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Gene expression is regulated by transcription factors (TFs), proteins 
that recognize short DNA sequence motifs1–3. 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 motifs4–6. 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 TF–TF–DNA interactions. This analysis revealed 
315 TF–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 TF’s motifs. Together, our results 
indicate that the DNA molecule commonly plays an active role in 
cooperative interactions that define the gene regulatory lexicon.

The set of rules by which a DNA sequence can be converted into 
knowledge of spatial and temporal expression patterns of a protein 
has been difficult to decipher1–3. This is in part because, in  mammals, 
more than 1,000 TFs recognizing over 200 different short DNA 
motifs participate in interpreting gene regulatory information7–10. In 
 addition, TFs also interact with each other, and many TFs bind DNA as  
homo- or heterodimers. A pair of TFs can bind to multiple different 
DNA motifs, as the recognition sites of individual TFs can occur in 
different orientations and/or spacings relative to each other11–13. Most 
known heterodimeric interactions occur between two TFs of the same 
structural family, but several cases where TFs of different structural 
classes bind cooperatively have also been identified4,6.

To chart the prevalence of co-operative interactions between TFs 
in the presence of DNA, we developed a novel method, CAP-SELEX, 
in which specific DNA sequences that interact with two different TFs 
at the same time are selected from a library of random sequences.  
CAP-SELEX only detects a specific type of interaction involving three 
macromolecules, where the two tested proteins both bind to the same 
DNA in a sequence-specific manner (Fig. 1a). Compared to existing 
methods such as SELEX-seq14 and universal protein binding micro-
arrays7,15, CAP-SELEX respectively allows higher throughput and inter-
rogation of larger sequence space. A total of 100 streptavidin-binding 
peptide (SBP) tagged TF1 proteins were used in the assay together with 
94 (3× Flag-tagged) TF2 proteins to characterize 9,400 potential inter-
actions (Fig. 1a and Supplementary Table 1). TFs were selected to cover 
a wide variety of structural classes and individual binding specificities. 

To allow bacterial expression, unstructured regions and amino- and 
carboxy-terminal sequences that do not correspond to known protein 
domains were removed from the constructs.

Co-operative signals were detected from CAP-SELEX enriched 
sequences (Extended Data Fig. 1) either as novel composite sites that 
combine partial specificities of the two TFs (using Autoseed16), or as 
orientation and spacing preferences between the individual TF’s motifs 
(Supplementary Table 2). This analysis revealed that 55% (55/100) of 
TF1 and 70% (66/94) of TF2 proteins were ‘active’ in the CAP-SELEX 
assay, as indicated by identification of the expected pair of monomeric 
sites in at least five experiments, or a heterodimeric site in at least one 
experiment (Extended Data Fig. 2 and Supplementary Table 1). To test 
reproducibility of the assay, 10 TF1 proteins were run again against all 
TF2 proteins. In most cases, the recovered motifs were very similar. 
In addition, we validated 10 TF–TF pairs using purified full-length 
proteins (Extended Data Fig. 3).

Of the 3,630 tested interactions between active TF1–TF2 pairs, 315 
(8.7%) displayed cooperative binding. This result is likely an under-
estimate, as enrichment of both expected motifs was not observed in 
many cases (83% of all tested pairs, not shown). The interactions were 
not limited to those between related TFs, and also occurred commonly 
between TFs from different structural families. Only 5% of all active 
TF1 and TF2 pairs appeared to bind to DNA independently of each 
other, as indicated by the presence of both expected motifs without 
strong orientation and spacing preferences (Extended Data Fig. 2).

Of the interacting TF pairs, 162 had only one preferred site, whereas 
153 pairs displayed more than one spacing and/or orientation  
(Fig. 1b, c). Analysis of pairs of motifs that occurred in the same orien-
tation revealed that the stringency of their spacing was dependent on 
the motif-to-motif distance. Most TF pairs whose motifs overlapped 
preferred just one (negative) spacing between the motifs. In contrast, if 
the most enriched motif pair had a gap, two or more spacings were more 
commonly observed. Most longer-range interactions where the gap 
between the motifs was 3 base pairs (bp) or more displayed a relatively 
wide, ± 2 bp, spacing preference, similar to that reported previously17  
(Fig. 1d and Extended Data Fig. 4). Many TF pairs displayed both kinds 
of interactions, with one orientation preferring stringent short-range 
interactions, and the other orientation(s) preferring the more relaxed 
long-range interactions (not shown).

In cases where two or more motif spacings were allowed in the same 
orientation, the differences between the observed motif-to-motif 
distances were in general very small (Fig. 1e, > 73% were only 1 bp), 
indicating that the mechanism of the TF–TF cooperativity is very sen-
sitive to the relative distance and/or angle between the bound TFs. The 
promiscuous nature of the cooperativity was highlighted by the fact 
that most cases where more than one preferred mode of binding was 
observed involved multiple motif orientations (Fig. 1f). Two orienta-
tions was most common, whereas fewer cases of three or four orien-
tations were observed, in part because pairs with one or two TFs with 

1Department of Biosciences and Nutrition, Karolinska Institutet, SE 141 83, Sweden. 2European Synchrotron Radiation Facility, 38043 Grenoble, France. 3Genome-Scale Biology Program, 
University of Helsinki, P.O. Box 63, FI-00014, Finland.

http://www.nature.com/doifinder/10.1038/nature15518


1 9  N O V E M B E R  2 0 1 5  |  V O L  5 2 7  |  N A T U R E  |  3 8 5

LETTER RESEARCH

© 2015 Macmillan Publishers Limited. All rights reserved

palindromic recognition sequences can only have two or one orienta-
tions, respectively. These results indicate that TF–TF cooperativity is 
widespread and not just mediated by the highly specific protein–protein 
interactions observed in previously described canonical heterodimers.

