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            Abstract
Gene expression is regulated by transcription factors (TFs), proteins that recognize short DNA sequence motifs1,2,3. Such sequences are very common in the human genome, and an important determinant of the specificity of gene expression is the cooperative binding of multiple TFs to closely located motifs4,5,6. However, interactions between DNA-bound TFs have not been systematically characterized. To identify TF pairs that bind cooperatively to DNA, and to characterize their spacing and orientation preferences, we have performed consecutive affinity-purification systematic evolution of ligands by exponential enrichment (CAP-SELEX) analysis of 9,400 TFâ€“TFâ€“DNA interactions. This analysis revealed 315 TFâ€“TF interactions recognizing 618 heterodimeric motifs, most of which have not been previously described. The observed cooperativity occurred promiscuously between TFs from diverse structural families. Structural analysis of the TF pairs, including a novel crystal structure of MEIS1 and DLX3 bound to their identified recognition site, revealed that the interactions between the TFs were predominantly mediated by DNA. Most TF pair sites identified involved a large overlap between individual TF recognition motifs, and resulted in recognition of composite sites that were markedly different from the individual TFâ€™s motifs. Together, our results indicate that the DNA molecule commonly plays an active role in cooperative interactions that define the gene regulatory lexicon.
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                    Figure 1: CAP-SELEX reveals DNA-mediated TFâ€“TF interactions.[image: ]


Figure 2: Overlapping composite TF motifs with novel specificity.[image: ]


Figure 3: All identified TFâ€“TF interactions.[image: ]


Figure 4: Structural validation of TFâ€“TF interactions.[image: ]
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Extended data figures and tables

Extended Data Figure 1 CAP-SELEX data analysis and comparison to previous data.
a, Flowchart of CAP-SELEX data analysis. Left, a library of selection ligands with random sequences (yellow) is incubated with TFs. After CAP-SELEX, enriched individual TF motifs (1Â°; arrows) and composite motifs that are not simply combinations of the individual motifs (2Â°; green dots) are detected from the reads. To detect preferential spacings and orientations of the TF pair (3Â°), co-occurrence of the indicative 6-mer subsequences (arrowheads) are counted from the reads. The subsequences are then used to generate seeds for the PWM models (right). Heatmap (bottom right; scale divided by highest observed count) shows frequency of occurrence of the two 6-mers (CCGGAA, red arrowhead; CATTCC, black arrowhead) in all possible spacings (columns) and orientations (rows). Note that the 6-mer based approach cannot model the composite site, but identifies a strong case of cooperativity where the ERG 6-mer CCGGAA is followed by the TEAD4 6-mer CATTCC site with an 8â€‰bp gap. Logo of the PWM for this site is also shown. b, Comparison between CAP-SELEX PWMs and previously characterized specificities for the indicated TF pairs. This method has been used previously and its references are also indicated. CAP-SELEX models also shown in Fig. 1 are indicated by asterisks. Note that four out of five of the CAP-SELEX models are similar to the previously identified consensus sequences. The exception is ELK1â€“PAX5 consensus, that matches poorly both the CAP-SELEX motif and individual motifs for ELK1 and PAX5 (not shown). c, CAP-SELEX PWMs for TF pairs known to interact at protein level. Method used to identify the proteinâ€“protein interaction and its reference are also shown6,26,27,28,37,38,64,65,66,67.


Extended Data Figure 2 Pairwise interaction matrix between TFs.
Columns indicate TF1 proteins, and rows TF2 proteins, subjected to the first and second affinity purifications, respectively. Pairs of TFs with a single spacing and orientation preference are indicated in dark green, and pairs with multiple preferred configurations in light green. White boxes indicate pairs that displayed weak or no interaction, and grey boxes cases where robust preference data was not recovered. Previously known interacting TF-pairs are indicated by a yellow outline (see Extended Data Fig. 1). Histograms show the counts for the interactions for each TF. Only TFs for which at least one clear interaction or independent binding was identified are included. The importance of including DNA in the interaction assay is highlighted by the fact that only four and five of the interactions detected are among those observed between 762 human or 877 mouse TF pairs identified using proteinâ€“protein interaction assays37, or compiled from literature36, respectively.


