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Abstract: The human mediator subunit MED25 acts as a coactivator that binds the transcriptional
activation domains (TADs) present in various cellular and viral gene-specific transcription factors.
Previous studies, including on NMR measurements and site-directed mutagenesis, have only yielded
low-resolution models that are difficult to refine further by experimental means. Here, we apply
computational molecular dynamics simulations to study the interactions of two different TADs from
the human transcription factor ETV5 (ERM) and herpes virus VP16-H1 with MED25. Like other
well-studied coactivator-TAD complexes, the interactions of these intrinsically disordered domains
with the coactivator surface are temporary and highly dynamic (‘fuzzy’). Due to the fact that the
MED25 TAD-binding region is organized as an elongated cleft, we specifically asked whether these
TADs are capable of binding in either orientation and how this could be achieved structurally and
energetically. The binding of both the ETV5 and VP16-TADs in either orientation appears to be
possible but occurs in a conformationally distinct manner and utilizes different sets of hydrophobic
residues present in the TADs to drive the interactions. We propose that MED25 and at least a subset of
human TADs specifically evolved a redundant set of molecular interaction patterns to allow binding
to particular coactivators without major prior spatial constraints.

Keywords: transactivation domain; coactivator; mediator; MED25; VP16; ETV5; ERM;
‘fuzzy’ complex; intrinsically disordered; molecular dynamics simulation; bidirectional binding;
computational prediction

1. Introduction

The regulated expression of the human genome results from the interplay between epigenetic
processes and the activity of gene-specific transcription factors (GSTFs) [1]. Specific parts of GSTFs, the
transactivation domains (TADs) [2] are responsible for stimulating the expression of nearby genes by
interacting dynamically with coactivators that are typically part of the invariant basal transcriptional
machinery. Some of the best understood coactivators are present in the basal factor TFIID and in
the Mediator complex that associate with RNA polymerase II during transcription initiation [3,4].
TADs activate transcription in a gene-specific manner by aiding in the recruitment and/or subsequent
stabilization of the basal transcriptional machinery at promoters. Although discovered more than
three decades ago, the structural and functional basis of coactivator-TAD interactions is still poorly
understood. This is mostly because these interactions are relatively weak (micro-/high nanomolar
affinities), short-lived (characterized by high association and dissociation rate constants) and structurally
highly dynamic [5–8]. Research on one of the best-understood model systems, the interaction between
the yeast transcription factor GCN4 and its coactivator target GAL11, has demonstrated that these
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interactions are “fuzzy”, which means that they are best understood as a stochastic equilibrium of
rapidly interconverting structures [7,9]. Computational simulation techniques, especially atomistic
molecular dynamics (MD) simulations, are therefore ideally suited to provide new insights into such
complex interaction patterns [9].

Here, we apply a computational approach to investigate the interactions of a human and a
viral TAD with the activator-interacting domain (ACID) of the Mediator subunit MED25 (Figure 1a).
MED25 has recently emerged as one of the most significant targets for functional interactions with a
range of transcriptional activators [4,6,8,10–15].

Figure 1. MED25-ACID domain interactions with transactivation domains (TADs). (a) Domain
structure of MED25, ETV5 and VP16. Various functionally characterized domains and their location
within the primary structures are shown as colored boxes. The numbers indicate amino acid positions
at the border. MED25: VW-A (von Willebrands factor domain A; dark grey); ACID (activator
interacting domain; dark blue). ETV5: AD1, AD2 (transactivation domain 1 (purple) and 2 (pastel blue),
respectively); NRD (negative regulatory domain; light grey); ETS (ETS DNA-binding domain, powder
blue). VP16: Core (Oct-1/HCF-binding domain; dark grey); H1 and H2 (transactivation domains H1
(turquoise) and H2 (lime green), respectively). (b) The solution structure of the MED25-ACID domain
(residues 394–543) is shown as a grey cartoon structure. Note the seven-stranded β-barrel structure
flanked by three α-helices. Residues identified as contributing to the binding of the VP16-H1 TAD
(K413 and P414 (in the loop joining β1 and β2 sheet); I449 and Q451 in β3; V534, I537 and R538 in α3) are
shown in cyan with their van der Waals radii. (c) Same as in (b), but with the ETV550–61 TAD modelled
as a purple cartoon structure in the position and orientation proposed previously [16]. Some of the key
sidechains (L53, W57 and E60) are modelled as liquorice structures and face the TAD-binding region as
defined by the MED25 residues listed previously. (d) Primary amino acid sequence of the ETV538–68 and
the VP16-H1413–452 TADs. Negatively charged residues are highlighted in red and large hydrophobic
amino acids shown to be functionally particularly relevant in blue.