Some TF pairs displayed strong orientation and spacing  preferences, 
without major changes in either motif (Fig. 1b, c). However, in a large 
number of cases (207), the specificity of the pair of TFs differed 
 markedly from that expected from the individual motifs (Fig. 2a). These 
differences were observed when the two TFs were close to each other. To 
understand the mechanism of the altered specificity, we analysed avail-
able structures for the studied TFs and their paralogues (Supplementary 
Data Set 2). Based on the analysis, 95% of the complexes are  consistent 
with either a completely DNA-mediated mechanism, or a DNA-
facilitated  mechanism, where the interaction between the proteins is 
scaffolded by DNA and limited to few amino-acid contacts; only 5% 
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Figure 1 | CAP-SELEX reveals DNA-mediated TF–TF interactions. 
a, Schematic description of CAP-SELEX. A TF1–TF2–DNA complex is 
formed (top left) and subjected to two consecutive affinity purifications, 
followed by amplification of DNA and sequencing. The entire process is 
repeated three times, and the cooperative complexes are then detected 
from the sequences. CAP-SELEX derived PWM models for the indicated 
previously known26–28 TF complexes are also shown. b, An example of a 
TF–TF pair preferring a single spacing and orientation. Heatmap shows 
counts (divided by max) of representative 6-mers for the TFs. c, A TF  
pair preferring two different orientations, with relatively flexible spacing  
in both orientations. Logos for the strongest cases are also shown.  
d, High stringency of closely packed TF–TF sites. The pie charts show the 
number of allowed spacings in a single orientation, binned according to 
the motif-to-motif distance (gap) of the strongest-bound site (maximum). 
e, TFs that can bind to sites with multiple spacings prefer very closely 
spaced sites. Histogram shows difference in gap length between the most 
strongly enriched motif spacing (normalized to 0) and other identified 
motif spacings. f, Most TF–TF pairs with multiple cooperatively bound 
sites allow more than one orientation. Pie chart shows frequency of TF–TF 
pairs binned according to the number of allowed orientations. Only pairs 
with multiple preferred motifs are included.
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Figure 2 | Overlapping composite TF motifs with novel specificity.  
a, An example of a TF pair binding to an overlapping composite site.  
Top, a composite GCM1–ELK1 logo aligned to the individual logos. 
Middle, DNA–protein contacts for GCM1 (purple) and ELK1 (light blue) 
in the composite site, predicted based on GCM1–DNA and ELK1–DNA 
structures29,30. Dots indicate the number of hydrogen bonds between the 
TF and DNA backbone (ovals) and bases (rectangles) occurring via major 
(filled circle) and minor (open circle) grooves. Bottom, a schematic model of 
GCM1–ELK1 heterodimer. DNA is shown as idealized B-DNA. b, TFs prefer 
to bind to sites where their core motifs are closely spaced. Histogram of gaps 
observed between all full width motifs (core plus flank) and core motifs. 
Gap widths were counted for all TF pairs identified in this study for which 
structural data was available. Examples of calculating distance using full 
PWMs (above x axis) and core motifs (below x axis) are also shown.
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of the complexes appeared to form extensive protein–protein inter-
action surfaces (Extended Data Fig. 5). We next generated position 
weight matrices (PWMs) that included information about hydrogen  
bond contacts between the TF amino acids, and DNA bases and  
backbone (Supplementary Table 3). Alignment of pairs of such  
contact-annotated PWMs to their respective composite models 
revealed that the changes in binding specificity mostly affected base 
positions that are recognized by the TFs via contacts to the DNA back-
bone. In contrast, ‘core’ bases directly read via hydrogen bonds were 
rarely affected (Fig. 2b and Extended Data Fig. 6).

In total, we recovered 618 PWM models describing the 
 specificities of the TF–TF pairs. To globally analyse the collection, 
we identified distinctly different ‘representative’ motifs from a 
 combination of our data set and previous high-throughput SELEX 
(HT-SELEX) data8. Out of all representative motifs, 61% were TF 
pair motifs identified in this study (Fig. 3 and Extended Data Fig. 7),  
suggesting that a very large fraction of TF specificity space is 
defined by TF heterodimers. A dendrogram displaying the similar-
ity of the heterodimeric motifs revealed that  paralogous proteins 
often shared the same partners, and bound to similar heterod-
imeric motifs (Fig. 3a). A total of 63 of such motif groups were  
identified, representing 239 TF pairs. For example, many ETS  factors 
formed complexes with forkhead proteins and with the posterior 

homeodomain TFs HOXD12 and HOXB13, binding to highly simi-
lar composite sites (Fig. 3b and Supplementary Table 2). Furthermore,  
PAX proteins containing only a paired domain interacted with  
homeodomain-containing partners, binding to sites that were similar 
to those recognized by PAX proteins that include both paired domains 
and homeodomains. This suggests that this site predates the joining 
of the paired domain and homeodomain to the same gene (Fig. 3c).

HOXB13 also formed complexes with forkhead and MEIS pro-
teins. The motifs recovered using CAP-SELEX were also enriched by 
HOXB13 ChIP-exo18. The preferred dimer partner of HOX13 was cell-
line specific, suggesting that TFs dimerize with different proteins in 
different cell types (Fig. 3d). The inclusion of HOXB13 and MEIS1 
dimer motifs also improved prediction of the corresponding ChIP-
seq peak positions (Extended Data Fig. 5 and Supplementary Table 4).