Extended Data Figure 3 CAP-SELEX reproducibility.
a, Replicate analysis of more than two hundred of the generated PWMs. The same seeds that had been used to generate PWMs for the primary experiments were used to seed new PWMs from the replicates. Left, red bars on the left show the percentage of the PWM pairs that are similar at the indicated cut-offs (measured as SSTAT covariance8,48). The highest threshold is the same used for identifying the dominating set of PWMs. Blue bars indicate fraction of all replicate PWMs that are similar using the same cut-off. Right, dendrogram and barcode logos of all PWM pairs. Plot in the middle shows fraction of reads included in the same models in replicate 1 and 2. b, Validation of the CAP-SELEX analysis using shortened TF constructs (DBD+) by HT-SELEX using full-length protein mixtures (full length). Note that the same orientation and spacing is preferred in all but one of the cases. In one case (bottom), full-length proteins show the highest preference to a different spacing than that observed in CAP-SELEX; even in this case, the second-most preferred spacing is the one identified using CAP-SELEX.


Extended Data Figure 4 Long-range cooperativity.
Many experiments where TFs bound sites that were relatively far apart showed preferential binding to sites that are separated by approximately nine to ten bases. Heatmap (maximum count set to 1) representations showing frequency of occurrence of the representative 6-mers for TF pairs in all possible spacings (columns) and orientations (rows). a, Replicate experiment of GCM1 (black arrowhead) and MAX (red ball) pair show very similar preference for cooperatively bound representative 6-mers (see Supplementary Table 1). While one of the orientations shows preference for a single spacing, the second has two preferentially recognized regions separated by ~9â€‰bp. b, TEAD4â€“CEBPB pair shows a similar ~9â€‰bp separation between three regions of preferred spacings (brackets). c, Very deep sequencing of the unselected input ligand does not show the same preference, instead counts decrease linearly as a function of gap length (due to decreasing number of available positions in the 40N random sequence). The mode of cooperativity seen in a and b appears similar to that reported by Kim et al.17. In addition to high-affinity sites, lower affinity spacings and orientations between TF pairs could be employed in fine-tuned transcriptional responses (see refs. 68, 69).


Extended Data Figure 5 CAP-SELEX motifs are conserved and enhance prediction of in vivo peaks.
a, Pie chart showing the frequency of DNA-mediated, DNA-facilitated and potentially proteinâ€“protein interaction mediated heterodimers in the CAP-SELEX data set. Cooperativity between TFs can result from direct contacts between the proteins (protein-mediated), DNA-facilitated protein contacts (DNA-facilitated) or arise indirectly from DNA-mediated interactions17,34,39,40,70,71. The last type of cooperativity is caused by the DBD binding-induced changes in DNA shape, and do not involve other domains or direct contact between the proteins17,39,40. The dimers were classified to DNA-mediated, DNA-facilitated and potentially proteinâ€“protein interaction mediated classes manually, based on structural models shown in Supplementary Data Set 2. b, Conservation of the genomic sites recognized by the CAP-SELEX identified heterodimeric motifs (left) compared to monomeric and homodimeric sites identified by HT-SELEX (right, motifs from ref. 8). For each motif, ten thousand non-overlapping highest affinity sites within human constrained non-coding regions recognized by the motif or one its control motifs (see Methods for details) were selected and their conservation was tested. The fold enrichment (y axis), that is, the fraction of conserved sites among the motif sites divided by the fraction of conserved sites among the control motif sites, is shown as a function of the number of conserved motif sites among the top ten thousand sites (x axis). The motifs that are significantly conserved (multiple testing adjusted P value <0.05) are marked green. Five motifs with lowest P values are also indicated. Note that ~50% of the HT-SELEX and ~25% of the CAP-SELEX motifs are conserved above the significance threshold. c, Inclusion of heterodimeric motifs improves prediction of ChIP-seq peaks. Left, the error rate of prediction of ChIP-seq peak positions using either the monomer motifs and CAP-SELEX dimers (light grey), or monomer motifs and control motifs where the partner of the indicated TF is reversed but not complemented (dark grey) are shown. Note that inclusion of the correct heterodimeric motifs decreases the prediction error rate in the cases of HOXB13 and MEIS1. The relatively modest effect is likely due to the fact that only a subset of heterodimers were identified in our study, and that ChIP-seq peak positions are also influenced by other factors such as nucleosome binding and chromatin structure. Right, number of PWM matches as a function of distance from HOXB13 ChIP-exo peaks. Note that using the original heterodimer motifs clearly outperforms the control motifs.


