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In prokaryotes, individual transcription factors (TFs) can

recognize long DNA motifs that are alone sufficient to define the

genes that they induce or repress. In contrast, in higher

organisms that have larger genomes, TFs recognize sequences

that are too short to define unique genomic positions. In

addition, development of multicellular organisms requires

molecular systems that are capable of executing combinatorial

logical operations. Co-operative recognition of DNA by multiple

TFs allows both definition of unique genomic positions in large

genomes, and complex information processing at the level of

individual regulatory elements. The TFs can co-operate in

multiple different ways, and the precise mechanism used for

co-operation determines important features of the regulatory

interactions. Here, we present an overview of the structural

basis of the different mechanisms by which TFs can cooperate,

focusing on insight from recent functional studies and structural

analyses of specific TF–TF–DNA complexes.
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Introduction
Structural analyses of protein–DNA interactions have

provided many insights into the molecular basis of recog-

nition of specific DNA sequences by TFs. The �1400

mammalian TFs [1] are represented by �400 unique

protein–DNA 3D structures, covering most of the major

structural families found in humans. Most analyses have

focused on individual monomeric or homodimeric TFs

bound to their recognition motifs. Despite the impor-

tance of cooperative binding of TFs for the specificity

of mammalian gene expression, this area has not

been extensively studied at a structural level. Of the
www.sciencedirect.com 
72 heterodimeric TF–TF–DNA complex structures,

most represent heterodimers that are formed between

proteins prior to DNA binding, and only few structures

exist for cooperative complexes whose formation depends

on DNA.

In addition to the structural studies of TF–DNA

complexes, the interactions between DNA-bound TFs

have recently been characterized by high-throughput

functional genomic methods such as CAP-SELEX

(consecutive affinity-purification systematic evolution

of ligands by exponential enrichment) developed in

our laboratory [2��]. In CAP-SELEX, two TFs are incu-

bated with random DNA sequences, followed by conse-

cutive affinity purification of the TFs. This results in

enrichment of DNA sequences that are bound to both

TFs, whose specificities, and the relative orientation

and spacing of their motifs can then be determined

using next generation sequencing. Initial study of

9400 TF–TF–DNA interactions revealed that DNA-

dependent TF–TF interactions are very common, and

occur also between different TF structural families. In

the study, we found 315 TF–TF interactions represented

by 618 heterodimeric motifs. Based on the fraction of

pairs tested, we estimated that �25 000 distinct TF pair

specificities can contribute to protein–DNA interactions

in cells [2��].

Analyses of TF binding inside eukaryotic cells have also

revealed widespread cooperative binding between TFs.

Instead of decorating the genome relatively evenly, most

TF binding occurs in dense clusters of <1 kb in size that

are devoid of nucleosomes. This binding mode was first

identified in Drosophila cells [3�], and subsequently found

to also occur in mammals [4–6]. The clustering occurs

largely independently of the functional roles of the TFs

in the cells studied [6] and is accompanied by enrichment

of TF motifs in the clusters. However, the relatively weak

enrichment of motifs alone appears not to be sufficient to

explain the widespread binding of TFs to these clusters.

These results indicate that cooperativity is an inherent

feature of mammalian TF binding to DNA.

The cooperativity can arise by multiple mechanisms. In

the simplest case, the TF proteins bind to each other also

in the absence of DNA, and bind stronger to DNA

together than separately. In a related mechanism, the

proteins can interact with each other but with an affinity

that is insufficient to form a stable TF dimer in solution.

Binding to DNA can facilitate the weak interactions

between such TFs, for example by bringing the two
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2 Protein–nucleic acid interactions
TFs close together, or by altering the conformation of one

TF in such a way that its interaction with the other TF is

favored.

Cooperativity can also be mediated entirely through

DNA, in the absence of direct protein–protein contacts

between the TFs. For example, two TFs can prefer DNA

that is bent in a similar way, resulting in cooperativity

because the energy expended in bending of the DNA by

the first protein does not have to be spent again when the

second protein binds. Such cooperativity can also be

induced more distally, due to the fact that binding of

TFs restricts the vibrational freedom of DNA [7�,8].
Finally, much of the cooperativity leading to clustering

of TFs in the genome is thought to result from indirect

effects. As nucleosome binding generally inhibits binding

of TFs, creation of a nucleosome-free region due to

binding of initial TF(s) results in formation of naked

DNA that is free to bind to other TFs as well.

