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Graphical Abstract 

 

Highlights 

• The structure and dynamics of the E2F1/DP1/DNA complex is modelled 
• E2F1 and DP1 play a different role in the dynamics of the system 
• DP1 flexibility may be relevant for protein-protein and protein-DNA interactions.  

 

 

 

 

ABBREVIATIONS: TF: Transcription Factor; DBD: DNA-binding Domain; TAD: Trans-Activation 

Domain; CC: coiled-coil; MB: marked box; DCM: DBD-CC-MB; SEC: size exclusion chromatography; 

SAXS: Small-Angle X-ray Scattering; MD: Molecular Dynamics; RMSF: Root mean square fluctuations; 

IMAC: ion-metal affinity chromatography  
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ABSTRACT 

The E2F1 transcription factor is a master regulator of cell-cycle progression whose uncontrolled 

activation contributes to tumor cells growth. E2F1 binds DNA as a heterodimer with DP partners, 

resulting in a multi-domain quaternary-structure complex composed of DNA binding domains, a coiled 

coil domain and a marked box domain separated by short linkers. Building on the 3D knowledge of the 

single domains of E2F and DPs, we characterized the structure and dynamics of the complete 

E2F1/DP1/DNA complex by a combination of small-angle X-ray scattering and molecular dynamics 

simulations. It shows an asymmetric contribution of the dynamics of the two proteins. Namely, the 

coiled-coil domain leans toward the DP1 side of the complex; the DP1 loop between a2 and a3 of the 

DBD partially populates a helical structure leaning far from the DNA and in the same direction of the 

coiled-coil domain; and the N-terminal disordered region of DP1, rich in basic residues, contributes to 

DNA binding stabilization. Intriguingly, tumor mutations in the flexible regions of the complex suggest 

that perturbation of protein dynamics could affect protein function in a context-dependent way. Our data 

suggest fundamental contributions of DP proteins in distinct aspects of E2F biology. 
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INTRODUCTION 

RNA production is regulated by a plethora of sequence-specific Transcription Factors -TFs- that 

recognize short DNA sequences in enhancers and promoters of genes, forming modules dictated by 

the arrangement of the DNA sites. Binding of TFs to regulatory regions leads to the recruitment of 

cofactors endowed with chromatin remodeling and histone modification activities, which make 

chromatin accessible for RNA Polymerase processivity [1]. TFs typically require a minimum of a 

sequence-specific DNA-binding domain (DBD) and a Trans-Activation domain (TAD).  

E2Fs constitute a family of eight evolutionarily conserved TFs, whose founding member -E2F1- 

was originally identified as a master regulator of cell-cycle progression [2,3]. In particular, E2F1 is 

essential for the G1/S transition and S-phase progression [4]; E2F4, as part of the DREAM complex, 

is also involved in repression of G2/M genes in G1/S, and cell-cycle exit during terminal differentiation 

[5], but it is an activator in mES cells [6]. In addition to the regulation of cell-cycle genes, E2F1 has a 

global role in the regulation of apoptosis, the DNA-damage response, metabolism, and differentiation 

[7]. E2F1 is usually catalogued as an activator, but depending on the cellular context, it can be also a 

repressor in differentiation [8]. E2F1, among others, is targeted by the Retinoblastoma -Rb- and by 

other “pocket” proteins, as part of repressive complexes that include other corepressors: genetic 

mutations in Rb, as found in tumors, eliminate or weaken interaction, leading to uncontrolled E2F1 

activation, cell cycle progression and cell growth [9]. Somatic mutations in the E2F1 gene are 

relatively rare in cancer, but, as many other family members, the gene expression is often 

upregulated in transformed cells [10].  

E2Fs bind DNA as heterodimers with the structurally related DP1/2/3 subunits. In addition to 

DBDs, E2Fs have a coiled-coil domain (CC) involved in dimerization with the partner DPs, a marked-

box (MB) domain responsible for the interaction with pocket proteins, and a C-terminal TAD. A similar 

structural scheme is shared by DP proteins, except that they lack a TAD. The DBD and CC domains 

are typically connected by a short linker [3]. From the structural viewpoint, two parts have been 

characterized by crystallography: the minimal DBDs of E2F4/DP2, and of E2F8 in complex with 

“canonical” DNA sites [11,12]; the CC-MB domains of E2F1/DP1 and of E2F5/DP1, including in 

complex with Rb pocket proteins peptides [13,14]. Such structures refer to DBDs separated from CC-

MB: a coherent view of the relative topology of the linked domains is not available to date (Fig. 1). For 

this reason, we set out to produce and characterize, both biochemically and structurally, the 

ensembles of E2F1 and DP1 DBD, CC, and MB domains. In so doing, we provide evidence for a high 

level of flexibility of the heterodimer, including a newly identified region stabilizing DNA contacts. 
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Figure 1. (A) Schematic representation of E2F1 and DP1 domain organization with their respective 

amino acid sequence numbering, and recombinant protein constructs used in this work. The 

conserved domains of E2F1 and DP1 are depicted in red and blue, respectively. The 6×His-tag is 

indicated as an orange sphere. (B) Cartoon representation of E2F/DP homologous proteins from 

available PDBs: 2AZE (top), corresponding to the marked-box and coiled-coil domains of E2F1/DP1, 

in complex with the Rb peptide; and 1CF7 (bottom), including the DBD of E2F4/DP2 bound to 15-bp 

DNA. 

 

RESULTS 

The E2F1/DP1/DNA complex displays a spectrum of flexible conformations 

The structural hallmarks of E2F and DP proteins consist of a DBD connected through a short linker to 

the CC-MB domains. As the available 3D structures from distinct E2F-DP family members only refer 

to the separated domains, to have a global view of the DNA-bound full-length heterodimers, we 

produced recombinant proteins including the full conserved regions of E2F1 and DP1 (DBD-CC-MB, 

here-after E2F1DCM/DP1DCM) (Fig. 1A). Singularly, DP1DCM was insoluble and E2F1DCM soluble, 

possibly binding DNA as a homodimer [12,15]; proteins were co-expressed and purified by the 6×His-

tag of DP1, thus obtaining soluble and homogenous heterodimer (Fig. S1A). The purified 

E2F1DCM/DP1DCM was functionally characterized by EMSA on the canonical E2F site of the human 

E2F1 promoter. It efficiently binds DNA at the expected nanomolar concentrations, while E2F1DCM 

alone displayed extremely low DNA-binding activity (Fig. S1B). 

