIMs, Fig. S3). Our proteome-wide 

search revealed several putative TIMs in different transcriptional regulators (Fig. 2A, Fig. 

S3, S4 and Data S2). In particular, we discovered three TIMs in IWS1, one of which was 

a motif known to bind LEDGF/HRP2 (27, 30), as well as TIMs in MED13/MED13L, ELL 

associated factors 1 and 2 (EAF1–2), and two members of the PAF1 complex: PAF1 and 

LEO1. Moreover, we identified two conserved TIMs in the N-terminus of SPT6 (SUPT6H, 

Fig. 2A and Fig. S5). These TIMs are conserved among metazoans and in several cases, 

the conservation extends to yeast as well. Plotting interactions between these factors based 

on the STRING database revealed multiple experimentally validated yet uncharacterized 

interactions between TND- and TIM-containing proteins (Fig. 2B).

To determine the molecular basis for candidate TIM–TND interactions, we followed the 

changes in NMR signals of TFIIS, ELOA, LEDGF, HRP2, MED26, PPP1R10 and IWS1 

TNDs in the presence of increasing amounts of each of the predicted TIMs (see Methods). 

The effects of this titration on NMR measurements are exemplified by ELOA TND 

NMR spectra upon MED13 TIM addition (Fig. 2C), and by analysis of chemical shift 

perturbations (CSPs) of individual peaks in these spectra (Fig. 2D). This approach allowed 

us to obtain quantitative measurements of TND-TIM affinities (KD) for the majority of the 

interactions (Fig. 2E and Fig. S6). Acidic stretches in TIM sequences contain conserved 

serine and threonine residues, which are amenable to phosphorylation. Measurement of 

the dissociation constants of selected TNDs with IWS1 phospho- and non-phosphorylated 

synthetic peptides revealed that phosphorylation consistently increased the affinities of TND 

interaction partners. Our results confirm that affinities within the TND interactome can be 

modulated by post-translational phosphorylation (Fig. S7).

Our NMR studies pinpointed the interaction interfaces for a number of transcription 

elongation regulators and allowed reconstitution of the interaction network mediated by 

TND-TIM interactions (Fig. 2F–G and Fig. S8). Additionally, visualization of chemical 

shift perturbations for each TND-TIM pairwise interaction revealed the selectivity of these 

interactions (Fig. 2H). While most TNDs interact with TIMs through hydrophobic contacts 

and electrostatic interactions with a positively charged patch on α3, α4, and α5 (Fig. S9), 

the HRP2 and LEDGF TNDs contain an additional interface created by interhelical loops 

connecting α1-α2, and α4-α5 (Fig. 2I).

TNDs and TIMs are necessary and sufficient to drive interactions in living cells

Our NMR studies indicated that IWS1 has the highest number of interactions with other 

TND- and TIM-containing factors of those we tested (Fig. 2G). Intriguingly, IWS1 harbors 

both a TND and a stretch of TIMs, and could potentially bring multiple TND- and/or 

TIM-containing factors together at the same time. We therefore focused on IWS1 as a 

model to establish the selectivity of TND-TIM interactions, as well as to study necessity and 

sufficiency of these interactions within living cells.
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To characterize and validate TND-TIM interactions in the crowded nuclear environment 

of cells, we employed a fluorescent two-hybrid (F2H)-based interaction assay using U2OS 

2–6-3 cells (34). The F2H approach allowed us to assess TIM-mediated co-localization of 

TagRFP-TNDs at fluorescent foci established by TIM-EGFP-LacI on a lacO array integrated 

in the U2OS 2–6-3 genome (Fig. 3A and Fig. S10). While TagRFP-tagged TFIIS, ELOA, 

LEDGF, HRP2 and PPP1R10 TND constructs were re-targeted to the foci with IWS1 TIMs, 

the IWS1 TND and the TagRFP control did not exhibit significant enrichment at these foci 

(Fig. 3B and Fig. S11). These results indicate that TIMs are sufficient to recruit TNDs 

within living cells.

Fluorescence recovery after photobleaching (FRAP) revealed that binary TND-TIM 

interactions have a short-lived character. Specifically, FRAP half-lives for TagRFP-IWS1-

TND (11.7 ± 3.6 s) and TagRFP-PPP1R10-TND (14.9 ± 9 s) were increased compared 

to the TagRFP control (4.5 ± 1.0 s), which reflects diffusion only (Fig. S10). Our 

measurements indicate that the interaction half-lives of TIM-TND interactions in cells were 

on the order of seconds.