All of these modes of cooperativity have specific features,

and differ from each other in important ways. For exam-

ple, only some modes can lead to changes in binding

specificity of the TF pairs. In addition, some modes act

very locally, whereas others can act over a considerable

distance. Some modes allow the pairing between the TFs

to be highly specific, whereas others are not as dependent

on precise spacing between TFs and can support forma-

tion of more promiscuous pairings between TFs. In the

following paragraphs, we will discuss the features of each

of these mechanisms, including structural examples of

each case.

Protein-level TF–TF complexes
Many TFs are not able bind DNA as a single monomeric

protein. They often contain specific protein–protein

interaction domains that bind to each other to form a

functional dimer, trimer or tetramer that can be either

homomeric or heteromeric in nature. The protein-level

interaction allows binding of the complex to DNA due to

the increase in avidity and/or cooperative interactions

between the subunits. As the proteins are bound together,

motifs recognized by the subunits are located close to

each other, resulting in binding to sites whose consensus

sequences are often palindromic, or less commonly direct

repeats.

Some of the largest TF families in humans form protein-

level dimers in solution. For example, the basic helix-

loop-helix proteins (bHLH), such as MYC, MAX, MAD

[9], BMAL-CLOCK [10], and E47-NeuroD [11] dimerize

via a long helical interaction domains. Similarly, the basic-

leucine zipper family (bZIP) including AP-1 (PDB entry

1JNM, not published), MAFs [12], CREBs [13,14], and

CEBPs (PDB entries 2E42, 1GU4, not published) use a

leucine zipper domain to form dimers at a protein level

(Figure 1a).
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Similarly, hepatocyte nuclear factors (HNF1, [16]) p53

[17] and prokaryotic lambda repressor-like proteins

[18,19] (Figure 1a) utilize the dimerization through spe-

cific dimerization domains. The TFs belonging to the

E2F family (E2F1-6 and DP1-4) cannot bind DNA as

monomers with high affinity, but show high affinity to

DNA as an E2F/DP complex [20] (Figure 1a). The

activity of dimeric or multimeric TFs can also be regu-

lated at the level of dimerization. For example, STAT

proteins need to be phosphorylated [21,22] to form the

respective dimeric forms that bind to DNA.

This mode of interaction is highly specific, allowing

specific one to one pairings between proteins (for exam-

ple NF-Y [23,24], Figure 1a). In several cases, multiple

related proteins can also form heterodimers between each

other, allowing some combinatorial control. For example

the bHLH protein MAX can bind DNA as a homodimer,

or as a heterodimer with MYC forming a strong activator,

or with MXD1 or MNT, forming repressive complexes

[9,25,26].

The formation of specific dimers in solution can lead to an

absolute requirement of the expression of two specific

genes for a particular activity (logical AND gate). This

also facilitates robust control of protein activity levels, as

the activity of the complex is limited by two concentra-

tions, and overexpression of one subunit alone cannot

lead to an increased activity. The protein–protein inter-

action based mechanism is, however, not very flexible for

combinatorial control, as the expression of one highly-

expressed A subunit can capture all B subunits and also

influence the activity of other A–B pairs. This effect can

also be utilized by dominant negative inhibitor proteins

such as the ID proteins, which contain only a dimerization

domain of a bHLH protein. Expression of these proteins

leads to the formation of non-productive complexes, and

negatively regulates the activity of many bHLH proteins

[27].

In some cases, it appears that the two proteins constitut-

ing a heterodimeric TF have fused into a single protein

where the two domains are tethered (Figure 1b, HNF1

[16], E2F7 and E2F8 [28], GATA [29], GLI [30] and

other C2H2 Zinc finger proteins). This leads to loss of

the potential for combinatorial regulation, but facilitates

formation of the specific complex and simplifies its

regulation.

DNA-facilitated interactions
Some TFs do not interact with each other with appreci-

able affinity in the absence of DNA, but form highly

specific complexes in the presence of DNA. In our CAP-

SELEX analyses, we found a large number of such

interactions, suggesting that such DNA-facilitated inter-

actions are very common. As two different (asymmetric)

TF proteins bound to DNA can be oriented towards each
www.sciencedirect.com
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Figure 1

(a)

(b)

BMAL:CLOCK AP-1 STAT6 E2F4:DP2

E2F8HNF1

λ-repressor

GAT A GLI

NF-Y p53 
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Protein-level TF–TF complexes bound to their specific DNA. (a) From left to right in the top line: heterodimer of BMAL(pink):CLOCK(green) (PDB:

4H10); homodimer of AP-1(light blue) (PDB: 1JNM); homodimer of STAT6 (yellow/cyan) (PDB: 4Y5W); heterodimer of E2F4(pink):DP2(light blue)

(PDB: 1CF7); on the bottom line: homodimer of lambda-repressor (PDB: 3BDN); trimer of NF-Y (a-subunit in green, b-subunit in cyan and

g-subunit in magenta) (PDB: 4AWL); tetramer of p53 (PDB:2AC0). (b) Complexes with two tethered domains: homodimer of HNF1 (PDB: 1IC8);

two domains of E2F8 (PDB: 4YO2); two gata-type Zinc �finger domains of GATA (PDB: 3DFV); 3 C2H2-type Zinc-finger domains of GLI

(PDB: 2GLI).
other in four different ways (�>, >�, �>, and �<), and

their sites can be located at different distances from each

other, a large number of potential interacting configura-

tions exist between each TF pair. In addition, as strong

cooperative interactions require only formation of one or

few hydrogen bonds or van der Waals interactions, the

likelihood of such interactions is considerable even in the

absence of any selection for the interactions themselves.

Using CAP-SELEX, we found that such interactions are

indeed commonly observed. For example, DNA-bound

TALE homeodomain protein interacted with twelve TFs

from six different structural families (Figure 2a).

Structural analysis of one of the MEIS1 interactions,

MEIS1:DLX3, revealed a complex interaction involving

both DNA and protein [2��]. Insertion of an arginine

of DLX3 to the minor groove of DNA lead to
www.sciencedirect.com 
immobilization of the peptide backbone in this region

in a manner that facilitates hydrogen bond formation

between the backbone and an asparagine of MEIS1

[2��]. A simpler example of a DNA-facilitated interaction

is illustrated by a complex between the HMG protein

Sox2 and the paired domain protein Oct-1 (POU2F1) [2��

,31–33]. Binding of the two proteins to DNA places a

helix 3 of Sox2 close to the loop between helices 1 and 2 of

Oct-1, facilitating interaction between a lysine of Sox2

with main chain glycine of Oct-1 [33]. A combination of a

weak protein–protein interaction with a DNA-facilitated

mechanism is found in interactions between HOX pro-

teins and TALE homeodomain proteins. Here, a short

tryptophan containing peptide motif of the HOX partner

associates with a hydrophobic pocket of PBX. The

pairing of the proteins is also facilitated by additional

protein–protein interactions at the interface that forms
Current Opinion in Structural Biology 2017, 47:1–8
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Figure 2
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More stable Less stable

TF1 TF1TF2

TF2

MEIS1:DLX3

(a)

(b)

(c)

Spacing preferences MEIS1 partners

TF-partner

DLX2,DLX3

DRGX (site1)

DRGX (site2)

HOXA13,HOXB13

EVX1

ONECUT2

MAX

SOX2

ELF1

EOMES

MEIS1

Current Opinion in Structural Biology

DNA-facilitated interactions. (a) In the top line: Positions of MEIS1 partner TFs in relation to the MEIS1 motif (orange, orientation NTGACAN). Panel

is adapted from Jolma et al. Nature, 2015, [2��]; cartoon representation of MEIS1(orange): DLX3(blue) complex (PDB: 4XRS); bottom line:
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between the two monomers when they bind to DNA

[34–36,37�,38–40].

Interestingly, using CAP-SELEX, we found that when

two TFs bind to sites that are close to each other, the

optimal DNA sequence recognized by them changes

from what one would expect from the individual motifs.

The structural basis of this effect has not been analyzed,

but it primarily affects positions that are recognized

indirectly via water-mediated hydrogen bonds or back-

bone contacts between the TFs and DNA.

The DNA-facilitated interaction mode allows formation

of a larger number of TF–TF pairs than direct protein–

protein interactions, as its dependence on binding of the

individual TFs to their specific sites on DNA prevents

the “capture” of TFs by one highly expressed partner.

The formation of TF–TF complexes on DNA cannot

thus be effectively inhibited by a dominant negative

mechanism. As different amino-acids are still involved

in the TF–DNA and TF–TF interaction surfaces, this

mode still allows evolution of specificity in the TF–TF

pairings.

DNA-mediated interactions
The cooperativity between TFs can also be entirely

mediated by DNA. In this mechanism, binding of one

TF to DNA alters the shape or dynamics of DNA, leading

to increased binding affinity of an another TF.

In a simple case, such interactions involve changes in

DNA shape that are favored by both of the TFs. In

general, hard evidence for such a mechanism is difficult

to obtain, as it would require structures of TFs bound

separately and together to the same DNA sequence.