The purified E2F1DCM/DP1DCM heterodimer was incubated on a target 15-mer DNA oligo (Table 

S1) of the same length as the one used to obtain the E2F4/DP2/DNA crystals [11], and further purified 

by size exclusion chromatography (SEC). As attempts to obtain protein crystals failed, also 

considering the potential intrinsic flexibility of the DBD-CC-MB module, we set out to analyze the 

E2FDCM/DPDCM/DNA complexes by solution-based Small-Angle X-ray Scattering (SAXS). SAXS is an 
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established method that utilizes the scattering of X-ray beams to investigate the overall dimension, 

low-resolution shape, and dynamics of biomolecules in solution at the nanometric scale. Expanding 

the investigation range of high-resolution structural techniques, SAXS analysis directly provides useful 

information on flexible regions. To overcome sample polydispersity, which can easily lead to data 

misinterpretation in SAXS data analysis, we performed SEC in-line with X-ray data collection (SEC-

SAXS). Two data sets were collected from E2F1DCM/DP1DCM/DNA with and without the RbC peptide 

[13] at the Diamond Synchrotron. The data collection and the structural parameters, including the 

values of the radius of gyration (Rg), the maximum diameter (Dmax), and the molecular mass of the 

complexes, are shown in Table S2. The Rg and the forward scattering intensity I(0) trace plotted as a 

function of measurement frame shows that the E2F1DCM/DP1DCM/DNA sample is indeed 

monodispersed (Fig. S2A). Data frames under the elution peak, centered on the maximum in I(0) 

where the Rg had plateaued, were selected and averaged for subsequent analysis. Fig. 2A shows the 

log I(q) vs. scattering angle (q) plot which provides a clear representation of the buffer-subtracted 

averaged data over the entire q range, with the Guinier plot (ln(I(q)) vs. (q2)) [16] shown as an inset. 

The Guinier analysis shows linearity in the small q region (qRg < 1.3), suggesting that the sample, 

within the selected frames, is aggregation free. 

To qualitatively evaluate the protein compactness and the presence of disordered regions, Kratky 

plot analysis was employed [17]. The dimensionless Kratky plot [(qRg)2I(q)/I(0) vs. qRg], where q is 

normalized to the Rg of the protein, and the intensity I(q) normalized to the I(0) is most useful to 

discriminate between different degrees of folding. Typically, for a compact and well-folded single-

domain protein, the normalized Kratky plot displays a bell-shaped curve, with a well-defined maximum 

of ~ 1.1 at qRg around 1.75 [18]: The generated plot obtained from the E2F1DCM/DP1DCM/DNA SEC-

SAXS data (Fig. 2B) has instead a distinct profile, where the maximum is shifted upwards and right, 

indicating an elongated dumbbell-shaped structure of the complex. The shallow oscillation at 2.5 < 

qRg < 4 reflects the well-folded two-domain structure connected by a flexible linker [19,20]. At large q 

values, the intensity rises increasingly indicating significant flexibility. The P(r) distance distribution 

function vs. r profile (Fig. S2B) is well behaved, showing a peak at low r values, corresponding to the 

intradomain distances, and a tail with pronounced shoulder corresponding to the interdomain 

distances, expected for a multidomain protein with flexible linker [21]. E2F1DCM/DP1DCM/RbC/DNA 

SEC-SAXS data analysis provides similar, essentially superimposable, results (Table S2 and Fig. S3) 

on the overall shape, folding and flexibility of the protein/DNA complex. 
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Figure 2. Experimental SEC-SAXS profiles and atomistic model for E2F1DCM/DP1DCM/DNA 
complex. (A) I(q) vs. q as semi-logarithmic representation, with Guinier fit (red line) for qRg < 1.3 is 
shown as inset. The black line represents the model SAXS profile, back-calculated using CRYSOL, 
displaying a χ2 = 1.26 in the range 0.009-0.25 Å−1. In the lower panel residuals are reported. (B) 
Normalized Kratky plot [(qRg)2I(q)/I(0) vs. qRg] for the data in (A). (C) Representation of the 
E2F1DCM/DP1DCM/DNA model refined via single-replica SAXS-driven MD. 

 

Building a structural model of the E2F1/DP1/DNA assembly 

To build a structural model of the E2F1DCM/DP1DCM/DNA complex, we resorted to homology modelling 

followed by SAXS-driven Molecular Dynamics (MD) simulations. Our procedure consisted of five 

steps (Fig. S4): 1) building a tentative initial model with homology modelling; 2) minimization and 

equilibration with MD; 3) exhaustive exploration of the conformational space with Metadynamics [22]; 

4) selection of a starting model via comparison with experimental SAXS data; 5) refinement of the 

model with SAXS-driven MD simulations. 

The homology model was based on available PDBs: 1CF7 [11] contains the DBDs of E2F4/DP2 

in complex with DNA, while 2AZE [13] is the complex of the CC-MB domains of E2F1/DP1 with the 

RbC peptide (Fig. S5). As the relative orientation of the CC-MB domains with respect to the DBDs 

couldn’t be deduced from the starting PDBs, we guessed a possible initial conformation of the 

complex and then we explored a wide variety of possible CC-MB-DBDs orientations by Metadynamics 

[22], a technique that allows an exhaustive exploration of the conformational space by enhancing the 

sampling along specified collective variables. The wide ensemble of conformations collected with 

Metadynamics was analyzed in terms of agreement with the experimental SAXS data using CRYSOL 

[23], allowing to identify and select a preliminary model with a reasonable agreement with 

experimental data (χ2 < 2, see Materials and Methods for details).  