Extended Data Figure 6 Heterodimers where the individual TF core recognition sites appear to overlap.
a, Composite site formation alters specificity at bases flanking the core TF site. TFs often directly read specific â€˜coreâ€™ sequence motifs via hydrogen bonding to DNA bases. The sequences flanking this core are commonly read indirectly, through contacts to the sugar and phosphate backbone of DNA72,73,74. The backbone contacts specify a preferred DNA conformation, which then leads to a preference of a sequence that is optimal for stacking interactions between consecutive base pairs (reviewed in ref. 74). Figure shows summary of base positions whose specificity is affected in all composite sites identified in this study for the indicated TFs. Note that the bases comprising the core motif that is recognized by direct hydrogen bonds to the DNA bases are not commonly affected by heterodimer formation. In contrast, specificity at flanking positions that are recognized by contacts to the sugar or phosphate backbone of DNA are commonly altered by binding of the heterodimer partner. Hydrogen bonds contacts were determined based on the indicated (refs 29 and 30) or homologous TF structures (see Supplementary Table 3). b, A base (arrow) can be contacted both from the side of the major groove (black dot; G contacted by GCM1) and the minor groove (white dot; C contacted by DRGX homeodomain). c, A TF that can bind to a homodimeric site appears instead to bind as a heterodimer. A composite site is shown where HOXB2 appears to form a heterodimer with a monomer of RFX5. d, In some cases, the binding positions of the TFs cannot be unambigiously assigned based on the composite recognition sequence. In a, the annotation of hydrogen bond contacts is as described in main Fig. 2; in bâ€“d, the major groove contacts of the left and right TFs are indicated in black and red dots, respectively.


Extended Data Figure 7 Specificities of individual TFs and heterodimer pairs.
Dendrogram shows motif similarities between the representative heterodimer and monomer motifs. Heterodimer models are indicated by green bars. Barcode logos for each factor are also shown. Centre of dendrogram shows the colour key for the TF families.


Extended Data Figure 8 Comparison of CAP-SELEX models to models inferred from conserved genomic sequences.
a, Motifs that are very similar to the CAP-SELEX motifs are enriched and conserved. A previous study by Guturu et al.20 made structural models for pairs of TFs to identify sterically possible configurations and predict sites that could be bound by such complexes. Enrichment of those target sites were then quantified in evolutionarily conserved noncoding regions over nonconserved control regions to infer putative target sites for cooperatively binding TFs. Pie chart shows comparison of top 100 most significant target sites predicted20 to all heterodimeric PWMs generated in this study. 15 PWMs showed clear similarity to our heterodimeric PWMs (upper right, dark green slice), 8 were partially similar (green) and further 5 had enrichment for the site but under the threshold used in our study. We did not detect 25 motifs, and for 14 potential pairs, we identified a different spacing and orientation. This result is expected as we did not test all potential TFâ€“TF pairs, and many TFs that bind to similar monomer sites prefer different dimer spacings and orientations. Finally, of the 100 Guturu et al.20 top motifs, 33 were not analysed in our study (14 were homodimeric and no possible pair was tested for 19; for example, three of the pairs were predicted for pairs with a SMAD TF, and no SMAD TFs were tested in our study). b, Comparison of the 15 (top) and 8 (bottom, boxed) matching and partially matching PWMs, respectively.


Extended Data Figure 9 Detailed view of MEIS1 and MEIS1â€“DLX3 structures.
a, Contacts between MEIS1 (cyan) and DNA. b, Contacts between DLX3 (magenta) and DNA. c, Comparison of the DNA structures in MEIS1 homodimer (cyan) and MEIS1â€“DLX3 heterodimer (magenta). Note that the DNA bound to the heterodimer is more distorted.
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