The novel motifs were enriched in ChIP-seq-identified TF cluster 
sequences19 (Fig. 3a); a larger fraction (52%) of the novel motifs were 
enriched compared to the monomer motifs (34%, Supplementary 
Tables 2 and 4). Furthermore, comparison to motifs discovered  
de novo20 and our independent analysis revealed that many (24%) 
of the motifs were enriched in mammalian conserved sequences 
(Supplementary Table 2 and Extended Data Figs 5 and 8). A total of 390 
of 618 motifs were found enriched in human TF clusters and/or mam-
malian conserved sequences. Both of these methods have a relatively 
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Figure 3 | All identified TF–TF interactions. a, PWM motif similarities 
between the heterodimer motifs (green bars) and monomeric and 
homodimeric representative motifs from ref. 8. Barcode logos for each 
factor are shown, and background colour of name indicates TF structural 
family. Center of dendrogram shows comparison of sequence and barcode 
logos, the colour key, and the number of all PWMs and representative 
PWMs. Inset (bottom right), fold enrichment of matches of the motifs 
in known TF clusters from human colon cancer cells19. b, A network 
representation of the very similar heterodimeric sites formed between 
multiple FOX and ETS proteins. Note that a similar site is recognized when 

the FOX protein is either used as TF1 (FOXO1, FOXJ2) or TF2 (FOXI1). 
Similar conserved motif is also shown20. c, HOXB2–PAX1, HOXB2–PAX5 
and HOXB2–PAX9 heterodimer sites are similar to a site for PAX3, which 
contains both Pax- and homeodomains. d, FOXO1–HOXB13 and  
MEIS1–HOXB13 heterodimers validated by ChIP-exo. e, Binding of 
TEAD4 together with the indicated ETS TFs makes their divergent 
flanking recognition sequences (left box) more similar to each other  
(right box). f, HOXB2 reveals latent specificity of the TFs indicated. Inset 
shows conserved genomic motif20 that is similar to the ELK1–HOXB2 
motif.
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high false-negative rate, due to differences in dimers in  different cell 
types, and the requirement that >50 motif occurrences are  conserved 
to reach statistical significance. These results indicate that motifs 
 identified in this study are biologically relevant.

Heterodimeric partners could also mask differences in binding 
specificities of individual TFs. For example, class I, II and III ETS 
factors ELK1, ELF1 and SPIB, respectively, prefer different 5′  flank 
sequences8,21, but this difference is effectively masked by TEAD4  
(Fig. 3e). This effect was rare; only two other similar cases were iden-
tified (Supplementary Data Set 1). Conversely, partners could be iden-
tified that revealed ‘latent specificity’14 of TFs, defined as binding of 
TFs to different heterodimeric sites, even when their primary specif-
icities are indistinguishable. For example, ETV1, ETV4, ELK1 and 
ELK3 bind to similar monomeric sites, and also bound to similar het-
erodimeric sites with GCM1 (Supplementary Table 2). However, with 
HOXB2, ETV1 and ETV4 bound to one type of site, and ELK1 and 
ELK3 to another site (Fig. 3f). The ETVs are more closely related to 
each other than to the ELKs, suggesting that latent specificity evolves 
faster than primary specificity. Four other similar cases were identified 
(Supplementary Data Set 1).

To analyse the mechanisms of cooperativity, we studied all identified 
dimers that included the TALE-class homeodomain MEIS1. Twelve TFs 
from six TF families bound to diverse but specific positions at either 
side of MEIS1 (Fig. 4a). To understand the basis of such interactions, we 
solved the structure of MEIS1 bound to DNA alone, as a homodimer, 
and as a heterodimer with DLX3 using X-ray diffraction (3.5 Å, 1.6 Å 
and 3.5 Å resolutions, respectively). In the homodimer structure, the 
two monomers are on opposite sides of DNA and do not contact each 
other, indicating that the observed cooperativity is entirely mediated 
by DNA (Fig. 4b).

Interaction between MEIS1 and DLX3 in CAP-SELEX is much 
stronger than that observed for the MEIS1–MEIS1 dimer8. The proteins 

interact, but the contact surface is very small, covering only 2.0% of the 
solvent accessible surface of the dimer. However, the DNA between 
the proteins is significantly deformed, narrowing the minor groove  
(Fig. 4c and Extended Data Fig. 9). This facilitates interaction between 
the proteins, as Arg132 of DLX3 inserts into the minor groove, posi-
tioning the conserved amino acids Tyr135, Ser136 and Ser137 in such 
a way that the peptide backbone makes three hydrogen bond contacts 
with Asp336 of MEIS1 (Fig. 4d).

In summary, our sampling of a large number of TF–TF  interactions 
revealed a much greater number of interactions than previously 
reported. Many novel DNA motifs were enriched in ChIP-seq TF 
clusters and conserved in mammalian genomes. Based on the fraction 
of pairs tested, we estimate that ~25,000 distinct TF pair specificities 
contribute to protein–DNA interactions in cells (Supplementary Table 
4). The frequent interactions between TFs, together with nucleosome- 
mediated cooperativity22,23 are consistent with the observation that  
TF binding in cells occurs in dense clusters. The clusters are also likely 
to be stabilized by TF co-factors, and complexes such as Mediator, 
cohesin and RNA polymerase II19,24,25. Such higher-order  complexes, 
and complexes between TFs formed by domains that were not included 
in our constructs (Supplementary Table 1) are likely to further  
contribute to the cooperativity of TF binding in vivo.