The preliminary E2F1DCM/DP1DCM/DNA model was used as a starting point for further refinement 

via 120 ns long SAXS-driven MD simulation. Eventually, a reference model was extracted from this 
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simulation, showing both good agreement with SAXS data (χ2 =1.26 in the range 0.009-0.25 Å−1, see 

Fig. 2) and good quality according to Molprobity [24] (Molprobity-score of 1.73, clash-score of 1.16, 

1.2 % Ramachandran outliers). The model (Fig. 2C) displays a gyration radius of 37.7 Å (well 

compatible with the one determined from SAXS experiments, see Table S2) and suggests that there 

is a preferential orientation of the CC-MB domains with respect to the DBDs, with the coiled-coil 

inclined towards the part of DNA occupied by DP1. 

 

E2F1DCM/DP1DCM/DNA dynamics 

SAXS data as well as preliminary simulations indicated that the E2F1DCM/DP1DCM/DNA complex is 

dynamic, and, therefore, the system should be better described by a conformational ensemble rather 

than by a single model. We performed multi-replica metainference MD simulation [25] in which the 

average SAXS intensities, computed over the replicas, are forced to fit with the experimental data 

within an accuracy determined on-the-fly. The resulting conformational ensemble shows good 

agreement with experiments (χ2 =1.23 in the range 0.009-0.25 Å−1) and highlights a significant inter-

domain flexibility, with the CC domains adopting a continuum of possible orientations with respect to 

the DBDs (Fig. 3 and Fig. S6). Despite this large conformational freedom, a preferential orientation of 

the CC domains, pointing toward the DNA side occupied by DP1, could be identified (Fig. 3), in line 

with the previous observation on the SAXS-refined single model. The described inter-domain 

movement is due to the flexibility of the linker regions between the DBDs and the CC domains, that 

include E2F1 residues 192-201 (GSHTTVGVGG) and DP1 residues 193-198 (GLPTNS), both 

showing a poor propensity to stabilize secondary structure according to our simulation (Fig. S7A). 

The presence of a preferential orientation is likely the result of the different length and amino-acidic 

composition of the two linkers, with the E2F1 linker rich in Glycine. 
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Figure 3. Schematic representation of the orientation adopted by the CC domain with respect 
to the DNA/DBDs. The DNA axis is aligned to the x axis, while the z axis was aligned to the axis 
connecting the DNA and DBDs geometric centers. In the plot are represented the x-y projections of 
the positions adopted by the last turns of the coiled-coil domain geometric center (black sphere in the 
model), once fixed the DNA and DBDs: here the observer is looking from the top of the z axis. Few 
representative structures, selected as the centers of the main six clusters, based on backbone-
RMSD, are illustrated (in this case the observer is looking from the top of the x axis).  

In addition to the inter-domain movement, few regions within the DBDs display poor secondary 

structure content and high flexibility (Figs. 4, S7A, and Movie 1). These regions include the N-

terminal tails (Fig. 4) of both E2F1 (residues 120-127, MSPGEKSR) and DP1 (residues 105-113, 

RNRKGEKNG, plus four residues derived from thrombin cleavage): herein, we noted that the long 

flexible DP1 N-terminal tail contains a high number of basic amino-acids, which could potentially favor 

binding to longer DNA constructs, aiding DNA recognition and binding outside the usual RRXYD 

motif. The DP1 loop between helices a2 and a3, comprising residues 148-161 (AADNHILPNESAYD) 

was also identified as a highly dynamic region according to Root Mean Square Fluctuation and 

secondary-structure content analysis (Figs. 4, S7A, and Movie 1).  
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Figure 4. E2F1/DP1 dynamics. (A) Per-residue Root mean square fluctuations (RMSF) of the E2F1 
and DP1 DBDs. Regions showing RMSF greater than 0.25 nm, are highlighted with shades. (B) 
Cartoon representation of a DNA/DBDs structure, where the position of the identified flexible regions 
is indicated. (C) Highlights of the flexible DBDs regions, including: E2F1 N-terminal (left); DP1 N-
terminal (center); DP1 a2-a3 loop, comprising residues 148-161. For each cartoon representation the 
dynamics regions are highlighted with transparent grey tubes, representing all the possible 
conformations of the simulated ensemble.  

 

DNA contacts on the DP1 side of the E2F motif improved affinity 

The data provided above prompted us to further analyze DNA requirements and to define whether the 

extension of the DNA oligo on the DP1 area may support the predictions of MD simulations. To this 

aim, we used a 25-mer labelled probe to analyze the affinity of E2F1DCM/DP1DCM for DNA oligos of 

different length in EMSA competition assays. Given the symmetry of the E2F1 promoter E2F core 

element, to discriminate between the E2F1 and DP1 contributions, we started with the defined non-

symmetrical E2F DNA element of 15 bp (oligo 1; Fig. 5A and Table S1) used for the E2F4/DP2/DNA 

crystals [11]; (PDB entry 1CF7). Five bp extensions with a random sequence on either side of the 

oligo were used as competitors to challenge binding (Fig. 5A). The competition rate of the 15-mer WT 

oligo derived from the probe was set as 1. The unlabeled 25-mer oligo, used as a positive control, 

showed higher competition efficiency, indicating that regions outside the 15-mer oligo indeed 

contribute to stabilize binding to DNA. With oligo 1 (15-mer) a substantial decrease in competition 

rates was observed (Fig. 5B). However, both (20-mer) 5bp-extended versions of this oligo, on either 

DP1 or E2F1 sides (oligos 3 and 4, respectively) compete well, showing an increased competition 

rate as compared to the WT oligo, which was more pronounced using oligo 3, on the DP1 side. To 

discriminate the contribution of E2F1 and DP1 to the DNA affinity, we designed optimized competitors 

where one and four bp were added at the E2F1 and DP1 sides, respectively: enhanced affinity was 

observed compared to the previous extensions, indicating an impact of nucleotides flanking the core 

DNA element, with an asymmetric effect, stronger for the sequence flanking the DP1 side (oligo 5 vs 

oligo 4). 
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Next, we started to evaluate a possible sequence-selectivity. First, a 20-mer oligo in which 

transitions from A/T to G/C were introduced to the five additional bases on the DP1 side competed 

similarly to oligo 3 (1.27 and 1.30 competition rates, respectively). To further substantiate this point, 

we used a set of unlabeled oligos in which the three nucleotides at the 3’ flanking of the core motif 

were mutated (oligo A-D; Fig. S8), based on the 18-mer oligo (oligo 2) that shows high competition 

rates: all mutations show similar competition rates, indicating no sequence preference (Fig. S8). 