The structure of the human MED25 Activator Interaction Domain (“ACID”) consists of a
seven-stranded closed β-barrel with three externally located α-helices [17] (Figure 1b). Site-directed
mutagenesis studies identified a hydrophobic pocket that plays a critical role for binding the TAD of
the VP16 protein encoded by Herpes virus, as well as the TADs of cellular transcription factors, such as
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the ‘Ets-related molecule’ (ETV5; also known as ERM; (Figure 1a–c)). ETV5 has been implicated in
controlling aspects of cell differentiation and proliferation, immune response, apoptosis and cancer [18].
One of the TADs of ETV5 (AD1; Figure 1a) has been narrowed down to a short motif located near
the N-terminus of the protein (ETV538–68; Supplementary Materials Figure 1) [19]. This sequence is
intrinsically disordered but binds in an α-helical conformation to the MED25-ACID of the mediator
complex (Figure 1c,d) [16,20]. The VP16-TAD is substantially longer and consists of two separate
parts, referred to as subdomains H1413–452 and H2453–490 (Figure 1a) [21]. NMR titration experiments
revealed that the two subdomains bind on opposite faces of MED25-ACID and that the VP16-H1413–452

TAD binds in a region overlapping with the ETV5 binding site [12,13,16]. The interactions of the TADs
of ETV538–68 and VP16-H1413–452 with MED25-ACID are thus arguably some of the experimentally
best-defined examples of human TAD-coactivator interactions, yet the exact binding mechanism
remains largely unknown. While we expect to observe similarities in the binding behavior of these
two TADs, we were also interested to find out whether there are variabilities in the observable binding
behaviors that may reveal differences in their functional properties. ETV5 is expected to cooperate in an
orderly fashion with other GSTFs in human cells to regulate the expression of around 200 genes [22,23],
whereas the viral VP16-TAD has primarily evolved to disrupt transcription of the host cell by competing
with existing TAD-coactivator complexes [24]. Furthermore, other highly studied coactivators contain
TAD-binding sites that are comparatively ‘flat’ and allow the transactivating helix of TADs to bind
varying up to 180o in spatial orientation according to computational simulations [16]. In contrast,
the TAD-binding region of MED25 is much more cleft-like and thus likely to accommodate significantly
less rotational freedom in its fuzzy binding mode (Figure 1c) [12,13]. We were therefore particularly
interested to investigate how the ETV5 and VP16 TADs respond to binding to such a spatially restricted
target region.

2. Materials and Methods

2.1. Modelling, Parameterization and MD Simulation

The coordinates of ETV550–61 docked to MED25 (cis-orientation) published in Landrieu et al. [16]
were kindly provided to us by A. Verger. The portion of ETV550–61 present in the model was extended N-
and C-terminally to the longer ETV538–68 TAD based on the primary sequence from UniProtKB-P41161
(www.uniprot.org) to match it more precisely to the portion of the protein used in the experimental
work [16]. The extensions were performed in Yasara Structure [25] using various helical ϕ and ψ
parameters to prevent steric clashes of the added residues with the coactivator surface (due to the
flexibility of TADs, the precise position of residues in the starting model is not directly relevant because
it will equilibrate during the subsequent simulation steps). For creating the trans-orientation model,
the TAD was rotated by 180o but otherwise kept in the same position relative to MED25. The resulting
models were capped at N- and C-termini (acetyl- and amide groups, respectively) to neutralize their
charges, parameterized with Amber ff14SB [26] and set up in a TIP3P water box extending 25 Å
from the protein surface and containing 150 mM NaCl [27]. For creating models of VP16-H1413–452