Most of the observed interactions involve close packing of the 
individual TF’s core motifs, and overlap between the motif flanks. 
The sequence between the core motifs commonly differs from that 
expected from the individual motifs. The composite sites would often 
be recognized by the individual TFs, but with relatively low affinity. Our 
findings are thus consistent with the general low affinity of sites bound 
in vivo in ChIP-seq experiments, and the fact that the conservation pat-
tern of many regulatory elements extends beyond known TF binding 
sites. Taken together, our results show that cooperativity is an inherent 
feature of TF–DNA binding, and that DNA itself functions as an active 

Figure 4 | Structural validation of TF–TF interactions. a, Positions of 
MEIS1 partner TFs in relation to the 7 bp MEIS1 motif8 (cyan, orientation 
NTGACAN). Note that the partners bind to different positions, spanning  
a 26-bp region. Modelling suggests that in all pairs except MEIS1–ELF1, the 
proteins do not interact extensively (Supplementary Data Set 2). Asterisks 
indicate that the corresponding genomic motif matches are conserved in 
mammals (see Supplementary Table 2). b, Structure of MEIS1–MEIS1–DNA 
complex. Top, Heatmap based on HT-SELEX data8 showing occurrence of 
MEIS1 subsequence TGACA in the orientations indicated (arrowheads, 
scale divided by highest count). The preferred spacing and orientation 
is indicated by yellow outline. Bottom, structure of two MEIS1 proteins 

bound to the preferred site. TGACA and its reverse complement sequence 
are in cyan. c, Structure of MEIS1–DLX3–DNA complex. Top, heatmap 
showing occurrence of MEIS1 and DLX3 5-mer subsequences TGACA 
(black arrowhead) and AATTG (red arrowhead), respectively. Bottom, 
crystal structure of MEIS1 and DLX3 bound to the preferred site. Note the 
narrowing of the DNA minor groove between the two proteins. d, DLX3 
Arg132 (orange) inserts into the minor groove of DNA, and positions two 
adjacent serines and a tyrosine (yellow) so that an aspartate from MEIS1 
hydrogen bonds (dotted lines) with DLX3 peptide backbone. Bottom, 
conservation of the residues in homeodomain proteins. Residues conserved 
in all human DLX proteins are in bold.
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interacting partner, commonly facilitating the interactions between a 
wide range of TFs from diverse structural families.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
Sequencing and data analysis. Unselected initial libraries and products of the third 
selection cycle were purified using a PCR-purification kit (Qiagen) and sequenced 
using Illumina HiSeq 2000 (multiplexed as in ref. 31; 55 bp single-read length). 
Raw sequence reads were demultiplexed, and initial quality control was performed 
using IniMotif 31. Sequencing depth was set in such a way that on average each 
experiment would result in 250,000 sequence reads. Based on previous enrichment 
ratios, this should lead to more than 1,000 highly enriched seed subsequences to be 
detected (count statistics; Poisson distribution, 3.16% standard deviation; expected 
background for 10 bp seed 15 counts, P value 1.26 ×  10−273 using winflat, expected 
15, observed ≥1,000; Bonferroni corrected P value <  1.32 ×  10−267). Average  
background-corrected count for the seed match at the indicated multinomial  
setting was 3,295 (Supplementary Table 2). All sequence data has been deposited to 
ENA (European Nucleotide Archive) under accession number PRJEB7934.

To identify overlapping composite sites, we used the AUTOSEED tool described 
in Nitta et al.16. This tool is based on identification of gapped and ungapped sub-
sequences that represent a local maxima within a Huddinge distance16 of 1; that 
is, they are more enriched than all subsequences that align with them with k− 1 
perfectly matching bases, where k is the length of the ungapped subsequences.
Cell culture and ChIP-exo. LoVo (source: ATCC, cat. no. CCL229TM), 293FT 
(source: Thermo Fisher Scientific, cat no. R700-07) and GP5d (source: ECACC, 
cat. no. 95090715) cells were cultured in DMEM supplemented with 10% fetal 
bovine serum (FBS) and antibiotics. Cells were obtained directly from the indi-
cated source, and tested and found negative for mycoplasma contamination by 
immunofluorescence analysis after staining with 3.3 μ g ml−1 bisBenzimide H 
33342 trihydrochloride (Sigma cat no. B2261). All antibodies used in ChIP-exo 
experiments were ChIP-grade. In each experiment a non-specific IgG was used 
as a control. ChIP-exo was performed essentially as described in Rhee and Pugh18 
with modifications from ref. 32 using antibodies for HOXB13, MEIS1 and rabbit 
IgGs (Santa Cruz Biotechnology and Abcam cat. numbers sc-66923X, ab19867, and 
sc-2027, respectively). See Supplementary Table 1 for the sequences of the Illumina 
sequencing adapters. Sequence reads were mapped to the human reference genome 
(hg18), using bwa with default parameters. For peak-calling, we used GEM33 with 
default parameters, and the genome size set to 2,700,000,000.
Construct design. TFs were selected to cover different structural classes and indi-
vidual binding specificities. Thus, in the set, small TF families such as TEA and 
GCM are relatively overrepresented, and large families such as C2H2 zinc fingers 
and canonical homeodomains are underrepresented. The expression constructs 
contained the DNA-binding domain, and known dimerization and protein–protein 
interaction domains for TF families where such domains are known to be required 
for DNA binding. These included, for example leucine zipper domains of bZIP 
and bHLH proteins, pointed-domains of ETS factors, dimerization domains of 
nuclear receptors as well as short motifs such as ‘YPWM’ of the anterior homeo-
domains that are known to be involved in protein–protein interactions34 (see 
Supplementary Table 1 for full sequences and removed and retained domains). 
Flanking sequences of 15 amino acids were also included on both sides to allow 
folding of the known protein domains, and to retain amino acids that are located 
close to DNA and could mediate interactions between closely packed TFs. We 
have previously shown that such constructs recover accurate binding specificities 
and homodimeric inter actions by analysis of 125 pairs of such constructs and the 
corresponding full-length TF proteins8,16.
Protein expression, purification and activity testing. Bacterial protein expression 
Gateway recipient vectors that incorporated a N-terminal Thioredoxin-6× His tag, 
with either a C-terminal streptavidin binding peptide (SBP) or 3× Flag tag were 
constructed using pETG20A-plasmid as a backbone. Inserts for protein expres-
sion were derived either by gene synthesis (Genscript; see Supplementary Table 
1 for protein sequences and domains), or from previously published Gateway 
donor clones8. All proteins were expressed in the Rosetta 2(DE3)pLysS E. coli 
strain as fusion proteins using the auto-induction protocol described in Jolma  
et al.8. Proteins were purified using nickel affinity purification (GE Nickel sepharose  
Fast-Flow6, GE, Sweden) and stored at − 20 °C in 50% glycerol, 150 mM NaCl, 
250 mM imidazole, 15 mM Tris-Cl, pH 7.5.