 

 

 

Figure 5. In vitro validation of DP1 stabilization by competition EMSA experiments. (A) 
Sequence details and the alignment of the probe and the designed unlabeled oligonucleotides -
centered on the core CG bases (underlined)- annealed with their complementary sequences and 
used in competition EMSA. The two potential binding orientations for the WT oligo (sense and 
antisense strands) are shown. The 5′ or 3′ sequence extensions are highlighted in bold letters. The 
DNA bases contacted by E2F1 and DP1 proteins [11], and corresponding positions on the E2F1 
probe, are highlighted in red and blue, respectively. Mutant nucleotides are indicated in lowercase. 
(B) Direct competition EMSAs quantification. The indicated unlabeled competitors were incubated at 
increasing concentrations (5x, 25x, 100x fold excess) with the E2F1-25 bp probe (20 nM), with the 
addition of recombinant E2F1DCM/DP1DCM heterodimer (15 nM) and loaded for electrophoresis. The 
bound DNA was quantified in each dose curve data point as described in Materials and Methods. 
Competitor efficiencies (competition) displayed in the bar graph are the mean of at least three 
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independent experiments ±SD (error bar). The data are plotted setting as 1 the WT (15-mer) 
oligonucleotide competition slope. Representative gel of direct competition EMSA experiment is 
illustrated in the lower panel. As a positive control, the wild-type 25-mer E2F1 unlabeled oligo (Probe) 
was used as a competitor. Lane 2: E2F1DCM/DP1DCM was incubated alone with the probe. Lane 1: 
probe alone, in the absence of E2F1DCM/DP1DCM addition. On the left side of the gel, an arrowhead 
indicates the E2F1DCM/DP1DCM/DNA complex migration; fp: Free probe. 

 

DISCUSSION 

Sequence-specific TFs are proteins with minimally two essential parts: a DNA-binding domain (DBD) 

and a transcriptional activation domain (TAD). Most of them feature additional parts, which regulate 

their activities. In general, DBDs are well structured and indeed many of them have been detailed in 

complex with DNA by 3D studies over the last 30 years; other parts, including TADs, often 

characterized by a large content of disordered regions [26], remain less understood. Even less is 

known about how different domains of TFs connect to their DBDs. The E2F/DP family is paradigmatic 

in this regard: although crystal structures of the heterodimeric DBD and CC-MB domains are 

available, the relative connections and overall picture of the large, central portions of the heterodimers 

are missing. We used our recently developed integrative modelling approach, in which molecular 

dynamics is driven by SEC-SAXS data and coupled to homology modelling, to characterize the 

structural dynamics of a E2F1/DP1/DNA complex, composed by the three structured domains -DBD-

CC-MB- connected by disordered linkers (Fig. 1). The long, presumably disordered C- and the N-

terminal regions of the proteins were not included. The TF/DNA complex results in a very flexible 

system and relevant results are reported: (i) the CC domains are preferentially oriented toward the 

DNA side occupied by DP1 (Fig. 3); (ii) additional dynamics are observed within the a2-a3 loop -

residues 148-161- of the DP1 DBD (Fig. 4); (iii) the N-terminal regions of the DBDs are very flexible 

(Fig. 4), with DP1 showing a contribution to stabilization of DNA-binding. Intriguingly, these features 

highlight novel properties of DP1. 

The CC and MB domains are mobile with respect to the DBD heterodimer in complex with DNA 

and the flexible linkers are responsible for this. Remarkably, the movement of some 80° is not 

circular, but lateral and flexing along the DNA axis, with a precise directionality: specifically, the CC 

leans toward the DP1 side of the complex (Fig. 3). Sequence alignments of E2F and DP proteins 

show that the linker region is short and highly conserved in DP proteins, spanning 7aa with 100% 

identity: therefore, DPs appear to limit the flexibility, and all three members (DP1-3) are predicted to 

do it in the same way and to the same extent. Instead, canonical E2Fs -E2F1-6- have linkers whose 

length and amino acids composition are not conserved, ranging from the Gly-rich 11 aa of E2F1 to 15 

aa of E2F4/5. Such variability points to potential differences in the degree of flexibility of the DNA-

bound heterodimers, dictated by the specific E2F partner. As for interactions with pocket proteins, 

SAXS data with and without the RbC peptide are essentially superimposable, meaning that it has 

marginal influence on DNA-binding or on the flexibility of the full CC-MB portion of the complex. 

The second dynamic area is the DP1 loop between a2 and a3 of the DBD: according to the 

simulations, this stretch, partially populating a helical structure, is considered a highly dynamic region, 
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displaying poor secondary structure content (Figs. 4 and S7A). This is in striking contrast to the 

corresponding area of E2F1: as shown in the E2F4/DP2/DNA crystals, in fact, this area is robustly 

structured on the E2F4 side, neither do we detect a flexible area within E2F1 in our analysis. The 

E2F1 loop is much shorter and sequence alignments indicate high sequence conservation among 

E2F1-6 (Fig. S7B): thus, the prediction would be of little flexibility in all E2F members in this area. In 

contrast, the corresponding DP1 region shows a relatively low degree of sequence similarity to other 

DP proteins, particularly DP2, with only 6 conserved residues over 14 (43%), whereas our DP1 

construct has an overall identity with DP2 of 79% (Fig. S7B). In the E2F4/DP2/DNA structure, the 

DP2 loop is in a stretched configuration, but the presence of crystallographic contacts prevents us to 

gather conclusions about its status. Apparently, despite its flexibility, the DP1 loop is close to, but not 

in contact with, DNA: we are tempted to speculate that this adaptable area might be a flexible -and 

asymmetric- docking spot for protein-protein interactions with other TFs binding close to the E2F 

motif, potentially specific for the single DP proteins. 