bound to MED25, in both cis- and trans-orientations, residues in the ETV550–61/MED25 model were
mutagenized in silico to the appropriate primary amino acid sequence based on UniProtKB-P06492.
A 5000-step steepest descent minimization and 5000-step conjugated gradient minimization with a
non-bonded cut-off of 10 Å and a positional restraint of 500 kcal/mol/Å2 were included in the first
minimization step. The second minimization step involved a 1000-step steepest descent minimization
and 1500-step conjugated gradient minimization with a non-bonded cut-off of 10 Å without any
constraints. Following the minimization, the system was heated up to 310K linearly by a 100-ns
simulation with 10,000 steps and positional restraints of 10 kcal/mol/Å2. A standard simulation was
then performed for 30–40 nanoseconds at 310K with 2 femtosecond time steps, 10 Å cut-off and no
constraints on GPUs [28] to obtain equilibrated values for dihedral- and total potential energy using
AMBER16 [29]. These values were used to set up conditions for one microsecond-long accelerated

www.uniprot.org
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(torsion and potential energy dual boost) molecular dynamics (aMD) simulations with an α-factor of
0.2 in a constant-temperature, constant-pressure (NPT) ensemble as previously described [9,30].

2.2. Markov Chain Monte Carlo (MCMC) Simulations

The Phaistos program package for protein structure inference was used to create Markov chain
Monte Carlo (MCMC) simulations of individual TADs [31,32]. For both ETV538–68 and VP16- H1413–452,
two independent sets of MCMC simulations were set up with 25 threads each. To avoid any
structural bias from starting structures, the simulations were started using the amino acid sequence
as the sole input. The pivot-uniform backbone and uniform sidechains moves create a random,
uniformly distributed rotation of the dihedral (ϕ, ψ) and sidechain torsion angles (χ angles) in single
residues. The energy terms were integrated with the Profasi force field that is parameterized to
simulate interactions in the presence of a solvent. The Metropolis-Hastings algorithm was used as the
acceptance criterion.

2.3. Analysis and Visualization

The trajectory data were analyzed by various methods provided by Visual Molecular Dynamics
(VMD; [33]), Yasara Structure (preparing structures for simulation) [25] and CPPTRAJ (molecular
distance and angle measurement, secondary structure quantitation) [34]. Relative angles between
MED25 and TADs were measured using vectors representing the directions of β3 (MED25447–455 [17])
and α-helical portions of ETV5 (ETV545–59) or VP16 (VP16436–447).

2.4. MM-GBSA Analysis

The binding free energy was estimated by the Molecular Mechanics Generalized Born Surface
Area (MM-GBSA) method [35]. From each aMD simulation, snapshots were extracted at 1 nanosecond
intervals to sample the whole course of the trajectory.

3. Results

3.1. Structural Aspects of ETV538–68 and VP16-H1413–452 TADs Prior to Binding to Coactivators

TADs are intrinsically disordered but generally display a propensity for the formation of transient
α-helices [9,19,36]. In order to explore the full innate secondary structure potential of ETV538–68 and
VP16-H1413–452 TADs in the absence of any coactivator binding, we carried out Markov chain Monte
Carlo (MCMC) simulations that allow for the comprehensive exploration of conformational states
without entrapment in local minima (Figure 2a,b).

In close agreement with experimental data, the MCMC data predicts a α-helicity for the unbound
ETV538–68 TAD (~39% experimental [19] versus 44% simulated; Table S1). Much of the helicity
is observed in the central region containing large hydrophobic amino acids (L46, F47 and W57).
The VP16-H1413–452 TAD also adopts a high α-helical content including—in contrast to the ETV538–68