Protein expression and purification from E. coli cells was performed as described 
in Jolma et al.8. Briefly, the expression system used Rosetta 2(DE3)pLysS strain of 
E. coli (Millipore) cultured in ZYP5052 autoinduction media, where the expression 
of proteins is induced upon consumption of the preferred carbon source (glucose).  
Transformed cells were first cultured in deep well 96-well plate (Thermo, AB0661) 
wells in TB-medium at 37 °C for overnight and then transferred to the auto-
induction medium (1:40 dilution, see Vincentelli et al.35). When the cell density 
was between 2.0 and 3.0 optical density at 600 nm, the temperature was lowered to 
17 °C, and the culture continued for 40 h. The cells were harvested by centrifuga-
tion (4,000 rpm for 15 min), and lysed by incubation with buffer A (300 mM NaCl 

in 50 mM Tris-Cl, pH 7.5) containing 10 mM imidazole, 0.5 mg ml−1 lysozyme 
(Sigma) and 1 mM PMSF (Sigma). The lysis was completed by a freeze–thaw cycle. 
DNase I and MgSO4 were added to the thawed lysate at 10 μ g ml−1 and 1 mM final 
concentration, respectively, and the lysates incubated with Ni-Sepharose 6 Fast 
Flow resin (GE Healthcare) and shaken for 45 min. The lysate was then transferred 
to a filter plate (Nunc, 278011, 20 μ m pore size), and the beads washed two times 
each with 600 μ l of 10 mM and 50 mM imidazole in buffer A using a vacuum 
manifold. The bound proteins were eluted from resin using 500 mM imidazole in 
buffer A. The expression of the purified proteins were checked by UV absorbance 
at 280 nm and SDS–PAGE electrophoresis (E-PAGE protein gels, Invitrogen) and 
Coomassie brilliant blue staining. 50% glycerol was added to the proteins before 
storage at − 20 °C.

In most cases the activity of the proteins was assessed by HT-SELEX8,31, and pro-
teins that robustly enriched expected sequences were included in the CAP-SELEX 
process. As some TFs are only expected to bind to DNA as a heterodimer, we also 
included in CAP-SELEX some proteins that did not robustly enrich sequences in 
HT-SELEX. These included the known obligate heterodimers MYC, PBX1, PBX2 
and PBX4. All included proteins are indicated in Supplementary Table 1. The 
HT-SELEX analysis yielded expected binding sites for most individual TFs, and 
in addition resulted in identification of novel motifs for TFs (see Supplementary 
Table 2). HT-SELEX was also used to validate some of the CAP-SELEX results 
with full length TFs. In these cases the pair of proteins were mixed together in an 
~1:1 ratio before the further steps of the HT-SELEX (see Supplementary Table 1 
for the details of the clones).

In most cases, a scaled-up culture (50 to 100 ml) was used to express more of 
the TF constructs for CAP-SELEX. The protocol used was similar to that used 
for the deep-well plate cultures, except that proportionally larger lysis and wash 
volumes were used, and that 1 ml Ni-Sepharose 6 Fast Flow gravity columns  
(GE Healthcare) were used as the affinity matrix.
CAP-SELEX assay. Previous systematic efforts that have focused on heterodimer-
ization between TFs have generally studied proteins that dimerize in the absence 
of DNA36–38. However, some cases of TFs that cannot dimerize in the absence of 
DNA, or only interact with each other indirectly through DNA have been described 
in the literature39,40. The CAP-SELEX process can capture both types of inter-
actions, and is based on a combination of HT-SELEX8,31 with tandem-affinity 
purification41. In this assay, a pair of TFs tagged with different affinity tags, SBP 
and 3× Flag, and a double stranded DNA ligand that contains a 40-bp randomized 
region are mixed together in individual wells of a 96-well plate in a buffer that 
mimics biological conditions in the nucleus42, and the mixture is incubated for 
30 min, after which the bound dsDNA ligands are separated from free ligands 
through consecutive affinity purification by first the SBP and then the 3× Flag 
tagged protein using affinity beads and an automated plate washer (Fig. 1a). Bound 
DNA is then amplified by PCR and sequenced, and the selection process repeated 
three times. Binding of the TFs is then revealed by enrichment of characteristic 
subsequences (see below).