The third highly dynamic area is the N-terminal region of DP1 -aa 105-RNRKGEKNG-113- 

containing numerous basic residues, which could make additional contacts to DNA, thus increasing 

overall DNA-binding affinity (Fig. 4). This was experimentally verified by EMSAs (Fig. 5): DNA oligos 

extended of 3 bps on the DP1 side stabilize DNA-binding. Note that the corresponding area in E2F1 is 

also flexible, although to a less extent, and that the addition of nucleotides on this side had less effect 

on DNA-binding stabilization. The DNA area of the extra DP1 contacts lies outside of the conventional 

motif contacted in a sequence-specific way by the DBDs. We thus further investigated whether the 

binding of DP1 to this extended area is sequence-specific: no significant preference was observed. It 

was important to establish this, since the exact limit of the core DNA region contacted by E2Fs/DPs 

has been a matter of some debate. In fact, the matrix derived from in vivo ChIP-seq data [27–29] 

appears to be a symmetric portion -CGCGC- of the larger, asymmetric TTTSSCGC matrix originally 

derived by extended mutagenesis and SELEX analysis with recombinant proteins in vitro [30] and 

subsequent alignment of target sites [28,31].  

In general, despite the apparent symmetry emerging from the available E2F4/DP2/DNA partial 

structures, in our complete SAXS structure of the E2F1DCM/DP1DCM/DNA complex we identified 

different levels of asymmetry, at the level of DNA-binding -extra domain of DP1- of the a2-a3 loop, 

and on the mobility of the CC-MB domains, toward the DP1 side. 

DNA-binding sites are known to be highly “packed” in regulatory regions, and it is intuitive how 

the E2F1/DP1 flexible properties might guide/adapt specific contacts with TFs neighboring E2F sites. 

Illustrative of this are data on the interactions between E2F1/DP1 and the bZip C/EBPa: DP1 

interferes with DNA-binding and transactivation of C/EBP/E2F co-targeted genes upon direct protein-

protein binding, independently from repressive pocket proteins interactions. Specifically, the DP1 

residues 105-127 were implicated in the interactions [32]. The Authors showed that a C/EBPa bearing 

a mutation in the basic region (BRM2) has an increased affinity for DP1, but a reduced affinity for 

DNA; importantly, DNA-binding -and transactivation- of this mutant on co-targeted promoters was 

restored upon knockdown of DP1, and E2F1, establishing a functional link between the basic region 

of C/EBPa and the N-terminal flexible region of DP1. Interestingly, BRM2 resembles disease-causing 
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mutations frequently found in acute myeloid leukemia (AML) patients [32]. As we provide data 

suggesting that the DP1 N-terminal residues are involved in DNA-binding stabilization, the two DBDs 

might physiologically compete for DNA-binding: the less basic BRM2, or other similar tumor mutants, 

could “lose” in the competition with the flexible DP1 N-terminal region, letting the pro-growth E2F/DP 

complex functionally prevail on neighboring, pro-differentiation C/EBP sites. 

Finally, our data have potential implications for the interpretation of E2F and DP cancer 

mutations. The E2F pathway is frequently deregulated in cancer through multiple mechanisms, but 

mutations in the E2F1 or DP1 genes are not frequently found in tumor cells [10,33]. We mined the 

Catalogue of Somatic Mutation in Cancer (COSMIC) and Cancer Cell Line Encyclopedia (CCLE) 

public databases [34,35] and we updated the list of E2F1 and DP1 missense mutations (Fig. 6). As 

shown before, mutations in DP1 are more numerous than those in E2F1, probably reflecting the 

inability of cells to tolerate loss- or gain-of-function mutants of the latter. Nevertheless, mutations in 

DP1 could impact on and deregulate E2F activity [36]. The locations of the mutations are throughout 

DP1 and E2F1, but there is an increased abundance located within, or flanking, the flexible and 

unstructured regions described here, particularly in the DBDs (Fig. 6). This could be because their 

effect is null, or because they have a specific function -either gain or loss of- on DP1, or on the E2F 

partner. In light of the essential role of dynamics in protein function, any molecular change caused by 

mutations might drastically distort protein’s intrinsic dynamics, therefore the protein functional activity 

[37]. To the best of our knowledge, no systematic study was done on E2F1 tumor mutants and there 

are no data on E2F1 mutations in the flexible linker (T195I, V199A, G201V) nor DBD N-terminal tail 

(S121F, P122L, E124Q, R127H), although this region was shown to be important for DNA-binding in 

vitro [38]. As for DP1, tumor mutants are found in the flexible regions of the DBD N-terminal end 

(R105H, K108N, G113D/S, K114R, G115D, R117W), the a2-a3 loop (A149V, D150N, I153T, P155Q) 

and the linker (T196A), among which G113S, G115D and D150N were systematically assayed [36] 

and showed normal E2F1 heterodimerization. As for the flexible areas identified here, G115D, but not 

D150N, is defective in binding DNA targets in vivo (ChIPs), which is consistent with the former, not 

the latter, being DNA-binding defective. Thus, the reduced activation of reporter genes relying on E2F 

sites is justified by the phenotype of decreased DNA binding of G113S, and G115D, but not for the 

a2-a3 loop D150N mutant. However, loss of transactivation was selective for certain promoters, 

suggesting mechanisms more subtle than simple on/off DNA-binding proficiency. The presence of 

pathological mutations in these regions could lead to distorted protein dynamics that affect protein 

function in a context-dependent way, including the above-mentioned docking spot(s) for binding of 

neighboring TFs. In addition to paving the road for further analysis of other E2F/DP family members, 

the strategies employed here could be used to study the relative dynamics of separate domains of 

other TFs whose structures are partially known. 
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Figure 6. Schematic diagrams showing the somatic mutations in E2F1 and DP1. Data of somatic 
mutations in E2F1 (A) and DP1 (B) were retrieved from COSMIC and CCLE database and mapped 
onto the corresponding domains. The orange shaded windows of 20 residues each (on top of each 
diagram) highlight the mutation density (total unique samples/ aa) throughout the proteins. Mutations 
within or flanking the described flexible regions are labelled. The green shaded areas highlight the 
flexible regions in the DBDs according to the MD simulations. Height of the bars denotes the mutation 
count according to COSMIC and CCLE. 
 