However, exclusion of other plausible mechanisms by

structural studies suggests that DNA-mediated interac-

tions are relatively common. For example, the binary

complex of AML1:RUNX1 bound to DNA [41,42],

Figure 2b, shows that the proteins do not directly interact

with each other, with the shortest distance between

amino-acids being above 10 Å. However, the DNA is

rather bent between the two bound positions, suggesting

that it contributes to the cooperative interactions.

Another heterodimeric complex where proteins are rela-

tively far (>6 Å) is the homeobox: T-box complex of

NKX2.5:TBX5 [43]. Particular interactions in this com-

plex are shown to be identical to the interactions found in

the complexes of the respective individual proteins and

DNA. However, mutagenesis study of the residues at the
(Figure 2 Legend Continued) homodimer of TBX3 bound to palindromic si

(5BQD)); SOX2(light yellow):Oct1(dark yellow) (PDB: 1O4X); HOXA9(green):P

to right: AML1(green):RUNX1(yellow) (PDB: 1HJB); NKX2.5(pink):TBX5(green

(c) Binding of one TF (TF1) can also regulate binding of other TFs (TF2) at a

During low frequency DNA vibration, major groove widths are correlated alo

apart tend to be both wide at the same time, whereas positions on opposit

major groove are thus favored on the same side (left), and disfavored on th
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interface between the proteins suggests that some

protein–protein interactions occur, potentially indirectly

via solvent, or directly between amino-acids due to vibra-

tional movement of the molecules, or alternative confor-

mation of the amino-acids [43].

A classic example of the DNA-mediated interaction

mode is also found in the part of the interferon-ß enhan-

ceosome where IR3, ATF-2 and c-Jun DNA-binding

domains are bound to DNA (Figure 2b). These proteins

do not interact with each other at all directly, but are

thought to cooperate through DNA and possibly via

co-factors such as CBP [14,44��,45].

Another mechanism by which DNA can mediate coop-

erativity between TFs is described by Kim et al. [7�], who

show that TF binding can be stabilized or destabilized by

the binding of another TF, and that the effect varies as a

function of the distance between the bound sites with a

periodicity of �10 bp, consistent with the helical period-

icity of DNA (Figure 2c). A similar periodic pattern was

also observed in the CAP-SELEX study. This effect is

thought to be caused by quenching of DNA vibrational

modes by binding of one protein, resulting in loss of

entropy. This entropy cannot be lost again, resulting in

cooperativity between TFs that are located up to few

helical turns from each other due to the fact that they

quench the same vibrational mode(s) [7�,8]. This effect

thus has a longer range than the DNA-facilitated and

through-DNA modes of cooperativity.

As all DNA-mediated cooperativity modes are caused

directly by the interaction of the two TFs with DNA, it is

more difficult to achieve a high specificity between

TF–TF pairs using this interaction mode. Binding of a

TF to DNA thus inevitably leads to changes in the

physical properties of DNA, which in turn promote or

inhibit binding of all other TFs to sites close to the

initially bound site. The specificity of the pairs must thus

be determined by the sequence of the DNA itself.

Indirect cooperativity
An alternative mechanism that facilitates binding of

multiple TFs close to each other involves competition

between nucleosomes and TFs. Whether such an indirect

mechanism should be called cooperative depends on

definitions, but as the practical consequences are similar

to those of directly cooperative binding, we have included

discussion of this important mechanism here. The phe-

nomenon of nucleosome-mediated cooperativity has
te ([15]; PDB: 1H6F) (note that a different dimer may exist without DNA

BX1(dark blue) (PDB: 1PUF). (b) DNA-mediated interactions. From left

) (PDB: 5FLV); IR3(green):ATF-2(violet):c-JUN(magenta) (PDB: 1T2 K).

 longer range. This effect is thought to be caused by DNA vibration.

ng the DNA in such a way that two positions that are a full helical turn

e sides tend to be wide and narrow. Binding of two TFs that favor wide

e opposite sides (right). Adapted from (Kim et al., Science, [7�]).