We interrogated the selectivity of these interactions by introducing a structure-guided 

mutation of a single TIM (F488A/F491A, FF-AA) into the F2H bait containing all 

three IWS1 TIMs. This mutation abolished binding of TagRFP-LEDGF-TND (Fig. 3C–

D), indicating that TND-TIM binary interactions depend on specific sequence-encoded 

molecular features of TIMs. We mutated conserved bulky hydrophobic residues in three 

distinct TIMs of IWS1 (Fig. 3E) and observed that mutant M1 selectively abolished the 

interaction with TFIIS and ELOA TND, while M2 abolished interaction with PPP1R10, and 

M3 abolished interaction with LEDGF and HRP2 (Fig. 3F and Fig. S12, S13). Thus, each 

TIM of IWS1 mediates a selective interaction with cognate TNDs.

To address whether TND-TIM interfaces are necessary for association of factors, we 

examined the interaction of full-length IWS1 with full-length WT and mutant TFIIS. 

We mutated two surface residues in the TFIIS TND (R54A, K55A; RK-AA) that are 

homologous to residues that abolish interactions of LEDGF TND with the MLL TIM 

(Fig. 3G) (27); mutation of either the TND or TIM compromised TagRFP enrichment of 

full-length TFIIS at the fluorescent foci (Fig. 3H, Fig. S14).

To evaluate the IWS1 interactome, we performed mass spectrometry following pull-down 

using FLAG-IWS1 as a bait or empty control. IWS1 binding partners enriched using 

this approach included the TND-containing factors LEDGF, PPP1R10, ELOA, TFIIS 

and HRP2, as well as subunits of RNAP2, chromatin remodeling complexes, splicing 

factors, and chromatin modifiers (Fig. 3I, and Fig. S15A–B). TND-containing interaction 

partners were selectively depleted in the combined “M123 IWS1” mutant containing 

disruptions to all three TIMs (Fig. 3J and Data S3, all mutations as indicated in Fig. 

3E). In addition, analysis of the underlying structural folds revealed the TND as the 

most significantly depleted structural fold from the M123 IWS1 interactome (Fig. S15C). 

As orthogonal validation, we performed co-immunoprecipitation (co-IP) experiments with 

FLAG-tagged WT or M123 IWS1 mutant. Western blot analysis of co-IP samples confirmed 

depletion of TND-containing factors from the IWS1 interactome in M123 samples (Fig. 
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3K, additional pull-down validation in Fig. S15D). We further observed selective loss of 

TND-containing proteins by mutating a single TIM. Consistent with our F2H interaction 

data, mutation of IWS1 TIM3 (“M3”) resulted in selective depletion of LEDGF and HRP2 

while the interactions of the other TND-containing proteins were preserved (Fig. 3L). 

Moreover, disrupting IWS1 TIMs impaired association with TND-containing proteins, but 

not association with RNAP2 and SPT6 (Fig. 3M), as expected for interactions mediated 

through other portions of the protein. Taken together, our work confirmed that TND-TIM 

surfaces are necessary and sufficient to mediate selective association of elongation factors in 

cells.

IWS1 is a central hub maintaining interactions with multiple factors through TND-TIM 
surfaces

We obtained solution structures of IWS1 TIMs in complex with TFIIS and PPP1R10 

TNDs and compared them to our previous LEDGF-IWS1 structure (Fig. 4A) (27). While 

some structural features of these interfaces are conserved, each of the TNDs preferentially 

interacts with a different portion of IWS1 TIMs underscoring the selectivity of TND-TIM 

interactions (Fig. 4A and Fig. S16A–C). Our solution structures of TND-TIM modular 

interactions enabled coarse classification of TIMs based on recurrent sequence-encoded 

features (Fig. S17).

While PPP1R10 showed a unique mechanism of IWS1 TIM recognition, the interaction 

profile of HRP2 is similar to LEDGF and the ELOA profile is similar to TFIIS (Fig. 

S16D). Competition studies confirmed binding competition between TFIIS and ELOA, and 

between LEDGF and HRP2 for interactions mediated by an individual TIM on IWS1 (Fig. 