MATERIALS AND METHODS 

Protein co-expression and purification 

E2F1 was co-produced with DP1, both containing the DBD, the linker region, the coiled-coil (CC) 

heterodimerization domain, and the marked-box (MB) domain (DBD-CC-MB; E2F1DCM/DP1DCM)(Fig. 

1A). The cDNA sequence encoding residues Arg105-Thr353 (DP1DCM) of human DP1 was amplified 

by PCR from pCMV-Neo-Bam-Dp1 (Addgene plasmid # 37968, a kind gift of Jaqueline Lees) [39] and 
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subcloned into the pmcnEATNH vector [40], allowing E. coli expression of the fusion protein with a N-

terminal 6×His-tag, followed by a thrombin cleavage site. Human E2F1 cDNA (a kind gift of L. Vandel) 

[41] encoding residues Ser121-Glu301 (E2F1DCM) was amplified by PCR and subcloned into the 

pmcnYC vector [40]. PCR primers are listed in Table S1. The constructs were verified by sequencing 

and co-expressed in E. coli BL21(DE3). Co-transformed cells were grown in LB medium with double 

antibiotic selection (100 μg mL-1 ampicillin and spectinomycin) at 37 °C to an OD600 of 0.3 and 

induced by adding a final concentration of 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), with 

protein expression taking place overnight at 25 °C. Cells were pelleted by centrifugation at 4,000 × g 

for 30 min, resuspended in lysis Buffer A (50 mM Tris-Cl pH 8.0, 400 mM NaCl, 2 mM MgCl2, 10 mM 

imidazole, 10% glycerol, 2 mM DTT) added of PIC (Protease Inhibitor Cocktail, Sigma-Aldrich), and 

lysed by sonication. The resulting soluble fraction was recovered by centrifugation at 13,000 x g for 30 

min. E2F1DCM/6xHis DP1DCM was purified using nickel ion metal affinity chromatography (IMAC) on an 

ÄKTA pure system with 1 mL His-Trap FF column (GE Healthcare) and eluted in Buffer A containing 

100 mM imidazole. The pooled protein fractions were then incubated overnight at 4 °C with thrombin 

(Sigma-Aldrich) to cleave the N-terminal 6×His-tag. The cleaved protein was concentrated and further 

purified by gel filtration chromatography using a HiLoad 10/300 Superdex 200 column (GE 

Healthcare) equilibrated in Buffer B (50 mM Tris-Cl pH 8.0, 400 mM NaCl, 5% glycerol, 2 mM DTT). 

The purity of the protein was examined on SDS-PAGE gel stained with Coomassie brilliant blue (Fig. 

S1). 

 

Electrophoretic Mobility Shift Assay 

Recombinant E2F1DCM/DP1DCM heterodimer (Fig. 1A and S1) was added to a binding reaction mix 

containing a 25 bp Cy5-labelled probe derived from human E2F1 promoter (E2F1 Probe; 5′-[Cy5]-

AAAGGATTTGGCGCGTAAAAGTGGC-3′). The final reaction composition was the following: 20 nM 

probe, 20 mM Tris-Cl pH 7.5, 20 mM NaCl, 5 mM MgCl2, 0.5 mM EDTA, 5% glycerol, 0.2 mg mL-1 

BSA and 2.5 mM DTT. The reactions were incubated at 30 °C for 30 min in the dark, loaded onto a 

6% native polyacrylamide gel in 0.25x TBE, and run at 100 V for electrophoresis. A Chemidoc MP 

imaging system (Bio-Rad, Hercules, CA, USA) coupled with the ImageLab software (Bio-Rad) was 

used in the acquisition and analysis of fluorescence signals. For competition assays, increasing molar 

excess (5x, 25x, 100x fold) of unlabeled competitor oligos were added to the mix, containing 15 nM 

protein. The oligonucleotides used in competition assays are listed in Table S1. In each dose curve 

data point, the bound DNA was quantified and plotted in function of the molar excess of the 

competitor (fold competitor, expressed as the ratio of the competitor vs. total oligo concentration). For 

each experiment, the regression line slope obtained through the 0, 5x, 25x, 100x competition data 

points vs. the WT oligo slope represents the competitor efficiency (slope/WT). The shown data 

represent the means ± standard error of at least three independent competition experiments. 

 

Sample preparation for SEC-SAXS analysis 

The 15-mer DNA oligo of the human E2F1 promoter (5′-GATTTGGCGCGTAAA-3′) used for the 

assembly of protein/DNA complexes was obtained from Eurofins Genomics as single-stranded oligos 
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and annealed in 10 mM Tris-Cl (pH 8.0) containing 50 mM NaCl, and 1 mM EDTA. The purified 

E2F1DCM/DP1DCM heterodimer was mixed with the DNA at a molar ratio of 2:1 and subjected to step 

dialysis to gradually decrease salt concentration to 150 mM NaCl, thus allowing DNA binding. The 

ternary complex was isolated using Superdex 200 gel filtration chromatography and concentrated to 4 

mg mL-1 in Buffer C (50 mM Tris-Cl pH 8.0, 150 mM NaCl and 2 mM DTT). The RbC peptide 

(residues 829-874) [13] was synthesized (ProteoGenixSAS, France) and dissolved in 10 mM Tris-Cl 

pH 8.0 and 50 mM NaCl. The peptide was mixed with purified E2F1DCM/DP1DCM/DNA complex at a 

molar ratio of 2:1 and subjected to SEC-SAXS analysis. 