Current Opinion in Structural Biology 2017, 47:1–8
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Figure 3

∼ 200 bp

∼ 30 bp ∼ 30 bp

(a)

(b)
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Indirect cooperativity. Schematic presentation of the indirect cooperativity involving competition between nucleosomes (structural representation

from PDB: 3AFA) and TFs (colored hexagons). (a) Approximately 147 bp of DNA is wound to a nucleosome followed by a linker that is �30 bp in

length. The linker is accessible, whereas most TFs are not able to bind efficiently DNA wound around the nucleosome. (b) When TFs (red) bind

and displace the nucleosome in such a way that a region that is shorter than 147 bp is left free, this region cannot accommodate a nucleosome

and is thus now accessible for binding to all other TFs (green), leading to apparent cooperativity between the TFs.
been documented by a series of in vivo and in vitro
experiments [2��,46,47,48��,49,50].

Similar indirect mechanism of cooperativity can occur

between multiple TFs, and between TFs and non-spe-

cific DNA binding proteins such as HMG proteins. Indi-

rect mechanisms can also lead to more complex interac-

tions between DNA-bound proteins. For example, it

appears that the architectural protein cohesin that associ-

ates with DNA topologically prefers to encircle DNA at

nucleosome-free regions [6,51]. However, cohesin does

not block binding of TFs, leading to apparent coopera-

tivity between cohesin and TFs.

Indirect cooperativity can act at a relatively long range, as

the nucleosome binds to 147 bp of DNA [52]. The effect

is relatively non-specific, as generation of nucleosome-

free DNA facilitates binding of most DNA-binding pro-

teins. However, TFs can differ in their ability to bind

nucleosomal DNA, and thus at least two classes of TFs

have been proposed to exist, “pioneer factors” that can

displace nucleosomes (reviewed in Ref. [53]), and other

TFs that can only effectively bind to free DNA

(Figure 3).

Conclusion
The observation that TF binding in cells of higher

organisms occurs in dense clusters suggests that most

TF binding depends on cooperative interactions. In
Current Opinion in Structural Biology 2017, 47:1–8 
addition to the classic model of TF–TF cooperativity

that depends on protein–protein interactions, recent

functional and structural studies have highlighted the

important role of DNA in allowing additional modes of

cooperation between TFs. DNA facilitates interactions

between the TFs themselves, acts to mediate the inter-

actions, and allows indirect cooperativity caused by bind-

ing of large architectural proteins such as nucleosomes

and cohesin. The cooperativity between TFs allows

gene-level processing of combinatorial input information,

which is critical for the precise control of gene expression

required for development and function of multicellular

organisms [54,55]. Structural analysis of the different

forms of cooperativity has revealed that mechanistically,

the modes have many distinct features (Table 1), and are

optimal for different purposes. Together, they allow

individual TFs to regulate genes in either simple or

complex manner, and individual genes to be regulated

either by a single TF, or one or more combinations of

TFs. The system thus features both specific and promis-

cuous mechanisms, allowing both highly accurate regula-

tion, as well as rapid and productive regulatory evolution.

Many recent studies have greatly increased our under-

standing of the role of TF–TF cooperativity in biological

processes. However, multiple key mechanisms remain

poorly understood at a molecular level. The central

questions include: (1) Why does binding specificity

change when TFs bind close to each other? (2) Do
www.sciencedirect.com
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Table 1

Comparison between features of different modes of TF–TF cooperativity

Cooperativity mode Sequence that primarily determines partner choice Specificity Range Motifs can change

Protein–protein interaction Protein Very high Short Yes

Tethered complex Protein Very high Short Yes

DNA-facilitated Protein and DNA Moderate Short Yes

DNA-mediated DNA Low Short Yes

DNA-allostery DNA Low Tens of bp No

Nucleosome-facilitated DNA Low �150 bp No
non-specific and weakly specific DNA binding proteins

such as the HMG factors and AT-hook containing pro-

teins commonly cooperate with TFs? (3) Does TF–TF

cooperativity commonly involve allosteric interactions

with non-DNA binding cofactors? (4) Do large proteins

or protein complexes involved in transcription, such as

chromatin modifying enzymes or the mediator influence

TF cooperativity? (5) What is the role of DNA looping as

found in the case of the lambda repressor [56] in TF–TF

cooperativity? (6) Are regulatory elements occupied by

‘TF chains’ like those found at the enhanceosome, or are

they bound by more isolated TFs and cooperative pairs?

And finally, (7) What is the molecular basis of enhancer-

promoter interactions? Taken together, much work

remains in understanding the structural basis of coopera-

tive interactions that are central for both development

and disease. The recent advances in functional genomics

methods that allow identification of high affinity com-

plexes, and preferential spacings and orientations

between specific DNA elements, together with the abil-

ity of new electron microscopes to analyze large molecular

complexes in atomic detail have made addressing many of

these questions feasible in the near future.
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