4B–D). Notably, the residues responsible for distinct interactions with TIMs are highly 

conserved between LEDGF and HRP2 as well as between ELOA and TFIIS TND (Fig. 

S16E), indicating that interaction specificity is encoded not only within the TIM sequence, 

but also by structural features of each TND.

As TFIIS, LEDGF, and PPP1R10 TND each recognize distinct IWS1 TIMs, we 

hypothesized that binding of these domains might not be mutually exclusive. Chemical shift 

perturbations of IWS1 TIM signals upon addition of each of the domains separately show a 

degree of overlap, however, perturbations distinct for each of the interactions can be defined 

(Fig. 4E–F). Measurement of IWS1 TIM spectra upon concurrent addition of all three TNDs 

revealed their ability to simultaneously bind to IWS1-TIMs (Fig. 4E–F).

To understand how LEDGF and PPP1R10 bind simultaneously to IWS1, we analyzed the 

molecular contacts with IWS1 at the interfaces of both solution structures. The LEDGF-

IWS1 interaction is supported primarily through the TIM3 interface, which has higher 

interaction area and stabilizing contacts compared to the LEDGF-TIM2 interface (Fig. 4G). 

This is consistent with our mutagenesis data, as mutation of TIM3 and not TIM2 abolished 

the interaction between the LEDGF TND and IWS1 TIMs (Fig. 3F). We calculated a 

hybrid structure of the IWS1-SPT6-TFIIS-PPP1R10-LEDGF quinary complex without steric 

clashes, explaining the non-mutually exclusive nature of these interactions (Fig. 4H–I). Our 

structure showed that IWS1 is capable of inducing the co-association of all five factors 
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based solely on TIM-TND modules and serves as a hub that maintains association of these 

transcription elongation regulators.

IWS1-TIM disruption alters transcription elongation dynamics of RNAP2

Because of its association with RNAP2, IWS1 represents a defining building block for 

elongation complex composition (35–37). We therefore hypothesized that IWS1 TIMs may 

contribute to regulation of transcription elongation. We focused on mutation of TIM3 

(M3), which impairs the interaction of IWS1 with LEDGF and HRP2, while preserving 

the interactions with SPT6 and subunits of RNAP2 (Fig. 3M).

To determine the contribution of this single TIM to transcription elongation, we sought 

to re-express IWS1 in a cell line lacking endogenous IWS1. The deep deletion of IWS1 

in KELLY neuroblastoma cells (Fig. 5A) leads to undetectable expression compared to 

IMR-32 neuroblastoma cells (Fig. 5B). We therefore expressed either wild-type or M3 

FLAG-IWS1 in KELLY cells (Fig. 5B–C) and compared expression profiles using RNA-seq. 

We found 430 transcripts with decreased expression and 709 transcripts with increased 

expression in M3 cells (Fig. 5D, statistical criteria defined in the Methods section), as well 

as altered patterns of RNA splicing (Fig. S18A–B). Gene set enrichment analysis indicated 

that a diverse set of transcripts was affected in M3 cells, consistent with a broadly altered 

transcriptional landscape (Fig. S18C).

To dissect how IWS1 TIMs influence transcription dynamics within cells, we assessed 

genomic localization of IWS1 with ChIP-seq, and transcription dynamics using PRO-seq 

(38). Analysis of anti-FLAG ChIP-seq signals uncovered that both WT and M3 IWS1 

are strongly enriched at gene bodies and depleted from intergenic regions (Fig. 5E–F). 

The genes most strongly downregulated upon TIM3 mutation were those with high IWS1 

density (Spearman R=–0.53, P<2.2e-16; Fig. 5G–I). We therefore conclude that genes 

with increased expression likely do not reflect direct IWS1 activity, but instead represent 

compensatory effects. IWS1 showed a mean profile spanning the entire gene body with peak 

enrichment observed ~150 bp downstream of the transcription start site (TSS, Fig. 5H). We 

did not detect changes in IWS1 localization or abundance between WT and M3 (Fig. 5E–F 

and H), indicating that TIM3 does not significantly contribute to IWS1 gene targeting.