The 40-bp random window corresponds to almost four complete turns of the 
DNA helix, allowing detection of interactions between two TFs that exclusively 
occupy 9 bp of sequence (see ref. 20) over two full helical turns. As with our previ-
ous HT-SELEX platform, the purified ligands are barcoded and directly compatible 
with multiplexed Illumina sequencing (for selection ligand sequences, please see 
Supplementary Table 1).

Of the proteins tested here, most (87%) were functionally validated by 
HT-SELEX (see Supplementary Table 1 for details). The low activity of some 
HT-SELEX validated proteins (Supplementary Table 1) was probably due to the 
fact that CAP-SELEX involves two consecutive affinity purifications, and is there-
fore more stringent than HT-SELEX.

For CAP-SELEX, 10–200 ng (see Supplementary Table 1) purified Flag- and 
SBP-tagged proteins were diluted into 25 μ l volume of binding buffer (140 mM KCl, 
5 mM NaCl, 2 mM MgSO4, 3 μ M ZnSO4, 100 μ M EGTA, 1 mM K2HPO4, in 20 mM 
HEPES, pH 7.0) containing approximately 10 μ mol DNA selection ligands, and 
incubated for 20 min at room temperature. Subsequently, 0.2% BSA, 0.1% Tween 20 
pre-blocked Streptavidin-coated magnetic Sepharose beads (1.25 μ l; GE Healthcare 
Streptavidin Mag Sepharose) in two volumes of binding buffer were added, and the 
mixture incubated at room temperature for 2 h with vigorous shaking (800 r.p.m.; 
Edmund Bühler TiMix shaker). The beads were subsequently washed 5 times with 
binding buffer, using BioTek 405 CW plate washer with a magnetic platform. The 
protein–DNA complexes were eluted from the beads using 50 μ l of 10 mM biotin 
(Sigma) in binding buffer. The eluate was transferred to a fresh plate containing 
M2 anti-Flag magnetic beads (1.25 μ l; Sigma) in 50 μ l of binding buffer, and shaken 
at 800 r.p.m. for 20 min at room temperature. The beads were washed ten times 
with binding buffer, suspended in 0.1% Tween 20, 0.5 mM EDTA, 10 mM Tris-Cl, 
pH 8.0, and transferred to a PCR plate. DNA was then eluted from the beads by 
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incubation at 95 °C for 10 min. A 9 μ l aliquot of the bead suspension was trans-
ferred to a new PCR plate, and the DNA amplified by PCR (65 °C for 10 s, 72 °C 
for 36 s, 97 °C for 15 s for annealing, elongation and denaturation, respectively, for  
25 cycles). A separate aliquot was analysed by qPCR (Roche LightCycler 480) 
to monitor progress of the experiment. Amplified selection ligands were then  
subjected to sequencing and new cycles of CAP-SELEX (up to 3 cycles total).

The input libraries and libraries selected for three cycles were then sequenced 
and analysed (see below). Cooperative complexes were initially detected from 
5–12-bp long primary and secondary binding models generated by the previously 
described SELEX data-analysis tool IniMotif31. Initial results validated the method 
through confirmation, characterization and refinement of the binding specificity 
models for 12 previously known heterodimers (Fig. 1a and Extended Data Fig. 1).
Generation of PWMs. To detect heterodimeric sites that can occur in many dif-
ferent orientations and spacings, we used the de novo motif discovery algorithm 
Autoseed16. Autoseed finds gapped and ungapped subsequences that represent 
local maxima, that is, are more enriched than closely related subsequences. Control 
experiments established that such preferences were not observed in the input 
libraries.

Based on analysis of CAP-SELEX cycle 3, the sequencing was then extended to 
cover products from earlier selection cycles for samples that showed enrichment 
of motifs that were similar to the expected TF2 motif. We have previously shown 
that analysing SELEX data from early cycles allows recovery of low-affinity sites, 
and results in motifs that are very similar to those determined using competition 
assays8,16.

For identification of co-operative sites where the individual TF motifs were 
spaced farther apart, we defined representative 6-mer sequences for each TF. For 
each experiment, we then identified cases where both representative 6-mers were 
found in the same sequence reads, and from these reads, counted the occurrence of 
each spacing and orientation combination. The expected distribution of spacings 
without any preferences is non-uniform due to the limited size of the randomized 
region but cannot explain the local maxima observed in the data (spacings that 
are preferred compared to both shorter and longer spacings). Given the size of 
both occupied sites m and a fixed spacing n between them, the number of ways 
the sites can be placed into the randomized region of size l is cn =  l −  2m – n +  1 
(0 ≤  n ≤  l −  2m), or twice that if the order of sites is taken into account. As the 
expected count of spacing n is directly proportional to cn, the count is a linearly 
decreasing function of n and thus has no maxima except the one at the boundary 
n =  0. Moreover, the expected relative difference of counts between consecutive 
spacings is (cn – 1 −  cn)/cn = 1/cn indicating that the expected differences are small 
in the range where spacing preferences are observed.