 

Online SEC-SAXS Measurements and Data Processing  

X-ray scattering patterns of E2F1DCM/DP1DCM complexes were recorded using the online Size 

Exclusion Chromatography using Superdex 200 increase 3.2/300 (GE Healthcare) column available 

at the B21 BioSAXS beamline of the Diamond Synchrotron (Didcot, Oxfordshire, UK) (refer to Table 

S2 for details). For each sample, 45 μL of a 4 mg mL-1 was injected onto a pre-equilibrated column in 

Buffer C, and roughly 600 sequential images were recorded at a flow rate of 0.075 mL min-1. Primary 

data reduction was performed using ScÅtter [42] yielding averaged scattering intensities I(q), where q 

is the momentum transfer (q = 4πsinq/λ, with 2q being the scattering angle and λ is the wavelength of 

the incident radiation). Using the same software, the two-dimensional scattering images were radially 

processed, the buffer scattering intensities were subtracted and the Rg, Dmax, and I(0) were computed. 

The molecular weight was estimated using SAXSMoW program available at http://saxs.ifsc.usp.br/ 

[43]. 

 

Building a structural model of the E2F1DCM/DP1DCM heterodimer. 

A tentative initial model of the E2F1DCM/DP1DCM/DNA construct was built starting from the available 

PDB structures of homologous proteins: 1CF7 [11], containing the DBDs of E2F4/DP2, and 2AZE 

[13], comprising the CC and MB domains of E2F1/DP1 in complex with the Rb peptide. The model 

was built using Modeller [44], adding the missing residues at the termini and in the linker-regions 

connecting the DBDs to the CC domains. The 15 base-pairs DNA was built starting from the one in 

PDB 1CF7 replacing the different nucleotides using Coot [45]. 

The generated model of the DNA-bound E2F1DCM/DP1DCM heterodimer was minimized and 

equilibrated with GROMACS 2018 [46] and the PLUMED2 software [47], using amber99sb-disp force 

field [48], combined with Parmbsc1 for DNA [49], and TIP4P-D water [50]. The system was solvated 

in a dodecahedron box, initially 1.6 nm larger than the complex in each direction, neutralized with Na 

and Cl ions to reach a salt concentration of 10 mM, then minimized and equilibrated at the 

temperature of 298 K and pressure of 1 atm using the Berendsen thermostat and barostat [51]. 

Production simulations were run in the NVT ensemble maintaining the temperature at 298 K with the 

Bussi thermostat [52]; the time step was of 2 fs, bonds involving hydrogen atoms were constrained 

with the LINCS algorithm [53], the electrostatic was treated by using the particle mesh Ewald scheme 

[54] with a short-range cut-off of 0.9 nm and van der Waals interaction cut-off was set to 0.9 nm. In all 

the simulations, harmonic distance restraints were applied with PLUMED to maintain the hydrogen 
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bonds between the first/last DNA base-pairs and between the Arginine side chains of E2F1 (R165-

R166) and DP1 (R167-R168), belonging to the DNA-recognition motif, with DNA nucleotides G9’, G8, 

G6, and G7’, respectively. To obtain an exhaustive exploration of the conformational space, 

particularly focusing on the relative orientation of the CC domains and DBDs, we performed a long 

multi-replica Metadynamics [22,55] simulation (see Supplementary Materials for more details). The 

conformations explored were analyzed in terms of agreement with the experimental SAXS data using 

CRYSOL [23], to identify a representative conformation to be used as a starting model for further 

refinement. The selection was performed saving a snapshot for each ns of simulation (total of ~1600 

conformations) and calculating the χ2 with respect to experimental data (in the range 0-0.3 Å−1) using 

CRYSOL [23]. The conformations were then clustered based on protein-backbone plus DNA RMSD 

with a cutoff of 9 Å, and the average χ2 was computed for all the clusters containing at least 30 

conformations: eventually, a representative structure was extracted from the most populated clusters 

with a <χ2> lower than 2.  

 

SAXS-driven MD simulations of the E2F1DCM/DP1DCM/DNA 

The selected conformation of DNA-bound E2F1DCM/DP1DCM heterodimer was used as the starting 

model for a new iteration of minimization and equilibration, followed by SAXS-restrained MD 

simulations. We followed two different protocols for SAXS-driven simulations, both based on 

metainference [25,56], a technique to integrate ensemble-averaged experimental data in MD 

simulations exploiting Bayesian inference to deal with both random and systematic errors. As the 

calculation of SAXS intensities is computationally expensive, we made use of the hybrid approach 

described in [57] to integrate SAXS restraints, using PLUMED: herein SAXS intensities are computed 

via a coarse-grained method based on the Martini force field, while the simulations are run with full 

atomistic details. In the first simulation, we used a single replica, i.e. we forced a single structure to fit 

the experimental restraints: this simulation was evolved for 120 ns and the model with a lower 

metainference score was extracted as reference. In the second simulation, we adopted a multi-replica 

approach (as in [56]), computing the SAXS intensities for each replica and forcing the average over 

the replica to fit the experimental restraints, thus allowing us to take into account molecular flexibility. 

Here 20 replicas were used, each one evolved for 400 ns, resulting in a total simulation time of 8 μs. 