PRO-seq transcripts were classified as either decreased (n = 412), increased (n = 675), 

or unchanged (n = 7,767) using the RNA-seq data and criteria described in the Methods 

section. Analysis of differences between PRO-seq metagene profiles revealed that compared 

to WT, M3 causes significant redistribution of RNAP2 density specifically at transcripts with 

decreased expression (Fig. 5J–K and Fig. S19). In particular, M3 caused an accumulation of 

RNAP2 occupancy within the promoter-proximal region of decreased genes (Fig. S19A–B), 

consistent with a defect in the release of paused RNAP2 into productive elongation. In 

agreement with this, M3 led to broadly lower RNAP2 density across the bodies of decreased 

genes (Mann-Whitney P<2.2e-16, Fig. S19C), and an elevated pausing index compared 

to transcripts with increased or unchanged expression levels (Mann-Whitney, P<2.2e-16, 

Fig. 5L). Together our results confirmed that disruption of a single TIM in IWS1 induces 

widespread elongation defects at native genomic loci, demonstrating a functional role for 

TND-TIM interactions during transcription.
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Discussion

The organizational principles that permit diverse complexes to coordinate transcription 

elongation and enable efficient gene expression remain a major frontier. Here we 

uncovered a ubiquitous feature of transcription elongation complexes that mediates their 

interconnectivity (Fig. 6). In particular, we demonstrated that the TND module mediates 

interactions with intrinsically disordered sequences, which we refer to as “TIMs”. This 

binary interaction module facilitates ties between different families of transcription 

elongation factors and influences transcription elongation dynamics.

Because TND-TIM surfaces are necessary and sufficient to induce colocalization (Fig. 

3), it is tempting to speculate that these interactions act as a collective “molecular glue” 

to maintain and coordinate all members of the transcription elongation machinery at 

transcriptional hubs in the crowded nuclear environment. Indeed, several proteins in our 

network (e.g. IWS1, SPT6, and LEO1) harbor multiple TIMs. This opens the possibility 

that TND- and TIM-containing factors may participate in dynamic higher-order structures 

such as oligomers, or nucleate higher concentrations of their binding partners at biologically 

active sites. However, each TIM enables binding to only one TND at a time, and therefore 

TNDs compete for access to each TIM. Because individual TND-TIM interactions do 

not display the high multivalency of other unstructured sequences that drive liquid-liquid 

phase separation, the interactions between TNDs and TIMs are resistant to 1,6-hexanediol 

treatment (Fig. S20). As a result, the nature of the interaction mediated by this structural 

module is more akin to transient protein complexes than to membraneless organelles.

Given the largely binary character of TND-TIM interactions, TND-containing factors 

recruited to an individual TIM are likely to have temporally non-overlapping activities. But 

like the C-terminal domain of RNAP2, the modularity and sensitivity to phosphorylation of 

TIMs may also permit them to be employed differently in distinct epochs of the transcription 

cycle. Additionally, features that alter the relative affinities of TND-TIM interactions offer a 

potential avenue for rapid regulation. Indeed, we observe that phosphorylation of serine and 

threonine residues in the acidic stretch generally increases TND-TIM affinity. Such a switch 

may enable regulation of responses to intrinsic and extrinsic signaling cues, and would allow 

efficient tuning of RNAP2 pausing, processivity and transitions from distinct states during 

transcription elongation.

Mutation of a single IWS1 TIM (TIM3) induced extensive transcription elongation defects. 

Affected genes displayed promoter-proximal pile-up of RNAP2 (Fig. 5J), and exhibited a 

significantly increased pausing index (Fig. 5L). These results indicate that TIM3-interacting 

proteins contribute to pause release and the transition to productive elongation near the 

barrier imposed by the +1 nucleosome (39, 40). TIM3 mutation did not affect interaction of 

IWS1 with RNAP2, but selectively disrupted interaction with HRP2 and LEDGF (Fig. 3). 