To display the preferred spacings and orientations of the two TFs, subsequences 
containing both consensus 6-mer sequences of the motifs with variable-length gap 
between them were counted, and the counts represented as a heatmap (for example, 
Fig. 1). For each orientation of the 6-mers, we identified the spacing with maxi-
mum counts. That spacing was considered to be preferred if the sum of the counts 
of it and its two neighbours was higher than 30% of the total count for all spacings, 
and less than 20% of the reads counted were derived from a single non-unique 
read. If one preferred case was identified for a pair of 6-mers, we then determined 
whether other spacings and orientations were also enriched. Up to five spacings 
and orientations were considered to be preferred if their respective counts were 
higher than 50% of the maximum count after mean normalization of all counts. 
Cases where both TF1 and TF2 6-mers were detected robustly, but no preferred 
orientation and spacing was detected were classified as ‘weak or no co-operativity’. 
In case of experiments performed several times, interactions were called if they 
passed the thresholds in at least one case. In each case, control unselected ligands 
were also sequenced, to ensure that the oligonucleotide synthesis resulted in even 
distribution of mononucleotides. In addition, several ligands were sequenced very 
deeply (> 10 million reads) to ensure that 6-mer subsequences were distributed 
at a similar frequency along the 40-bp random sequence window (Extended Data 
Fig. 4). For assessment of reproducibility, see Extended Data Fig. 3.

Subsequently, the enriched subsequences were used as seeds to generate position 
weight matrix (PWM) models for the complexes. We generated PWM models as 
described in Jolma et al.8,31, using the seeds, selection cycles and multinomial set-
ting indicated in Supplementary Table 2. The models were subsequently inspected 
to remove cases that could be also explained by homodimeric binding (for example, 
cases where two TFs with similar primary motifs were analysed). After identi-
fication of an enriched sequence, seed refinement was performed essentially as 
described in Jolma et al.8. In the majority of the cases, the PWM models were 
generated using selection cycle 3. The models were expert curated to separate 
different binding modes, and to remove cases where there was excessive posi-
tional bias or where the two proteins bound to very similar sites and thus we could 
not differentiate between homo- and heterodimeric binding. All seed, cycle and  

multinomial settings used are indicated on Supplementary Table 2, and the 
sequence reads have been deposited to ENA under accession (PRJEB7934).

Hydrogen bond contacts between TF amino-acids and DNA bases were identi-
fied using the program CONTACT that is included in the CCP4 software suite43. 
Hydrogen bond information was added to PWMs to generate contact annotated 
PWMs (pfmc). PWMs were aligned to each other by minimizing the sum of indi-
vidual base-to-base comparison scores calculated as follows: Max (information 
content for PWM1 position n, information content for PWM2 position m) *  
(Manhattan distance between base frequencies of PWM1 position n and PWM2 
position m). In regions where there was no overlap, the positions were compared 
to an equal frequency of all bases. Pairs of positions whose score was smaller than 
0.25 are indicated by boxes in Supplementary Data Set 2. The same cut-off was 
used to count divergent base positions in Extended Data Fig. 6.
Enrichment of motifs at ChIP-seq TF clusters and prediction of ChIP-seq peaks. 
Interactions between TFs appear to be important in vivo, as recent large scale 
genome-wide location analyses of TFs in cultured cells have revealed that in a 
given cell type, TFs bind only to a subset of their potential target sites, and that the 
occupied target sites are located in high-density clusters, where many different 
TFs colocalize within a few hundred bp long regions19,44,45. Many of the occupied 
sites do not contain high-affinity sites for the analysed TF, suggesting that co -
operative interactions allow binding of TFs to low-affinity sites19,45,46. Formation 
of TF clusters is probably at least in part the result of competition between TFs 
and nucleosomes, which indirectly results in increased occupancy of TFs close 
to each other, even when the TFs do not have direct cooperative interactions22,23. 
Another mechanism that could contribute to TF cluster formation is direct co-
operativity between TFs. To test this, we analysed enrichment of monomer and 
 heterodimer PWM matches at human LoVo colon cancer TF clusters19 (Fig. 3a 
inset, Supplementary Tables 2 and 4) as described in Yan et al.19, using a score 
cut-off for each motif that resulted in one match per 10 kb of genomic sequence. 
P values for the enrichment were calculated using winflat. Similarity of TF DBD 
amino-acid sequences was determined using PRANK47. Similarity of PWMs was 
determined using SSTAT48 using the default parameters. Motif dendrogram was 
drawn by using Euclidean distance metric with average linkage with R package ape. 
Network shown in Fig. 3 was drawn based on the same distances. The dominating 
set of the models was generated essentially as described in Jolma et al.5. Briefly,  
we first generated a network where monomeric or homodimeric motifs from Jolma 
et al.8, and heterodimer motifs from this study were connected to each other if 
they were similar. To determine how many novel specificities were identified in 
our study, we used the minimum dominating set of this network to identify a set 
of motifs that represents distinctly different specificities.

Sequence and barcode-logos were generated as described in Nitta et al.16. In 
barcode logos shown in Fig. 3 and Extended Data Figs 3 and 7, four bars are drawn 
that represent the frequency of the bases for each base position. Width of each bar 
is proportional to the frequency of the corresponding base (range 0 to 1), and both 
height and colour intensity of all the bars at a given position are proportional to the 
frequency of the most common base at that position (range 0.25 to 1). In the DNA 
base letter PWM logos shown, the height of each letter is directly proportional to 
the frequency of the indicated base at the indicated position.

Analysis of error rates in prediction of ChIP-seq/exo peaks using the dimeric 
PWMs was performed using a random forest classifier. For the random forest classi-
fier, the R package randomForest, version 4.6–6, was used (http://cran.r-project.org/
web/packages/randomForest/index.html). The classifier was trained on TF motif 
matches to discern peak summit regions from close by non-peak summit genomic 
positions. Stated accuracy estimates are based on out-of-bag error estimates.