TAD—a significant proportion of 310 helices (Table S1). Overall, the ETV538–68 TAD appears to
contain more highly localized secondary structures with higher helical propensity as compared to
VP16-H1413–452. A feature common to both TADs is a rapid increase in disorder at the C-terminus,
where the last five to six residues are increasingly adopting ‘bend’ and ‘turn’ conformations (Figure 2a,b).
Both TADs also include distinct motifs in their primary sequences that are characteristic of transcriptional
activators (Figure S1) [2,37,38].
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Figure 2. Secondary structure propensities of transactivation domains (TADs) ETV538–68 and
VP16-H1413–452. (a) Markov chain Monte Carlo (MCMC) simulation of the ETV538–68 TAD.
The percentage of helical (blue) and ‘bend/turn’ (turquoise) conformations formed in the simulated
structures is plotted as a bar chart relative to the primary amino acid sequence (horizontal axis;
single letter amino acid code; residues shown start at position 36 and end at position 68 relative
to the full length sequence). (b) Same as in (a), but for the VP16-H1 primary amino acid sequence.
The horizontal axes are residues 413 to 452 of the full-length sequence of VP16 shown as a single-letter
amino acid code. (c) Phase diagram plotting the root-mean square deviation (RMSD) against the
radius of gyration (Rg) for the MCMC-simulated data (light grey), and the MED25-bound versions of
ETV538–68 in the cis (red) and trans (orange) orientation (see text for more details). (d) Same as in (c) but
for the VP16-H1413–452 TAD.

3.2. The ETV538–68 and VP16-H1413–452 TADs Interact with MED25 in an Orientation-Specific Manner

Experimental observations, including in vitro competition data, support the idea that the ETV538–68

and VP16-H1413–452 TADs bind to the same target area on MED25-ACID [16]. We were therefore
interested in finding out to what extent the binding mode of these two distinct TADs share common
features or differ from each other. In the absence of further structural information, we modelled the
VP16-H1413–452 TAD in the same starting position as ETV538–68. Moreover, because we do not know
in which orientation the ETV538–68 and VP16-H1413–452 TAD bind to MED25, we created two models
containing each of the TADs in the two possible orientations, which we will refer to as either the
cis- or trans-orientation, respectively. For all models, we assumed that the initial position, secondary
structure content and local structure would only be of minimal significance because the TADs would
adopt an appropriate position and structure during the course of the aMD simulations (‘induced
fit’; [13]). In order to sample a diverse range of conformations, the MED25-ACID/ETV538–68 and
MED25-ACID/VP16-H1413–452 models were subjected to five independent aMD simulations from
the same starting conformation lasting for 1 microsecond each (Figure 3). Due to the nature of the
enhanced sampling simulation strategy, the trajectories are expected to reveal motions that occur in a
time range spanning several hundred microseconds, or even into the millisecond range, thus bringing
the simulations into a physiologically relevant time-range that is directly comparable to the durations
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of interactions typically observed in vitro and in vivo (millisecond range) [5,7,8,16]. We started our
simulations from a model with an essentially arbitrary secondary structure outside the predicted
α-helical cores spanning residue positions 50–61 of ETV5. Any specific secondary structures formed
in this region therefore represent structures formed by de novo folding on the coactivator surface.
The secondary structure analysis shows that the C-terminal border of α-helical structure of ETV5
coincides mostly with A61 as proposed by the previously available model (Figure 3a) [16]; occasional
transitions of helical structures to less ordered ones are temporary and appear readily reversible.

Figure 3. Time-course of TAD structures bound to MED25-ACID. (a) Secondary structure assignments
along the vertical primary amino acid sequence are shown across the five independent accelerated
molecular dynamics (MD) simulations (aMD1-aMD5) for the cis- and trans-orientations of ETV538–68

relative to MED25. The secondary structure state of each residue is color-coded according to the color
scale shown below. The positions of two key amino acid residues, F47 and W57, are highlighted in red
and with a dotted line across all ten ETV538–68 aMD trajectories. The positions of residues S34 and A61,
marking the approximate N- and C-terminal limit of the α-helical region, respectively, are shown with
a black dotted line. (b) Same as in (a), but for the VP16-H1413–452 TAD data. The position of three key
amino acid residues, L439, F442 and L444, are highlighted in red and with a dotted line across all ten
VP16-H1413–452 aMD trajectories. The positions of residues P415 and L424, marking the approximate
N- and C-terminal limit of the most N-terminal α-helical region, respectively, are shown with a black
dotted line. For the C-terminal helical region, positions of A434 and L447, demarcating the approximate
boundaries of the C-terminal helix, are shown. (c) Phase diagram showing the distance of ETV5-W35

relative to MED25-Q451 across all cis- (light blue) and trans- (dark blue) simulations. Note that in the
cis-orientation ETV5-W35 typically remains closely associated (typically with 5–7 Å) with the cleft
on MED25 (of which MED25-Q451 is an integral part). In the trans-orientation, ETV5-W35 constantly
remains distant (typically 10–22 Å) from the cleft. (d) Same as in (c) but for the distance of VP16-F422

relative to MED25-Q451. See Figure S2 for a more detailed break-down of the angle distributions
between MED25 and the TADs in each of the four simulations.