Notably, genetic depletion of these two chromatin readers induces similar accumulation of 

paused RNAP2 and defects early in transcription elongation (19). This supports our finding 

that the TIM interaction platform of IWS1 coordinates the activities needed for efficient 

transcription elongation.
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One-Sentence Summary:

The transcription elongation machinery is linked via a network of conserved unstructured 

motifs and TFIIS N-terminal domains.
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Fig. 1: TFIIS N-terminal domain (TND) is a conserved scaffold enriched among transcription 
elongation factors.
(A) Magnitude of enrichment of structural folds among transcription initiation, elongation 

and termination factors (see also Data S1); *** P < 0.001. (B) Domains enriched among 

transcription elongation factors are ranked based on significance (adjusted P-values). Top 

hits are highlighted and labeled. (C) Enrichment of TND modules in different nuclear 

processes, gene expression, and processes involving different RNA polymerases (RNAP). 

(D) Interaction network of TND-containing proteins with proteins known to participate in 

transcription elongation from RNAP2 promoters (defined by GO:0006368). Edges represent 

experimental evidence-based interaction data from the STRING database. Interactions 

involving TND-containing proteins are highlighted in pink and TND-containing proteins 

are highlighted in bold. Full labels are provided in Fig. S1. (E) Solution structures of 

different TNDs determined by NMR spectroscopy. (F) Root-mean-square deviation (RMSD) 

and sequence identity between each TND pair. (G) Structural multiple sequence alignment 

generated by PDBeFold. Shading indicates the degree of conservation and fold stabilizing 

residues are marked by a triangle. The mean fractional solvent accessible surface area 

(SASA) is also indicated for each position.
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Fig. 2: TNDs are selectively recognized by TND-interacting motifs (TIMs) conserved in 
transcription regulators.
(A) Multiple sequence alignments illustrating conserved TND-recognizing TIMs. (B) 

Interaction network of proteins containing a TND module or TIM. Edges represent 

interaction data from the STRING database and are weighted by the confidence score 

calculated by STRING. TIM-containing proteins are highlighted in bold. (C) Comparison 

of 2D 15N/1H SOFAST-HMQC NMR spectra of ELOA TND alone (yellow) or with an 

increasing amount of MED13 TIM (gradient of blue). (D) Quantification of chemical 

shift perturbation (CSP) in backbone amide signals of the ELOA TND upon titration with 

MED13 TIM from panel (C). (E) Determination of the dissociation constant (KD) for the 

ELOA-TND:MED13-TIM complex formation by NMR. Error bars represent the error of 

the fit for the most perturbed residues (n = 10). (F) Heatmap of the mean CSP of the 

10% most affected residues for each TND:TIM binary interaction. (G) Interaction network 

reconstructed from TND:TIM binary interactions as determined by NMR. Line darkness 

indicates the strength of each pairwise interaction based on mean CSP values presented in 

Cermakova et al. Page 17

Science. Author manuscript; available in PMC 2022 November 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



panel (F). (H) Quantification of CSP for each TND:TIM combination at a 1:4 ratio. (I) 

Examples of CSP values from panel (H) highlighted on the surfaces of different TNDs.
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Fig. 3: TND and TIM surfaces are necessary and sufficient for the association of elongation 
factors in living cells.
(A) Fluorescent two-hybrid (F2H)-based protein-protein interaction assay and construct 

design. TND-containing proteins are fused to TagRFP and TIM-containing factors to EGFP-

LacI. (B) Fluorescence images of U2OS 2–6-3 cells expressing IWS1-TIM(1–3)-EGFP-LacI 

bait and a TagRFP-TND or control. See also Fig. S11. (C) Images of cells expressing 

TagRFP-LEDGF-TND and EGFP-LacI fused to WT or F488A/F491A TIM(1–3) IWS1. (D) 

Quantification of enrichment at fluorescent foci (n = 100) from panel (C); *** P < 0.001. 

(E) IWS1 mutants affecting TIMs employed in this study. Helical propensity determined 

by TALOS+ is indicated. (F) Single-cell interaction scores for EGFP-LacI control, WT or 

mutant (M1, 2 and 3) IWS1-TIM-EGFP-LacI fusion with TagRFP-TNDs (n = 81 each). See 

also Fig. S12 and S13. (G) LEDGF and TFIIS protein structures with residues important 

for interaction with TIMs labeled. (H) Single-cell interaction score for full-length WT 

and M1 mutant IWS1 fused to EGFP-LacI or control with TagRFP-TFIIS WT or RK-AA 

mutant. See also Fig. S14. (I) Enrichment of proteins in the IWS1 interactome measured 