ChIP-seq binding site prediction error rate analysis was performed on data 
gathered from existing ChIP-seq experiments and from the HOXB13 ChIP-exo 
experiment from this study. The FASTA sequences of 1,001 bp genomic regions 
surrounding ChIP-exo peak summits for HOXB13 (from this work) and previously 
described ChIP-seq peak summits for ELF1 (ref. 21), ELK1 (ref. 49), HOXB13  
(ref. 50) and two different MEIS1 experiments51,52 were used as a positive set 
together with a negative set consisting of 1,001 bp FASTA sequences taken from 
2,000 bp away from the peak summits. For each FASTA sequence in the collection, 
the score and relative position of the highest-scoring match to each motif in the 
PWM collection was recorded and used to train a randomForest classifier with 
5,000 trees. To determine whether the dimer partners had predictive power, a 
classifier trained using the monomer motif of the relevant TF, and all its dimer 
motifs was compared to a classifier trained using the monomer motif and dimer 
motifs with the partner region of the motif reversed. Error rates were estimated 
using out-of-bag predictions.
Analysis of conservation of motif matches. To measure the conservation of 
genomic sites recognized by heterodimeric motifs we developed a procedure to test 
whether the heterodimeric motifs explained patterns of evolutionary conservation 
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observed in the human regulatory elements. To identify the potential conservation 
attributable to the specific TF–TF–DNA interactions described by the motifs, the 
genomic sites recognized by each heterodimeric motif were compared to sites 
recognized by artificial control motifs that represented different orientations of 
the two TFs but were otherwise comparable to the original motif, for example had 
the same width and information content. To obtain control motif sets containing  
the specificities of the individual TFs as embedded in the heterodimeric motifs, 
each heterodimeric motif was split into two partial motifs at all possible cut points 
with the restriction that both the ‘left’ and the ‘right’ sections were at least one-
third of the width of the whole motif (rounded down). The control motifs were 
constructed by concatenating each of the partial motif pairs in all three alternative 
orientations (‘right’ followed by ‘left’, ‘left’ followed by the reverse complement of 
‘right’, and the reverse complement of ‘left’ followed by ‘right’). For example, a motif 
of length fifteen was split after 5–10 bases resulting in 18 control motifs.

Sites recognized by a heterodimeric motif and its control motifs were searched 
from the human genome constrained elements53 (SiPhy pi 12-mers with 10% false 
discovery rate in reference genome hg19, regions shorter than 50 bp or overlap-
ping exons or repeats according to Ensembl version 70 were removed resulting 
in total 41 Mb of sequence) using the program MOODS54 with a loose cut-off (P 
value < 10−3 with flat background distribution) to obtain a large excess of putative 
binding sites for each motif. All found sites were merged into one list and 10,000 
non-overlapping highest affinity sites selected for conservation analysis regardless 
of the motif identity (heterodimer or control).

Whether the evolutionary conservation of the high affinity sites was explained by 
the motifs was tested using program SiPhy55 (version 0.5, task 16, seedMinScore 0)  
and multiz100way multiple alignments56 of 99 vertebrate species to human (down-
loaded from UCSC genome browser, version hg19). A site was marked as being 
conserved according to the motif if its SiPhy score was positive meaning that the 
aligned bases at the site were better explained by the motif than by a neutral evo-
lutionary model (hg19.100way.phastCons.mod obtained from UCSC genome 
browser).

The hypothesis that the heterodimeric motif sites were more likely to be 
conserved according to the motif than the sites of its control motifs was tested 
against the null hypothesis that there was no association between site conserva-
tion and motif identity using Fisher’s exact test (one-sided). The P values given 
by the tests for individual heterodimeric motifs were corrected for multiple 
testing using Holm’s method. This procedure detected genomic conservation 
for 149 out of 618 motifs (24%) at family-wise error rate < 0.05 (including the 
previously known ETV2–FOXI1 motif20 used as a positive control while devel-
oping the procedure).
Protein purification, crystallization and data collection. The DNA-binding 
domains of human MEIS1 (residues 277–339) and DLX3 (residues 122–193) were 
overexpressed as a thioredoxin-6His fusion protein in E. coli and isolated from the 
soluble cell lysate by affinity chromatography followed by gel-filtration chromato-
graphy as described in ref. 57. The DNA fragments used in crystallization were 
obtained from MWG as single strand oligonucleotides and annealed in 150 mM 
NaCl, 1 mM EDTA in 10 mM Tris-Cl, pH 7.5. The purified proteins were first 
mixed with solutions of annealed DNAs at a molar ratio of 1:1.2 and after incu-
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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 (1°; arrows) and 
composite motifs that are not simply combinations of the individual motifs 
(2°; green dots) are detected from the reads. To detect preferential spacings 
and orientations of the TF pair (3°), 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 8 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 ELK1–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 protein–protein interaction and its reference 
are also shown6,26–28,37,38,64–67.
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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 protein–protein interaction assays37, 
or compiled from literature36, respectively.
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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.
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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 ~9 bp. b, TEAD4–CEBPB pair shows a similar ~9 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).
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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 
protein–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 protein–
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.
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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 ‘core’ 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 DNA72–74. 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 b–d, the major groove contacts of the left and right TFs are 
indicated in black and red dots, respectively.
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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.
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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 TF–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.
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Extended Data Figure 9 | Detailed view of MEIS1 and MEIS1–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 MEIS1–DLX3 heterodimer (magenta). Note that the 
DNA bound to the heterodimer is more distorted.
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