Biomolecules 2020, 10, 1205 7 of 17

In contrast, at the N-terminal end, we observe a variable extension of α-helical structures that
routinely extend to S43 and, less frequently, beyond. The borders of α-helical conformation appear to
form independently in both cis- and trans-orientations in comparable locations, suggesting that the
different structural features of the coactivator surface encountered in these opposite orientations of the
TAD play no substantial role in affecting the formation of secondary structures - the borders of the
α-helix are independently encoded within the primary structure of the ETV5-TAD itself (Figure 2a).
While all five simulations of ETV5 in the cis-orientation give rise to uninterrupted α-helices, two
simulations of ETV5 in the trans-orientation (aMD1 and aMD3) result in localized internal breaks of
helicity that occur shortly after the start of the simulation and persist until the end, suggesting that they
are stable, alternative conformations of ETV538–68 binding to MED25. The α-helices observed during
the course of the aMDs (even when disrupted as in some of the trans-orientation ETV5 simulations)
ensure that key hydrophobic residues (such as F47 and W57), that are known to play an essential role
in coactivator binding [16,20], remain almost constantly embedded within a stable local helical TAD
conformation, regardless of TAD orientation relative to the coactivator. The overall conformations
explored when bound to the coactivator surface fall within the conformational space that ETV538–68

explores as a free polypeptide (Figure 2c). While binding in the cis-orientation creates a spatially
rather confined structure (red data points in Figure 2c), binding in the trans-orientation bifurcates
phase space into two distinct states that appear to be populated comparably (orange data points in
Figure 2c). We conclude that the binding of ETV538–68 in both cis- and trans-orientations has only
minor effects on secondary structure, but that binding in the trans-orientation at least partially relies on
accessing conformations that are specific to that orientation (but nevertheless already preconfigured in
the unbound TAD).

A similar analysis of secondary structure formation of the VP16-H1413–452 TAD reveals a different
picture: the α-helices formed when bound to MED25 are shorter and their boundaries are less
clearly defined. Two separate regions with α-helical propensity are apparent spanning approximately
residues 415 to 424 (the ‘N-terminal helix’) and residues 434 to 447 (the ‘C-terminal helix’; Figure 3b).
The N-terminal border of the N-terminal helix is clearly defined due to the presence of two proline
residues (P414 and P415). In two simulations of the VP16-H1413–452 TAD in the cis-orientation (aMD4
and aMD5), the helical structure appears quite stable once formed, whereas, in the three other
simulations, helical structures form only fleetingly. In the trans-orientation, characteristic helices with
C-terminal borders around S419 or L420 make an appearance. Previous mutagenesis work has not
revealed any residues of special functional significance in this region [21,39]. The C-terminal helix,
which includes the functionally significant residues L439, F442 and L444, is partially α-helical in both cis-
and trans-orientation, but with enhanced helicity in the cis-direction. Similar to ETV538–68, the key
hydrophobic residues are embedded within regions of highα-helical propensity (Figure 3b). The overall
structure of the VP16-H1413–452 TAD bound to MED25 lies mostly within the conformational space
predicted by the MCMC simulation data of the unbound TAD but binding in the cis-orientation does
appear to draw the TAD into a slightly different conformational space (Figure 2d). This suggests that the
surface of MED25 causes a slight deviation from the inherent structural propensity of VP16-H1413–452

due to local interactions. Interestingly, the division of the VP16-H1413–452 TAD into two separate
α-helical parts was unknowingly anticipated from mutagenesis experiments carried out by Cress
and Triezenberg (1991) when they showed that substitutions of A432 and A436 with proline have no
detectable functional consequences [39]. While the authors interpreted this as an indication that the
whole VP16-H1 TAD was not α-helical, our computational simulation data now show that there is a
subregion that is never significantly engaged in forming such a structure.