In both cases a set of 12 representative SAXS intensities at different scattering angles, ranging 

between 0.009 Å−1 and 0.20 Å−1 and equally spaced, was used as restraints. These representative 

intensities were extracted from experimental data, after regularization was performed with the 

Distance Distribution tool of Primus, based on Gnom [58,59]. Metainference was applied every 6 

steps, using a single Gaussian noise per data point and sampling a scaling factor between 

experimental and calculated SAXS intensities with a flat prior between 0.7 and 1.3. For these SAXS-

driven simulations, the hydrogen mass repartitioning scheme [60] was used to reduce the 

computational cost: the mass of heavy atoms was repartitioned into the bonded hydrogen atoms 

using the heavyh flag in the pdb2gmx tool, the LINCS algorithm [53] was used to constraint all bonds, 

eventually allowing to use a time step of 5 fs. 
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RESEARCH DATA 

The input files used to generate the structural models, as well as the bundle of structures shown in 
Fig. 3, are deposited in PLUMED-NEST [61] as plumID:20.029. The SAXS data and the single model 
shown in Fig. 2 are deposited in the SASBDB [62] as SASDKH2. 

 

ACCESSION NUMBERS 

RefSeq protein IDs: NP_009042 (transcription factor Dp-1 [Homo sapiens]); NP_005216 (transcription 
factor E2F1 [Homo sapiens]). PDB ID: 2AZE_C (Rb C-terminal domain); PDB ID: 1CF7; PDB ID: 
2AZE 

 

SUPPLEMENTAL DATA 

Supplemental Data are available online. 

- Supplemental Data PDF file 

- Supplemental Movie file: Movie 1. Video displaying the dynamics of the DNA-binding domain.  
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FIGURES LEGENDS 

Figure 1. (A) Schematic representation of E2F1 and DP1 domain organization with their respective 

amino acid sequence numbering, and recombinant protein constructs used in this work. The 

conserved domains of E2F1 and DP1 are depicted in red and blue, respectively. The 6×His-tag is 

indicated as an orange sphere. (B) Cartoon representation of E2F/DP homologous proteins from 

available PDBs: 2AZE (top), corresponding to the marked-box and coiled-coil domains of E2F1/DP1, 

in complex with the Rb peptide; and 1CF7 (bottom), including the DBD of E2F4/DP2 bound to 15-bp 

DNA. 

Figure 2. Experimental SEC-SAXS profiles and atomistic model for E2F1DCM/DP1DCM/DNA complex. 

(A) I(q) vs. q as semi-logarithmic representation, with Guinier fit (red line) for qRg < 1.3 is shown as 

inset. The black line represents the model SAXS profile, back-calculated using CRYSOL, displaying a 

χ2 = 1.26 in the range 0.009-0.25 Å−1. In the lower panel residuals are reported. (B) Normalized Kratky 

plot [(qRg)2I(q)/I(0) vs. qRg] for the data in (A). (C) Representation of the E2F1DCM/DP1DCM/DNA model 

refined via single-replica SAXS-driven MD. 

Figure 3. Schematic representation of the orientation adopted by the CC domain with respect to the 

DNA/DBDs. The DNA axis is aligned to the x axis, while the z axis was aligned to the axis connecting 

the DNA and DBDs geometric centers. In the plot are represented the x-y projections of the positions 

adopted by the last turns of the coiled-coil domain geometric center (black sphere in the model), once 

fixed the DNA and DBDs: here the observer is looking from the top of the z axis. Few representative 

structures, selected as the centers of the main six clusters, based on backbone-RMSD, are illustrated 

(in this case the observer is looking from the top of the x axis 

Figure 4. E2F1/DP1 dynamics. (A) Per-residue Root mean square fluctuations (RMSF) of the E2F1 

and DP1 DBDs. Regions showing RMSF greater than 0.25 nm, are highlighted with shades. (B) 

Cartoon representation of a DNA/DBDs structure, where the position of the identified flexible regions 

is indicated. (C) Highlights of the flexible DBDs regions, including: E2F1 N-terminal (left); DP1 N-

terminal (center); DP1 a2-a3 loop, comprising residues 148-161. For each cartoon representation the 

dynamics regions are highlighted with transparent grey tubes, representing all the possible 

conformations of the simulated ensemble. 

Figure 5. In vitro validation of DP1 stabilization by competition EMSA experiments. (A) Sequence 

details and the alignment of the probe and the designed unlabeled oligonucleotides -centered on the 

core CG bases (underlined)- annealed with their complementary sequences and used in competition 

EMSA. The two potential binding orientations for the WT oligo (sense and antisense strands) are 

shown. The 5′ or 3′ sequence extensions are highlighted in bold letters. The DNA bases contacted by 

E2F1 and DP1 proteins [11], and corresponding positions on the E2F1 probe, are highlighted in red 

and blue, respectively. Mutant nucleotides are indicated in lowercase. (B) Direct competition EMSAs 

quantification. The indicated unlabeled competitors were incubated at increasing concentrations (5x, 
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25x, 100x fold excess) with the E2F1-25 bp probe (20 nM), with the addition of recombinant 

E2F1DCM/DP1DCM heterodimer (15 nM) and loaded for electrophoresis. The bound DNA was quantified 

in each dose curve data point as described in Materials and Methods. Competitor efficiencies 

(competition) displayed in the bar graph are the mean of at least three independent experiments ±SD 

(error bar). The data are plotted setting as 1 the WT (15-mer) oligonucleotide competition slope. 

Representative gel of direct competition EMSA experiment is illustrated in the lower panel. As a 

positive control, the wild-type 25-mer E2F1 unlabeled oligo (Probe) was used as a competitor. Lane 2: 

E2F1DCM/DP1DCM was incubated alone with the probe. Lane 1: probe alone, in the absence of 

E2F1DCM/DP1DCM addition. On the left side of the gel, an arrowhead indicates the 

E2F1DCM/DP1DCM/DNA complex migration; fp: Free probe. 

Figure 6. Schematic diagrams showing the somatic mutations in E2F1 and DP1. Data of somatic 

mutations in E2F1 (A) and DP1 (B) were retrieved from COSMIC and CCLE database and mapped 

onto the corresponding domains. The orange shaded windows of 20 residues each (on top of each 

diagram) highlight the mutation density (total unique samples/ aa) throughout the proteins. Mutations 

within or flanking the described flexible regions are labelled. The green shaded areas highlight the 

flexible regions in the DBDs according to the MD simulations. Height of the bars denotes the mutation 

count according to COSMIC and CCLE. 

 