by pull-down mass spectrometry. (J) Volcano plot of differentially enriched proteomic 
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interaction partners in M123 FLAG-IWS1 compared to WT. (K) Western blot analysis of 

co-IP of WT and M123 FLAG-IWS1 protein variants. (L) Volcano plot of differentially 

enriched proteomic interaction partners in M3 FLAG-IWS1 compared to WT. (M) Fold 

change enrichment of selected proteins from mass spectrometry study presented in panels (J) 

and (L). **** P < 0.0001, *** P < 0.001, ** P < 0.01; Student’s t-test.
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Fig. 4: IWS1 is a central hub organizing transcription regulators.
(A) Solution structures of TFIIS, PPP1R10 and LEDGF TND in complex with IWS1 TIMs. 

Residues contributing to the interaction with each TND are indicated, as are TIM1, 2 and 3 

interfaces mutated in Fig. 3F. (B) Competition curves of TFIIS-IWS1 (left) or ELOA-IWS1 

(right) with unlabelled ELOA, TFIIS or LEDGF TND domain measured via NMR. (C) 

Competition curves of FLAG-IWS1 bound to GST-LEDGF TND (left) or GST-HRP2 

TND (right) with increasing amount of untagged HRP2 or LEDGF TND domain using 

AlphaScreen assay. (D) Schematic of competitive interactions of IWS1. (E) Quantification 

of chemical shift perturbation (CSP) in backbone amide signals of the IWS1 TIMs upon 

addition of unlabeled TFIIS-TND, PPP1R10-TND and LEDGF-TND individually and 

simultaneously measured in 3D-HNCO experiments. IWS1 residues selectively responding 

to addition of TFIIS-TND are highlighted in green, PPP1R10 in yellow and LEDGF in 

violet. (F) Sum of CSPs for IWS1 residues selectively responding to addition of TFIIS, 

PPP1R10 and LEDGF TNDs for conditions presented in panel (E). (G) Comparison of the 

interaction surface area, number of hydrogen bonds and salt bridges at the PPP1R10:TIM2, 

LEDGF:TIM2 and LEDGF:TIM3 interfaces. (H) Detail of the IWS1-PPP1R10-LEDGF 
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interface. Residues important to support the interaction with each TND are presented as 

sticks and labeled. (I) Hybrid structure of the IWS1-SPT6-TFIIS-PPP1R10-LEDGF quinary 

complex.
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Fig. 5: Mutation of IWS1 TIMs alters elongation dynamics of RNAP2.
(A) IWS1 expression levels in different cell lines with deep deletion, amplification or 

diploid cells from cBioPortal. (B) Western blot analysis of IWS1 expression in IMR-32 

and KELLY cells. Cell lines with endogenous expression (endo) and cells re-expressing 

IWS1 wild type (WT) and mutant (M3) were analyzed. (C) Construct design for IWS1 

re-expression in KELLY cells. (D) Changes in mRNA levels of KELLY cells expressing 

IWS1 mutant M3 compared to WT IWS1 determined by RNA-seq. Selected differentially 

expressed transcripts are labeled. (E) Genome-wide distribution of IWS1 WT and M3 as 

determined by ChIP-seq. (F) Example browser tracks of IWS1 WT and M3 localization 

at gene bodies. (G) Correlation of RNA-seq expression changes induced by IWS1 M3 

compared to WT, with IWS1 M3 ChIP-seq density. (H) Metagene plot of average IWS1 

WT and M3 ChIP-seq density at gene bodies. Average ChIP-seq signal at promoter proximal 

region presented in inset. (I) Density of IWS1 M3 ChIP-seq signal at decreased, increased, 
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and unaffected genes based on RNA-seq data from panel (D). (J) Metagene plot comparing 

difference in average PRO-seq signal between IWS1 M3 and WT at decreased, increased, 

and unaffected genes. The difference in PRO-seq signal near promoters is presented in inset. 

Solid lines are running means. (K) Example PRO-seq browser tracks at a decreased gene. 

Additional examples are provided in Fig. S19D–F. (L) Transcript-level changes in pausing 

index between WT and M3 IWS1 determined by PRO-seq.
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Fig. 6: Schematic of the TND-TIM module-driven interaction network.
All TND-TIM interactions are represented by grey lines, previously unknown TND-TIM 

interaction interfaces in the elongation machinery are highlighted in pink.
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