3.3. Energetic Aspects of Bidirectional Interactions of ETV538–68 and VP16-H1413–452—TADs with MED25

Measurements of the angles of the TAD relative to the coactivator and distances of various key
hydrophobic residues provide a further analytic method for visualizing any potential variability in
the binding mode. As expected from a comparable model system in yeast [7,9], ETV538–68 binds to
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MED25 in a variety of angles that typically vary up to 60o within individual simulations and over a
wider range in independent simulations (Figure S2). A phase space diagram combining the angle
of the TADs with the distance data for ETV5-W57 or VP16-F442 relative to MED25-Q451 shows little,
if any, structural overlap between the cis and trans binding modes (Figure 3c). A Molecular Mechanics
Generalized Born Surface Area (MM-GBSA) analysis of intramolecular forces mediating the binding of
the ETV538–68 TAD to MED25 in both orientations reveals further details regarding orientation-specific
van der Waals interactions (Figure 4). In the cis-orientation, ETV5-W57 is clearly the major and most
constant contributor, while certain residues located more N-terminally (L46, F45, L50, and L53) only make
occasional and/or minor energetic contributions to ∆GBinding. In the trans-orientation, we observed a
high variability in the distances of ETV5-W57 relative to a set of hydrophobic/charged residues (K413,
P414, I449 and Q451) present on the surface of MED25 (Figure 1b,c); the van der Waals contributions
from W57 become essentially negligible in such a situation, and ETV5-L46, F47 and Q48 take over a more
dominant role aided by multiple additional contacts spread out throughout the TAD (Figure 4a,c).

Figure 4. Molecular Mechanics Generalized Born Surface Area (MM-GBSA) analysis of the ETV5
complex with MED25. (a) Contour map of the van der Waal’s contribution of TAD residues to binding
MED25 in either the cis- (top) or trans-orientation (bottom) over the time course of five independent
aMD simulations (aMD1–5) each. The amino acid sequence is represented from left to right, with the
positions of some key amino acids shown by arrows on top. Dark blue colors highlight the strongest
contributions to binding. The y-axis represents simulation time (1 µs/simulation). (b) Bar chart of the
data presented in the top diagram of panel (a), quantitating the van der Waal’s contributions of each
amino acid in the ETV538–68 TAD on a per-residue basis in the cis-orientation. The values shown are
the average across all five aMD simulations sampled at 1 nanosecond intervals, the error bars indicate
the standard deviations of the measurements (5000 samples). (c) Bar chart of the data presented in
the bottom diagram of panel (a), quantitating the van der Waal’s contributions of each amino acid in
the ETV538–68 TAD on a per-residue basis in the trans-orientation. The values shown are the average
across all five aMD simulations sampled at 1 nanosecond intervals, the error bars indicate the standard
deviations of the measurements (5000 samples).
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MM-GBSA analysis of the VP16-H1413–452 TAD showed the contribution of several residues to the
binding event with MED25. Binding in either the cis- or trans-orientation involves around four to five
dominant residues each, but only VP16-H435 is shared between both sets (Figure 5; note that some of
the residues shown (H435, D441 and D445 are electrostatically charged, but these data sets only take
their van der Waals contributions into account)).

Figure 5. Molecular Mechanics Generalized Born Surface Area (MM-GBSA) analysis of the VP16-H1
complex with MED25. (a) Contour map of the van der Waal’s contribution of TAD residues to binding
MED25 in either the cis- (top) or trans-orientation (bottom) over the time course of five independent
aMD simulations (aMD1–5) each. The amino acid sequence is represented from left to right, with the
positions of some key amino acids shown by arrows on top. Dark blue colors highlight the strongest
contributions to binding. The y-axis represents simulation time (1 µs/simulation). (b) Bar chart of
the data presented in the top diagram of panel (a), quantitating the van der Waal’s contributions of
each amino acid in the VP16-H1413–452 TAD on a per-residue basis in the cis-orientation. The values
shown are the average across all five aMD simulations sampled at 1 nanosecond intervals, the error
bars indicate the standard deviations of the measurements (5000 samples). (c) Bar chart of the data
presented in the bottom diagram of panel (a), quantitating the van der Waal’s contributions of each
amino acid in the VP16-H1413–452 TAD on a per-residue basis in the trans-orientation. The values
shown are the average across all five aMD simulations sampled at 1 nanosecond intervals, the error
bars indicate the standard deviations of the measurements (5000 samples).

We conclude that the ETV538–68 and VP16-H1413–452 TADs bind to MED25 in the two experimentally
identified cis- and trans-orientations with conformational differences utilizing different large
hydrophobic residues for energetically stabilizing their interactions with MED25. The two separate
and partially non-overlapping modes are demonstrated by phase-diagrams (Figure 2c), as well as
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MM-GBSA analyses (Figures 4 and 5). Interestingly, MM-GBSA analyses of the total ∆GBinding energies
predict no substantial differences in binding strengths between the different orientations of either TAD
(Figure S3).

3.4. MED25 Coactivator Surfaces Interacting with ETV5- and VP16-H1 TADs

We next investigated the position of the ETV5-TAD relative to landmarks present on MED25.
Visualization of the MED25 surface reveals a “cleft” that could serve as a binding site for the key
hydrophobic residues within the ETV5-TAD (Figure 1b,c; Figure 6a). Available NMR data for
MED25-ACID bound to ETV538–68 TAD and VP16-H1413–452 has highlighted several residues (MED25
I449 and Q451 in β3; V534, I537 and R538 in α3) as being involved in TAD binding interactions [16].

Figure 6. Binding of the ETV538–68 TAD to the MED25-ACID surface. (a) Surface view of MED25-ACID.
A large binding pocket (red dashed circle) formed at the interface between the β-barrel and α-helix 3 is
evident (compare with panel (b) for the positions of these secondary structure elements). The molecule
is shown in the same orientation in all subsequent panels. (b) Representative snapshot of the ETV538–68

TAD in cis-orientation (after 200 ns of aMD simulation; cis ETV5-aMD1). Three large hydrophobic side
chains in the ETV538–68-TAD (F47, L50 and W57) are shown as van der Waals space-filling models in
various shades of red. Similarly, key interaction residues within MED25 are shown in space-filling
representation and labelled in italics: β3 strand I449 (lime green), Q451 (orange); α-3 helix V534 (light
blue), I537 (lime green) and R538 (orange). (c) The superimposed positions of Cα-atoms of residue F47

(green spheres) of ETV538–68 in the cis- and W57 (purple spheres) of ETV538–68 in the trans configuration
are shown at 10 nanoseconds (aMD-simulation time) intervals; spatial clusters reveal the preferred
location of these atoms at different stages of the simulations. (d) Same as in (c), but MED25 shown in
surface mode to emphasize presence of various clefts and pockets.
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Inspection of the trajectories with ETV5 in the cis-orientation reveals further insights into the results
obtained from the MM-GBSA analysis described earlier. In the most common conformations, ETV5-W57

occupies a pocket formed by the surface of the β-barrel structure of MED25. At the same time, the more
N-terminally located hydrophobic residues (L46, F47, L50 and L53) identified previously as making
occasional and/or additional energetic contributions to ∆GBinding (Figure 4) interact predominantly
with a cluster of hydrophobic residues located in the nearby α-helix H3 of MED25 (nomenclature based
on Bontems et al. [17]). The bipartite binding pattern anchors the TAD through strong hydrophobic
forces in two separate positions and thus results in a considerable stabilization of the angle of the
ETV5-TAD relative to the coactivator surface (Figure 2b).

With the ETV5-TAD binding in the trans position, F47 occupies a similar position within the
β-barrel pocket as compared to W57 in the cis-orientation (Figure 6c,d). Under these conditions, there is
no significant additional binding contribution by W57 (Figure 4 and 5a), accounting for the much more
variable angle of the TAD relative to the coactivator surface (Figure 2b). A critical role for F47 has been
proposed previously [16]. The substitution of F47 with leucine reduces the transactivation potential
considerably, and substitution with proline essentially abolishes the activity of the TAD, both in yeast
and human cells [19]. These results therefore reflect the functional consequences of substitutions in
key residues of TADs interacting with Mediator [40].

The binding positions of F47 and W57 within the MED25 cleft take up slightly distinct areas
within the cleft, but also overlap partially (Figure 6c; Figure 7a). This cleft thus constitutes the major
binding sites for different bulky hydrophobic residues present in TADs. Our data also show that,
depending on the orientation, either ETV5-F47 or W57 anchor the TAD to these sites. Our observations
are in general agreement with conclusions from coupled cluster single(s) and double(s) excitation
measurements (CCSD) that showed that the ETV538–68 TAD form a rapidly interconverting conformation
ensemble [16]. The simulation data specifically suggest that the biophysical results are most likely
based on an equilibrium between cis and trans binding modes with corresponding emphasis on the
differing roles for W57 or F47, respectively.

The pattern of coactivator contacts is closely reflected in the case of VP16-H1413–452. The overall
areas contacted overlap extensively with the TAD in either the cis- or trans-orientation but cover a larger
region in the trans-orientation (especially in contact area III; Figure 7b,c; Figure S4). Even in terms
of the energetics of van der Waals contributions the differences observed are minimal. The detailed
computational modelling and results of analyses shown above provide further insights into the types
and variety of conformations achievable under physiologically relevant conditions.
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Figure 7. MED25 regions involved in binding ETV5 and VP16-H1 TADs. (a) Result of MM-GBSA
analysis to highlight MED25 residues making van der Waals contributions to binding of ETV538–68.
The bars identifying MED25 residues involved in binding ETV538–68 in the cis-orientation are shown in
blue, and the bars identifying MED25 residues involved in binding ETV538–68 in the trans-orientation
are shown in red. The residue numbers shown along the X-axis show the positions within the full-length
MED25 protein [17]. The roman numerals on top identify four distinct contact areas (I-IV). See Figure S4
for more details. (b) Result of MM-GBSA analysis to highlight MED25 residues making van der
Waals contributions to binding of VP16-H1413–452. The bars identifying MED25 residues involved
in binding VP16-H1413–452 in the cis-orientation are shown in blue, and the bars identifying MED25
residues involved in binding VP16-H1413–452 in the trans-orientation are shown in green. (c) The
MED25 ACID structure—as used in the simulations—with regions shown to contact either ETV538–68 or
VP16-H1413–452 TADs in cis- and trans-orientations highlighted in different shades of blue. The identities
of specific secondary structure elements present in contact regions II, III and IV are based on the
nomenclature from [17].

4. Discussion

Various Mediator (MED) subunits have been identified as potential interaction partners
(coactivators) for gene-specific transcription factors (GSTFs), including p53 binding to MED1 and
MED17 [41] or MED25 [14], Pdr1 to GAL11/MED15 [42,43], VP16, ETV5, Lana-1 and IE62 to
MED25 [13,16,17,20,44–48]. Traditional models envisaged that local interactions between GSTFs
and members of the basal transcriptional machinery assembled at the transcription start site provide a
relatively confined environment for TADs to bind to coactivators due to the high-density, synergistic
binding of transcription factors to enhancers [49], thus allowing even brief contacts (lasting only
milliseconds; e.g.) [7] and energetically weak interactions (KD in micromolar range; e.g.) [7,12–14,16,50]
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to become functionally relevant. More detailed investigations focusing on the molecular details
of TAD-coactivator interactions identified common principles, such as the induction/stabilization
of local α-helical structures and the functional importance of large hydrophobic side chains (for
example [7,12–14,16,21,39,51–53]). Rather gratifyingly, despite the challenges of combining the
simulation of intrinsically disordered TADs with more stably structured coactivators within a single
model, atomistic molecular dynamics simulations of coactivator TAD complexes generally match the
experimental facts well and are thus potentially capable of offering valid insights into questions that
are not easily experimentally accessible [14,54–56]. Furthermore, computational models not only offer
insights into the structural properties of ‘fuzzy complexes’, but also uncover energetic aspects of the
highly dynamic binding events that confirm the key functional role of certain hydrophobic residues
(Figures 4 and 5) [9]. We were therefore encouraged to investigate the binding mode of TADs to
the spatially restricted cleft of MED25-ACID in more detail. MED25-ACID deviates considerably in
structural terms from other coactivator domains constructed from α-helix bundles where TADs bind
to a superficial groove [7,9,50]. For example, the GAL11-KIX and GAL11-ABD1 domains consist of
intertwined helices that create various crevices and pockets suitable for burying the large hydrophobic
sidechains in TADs [9,43]. In contrast, the central β-barrel structure of MED25-ACID is dynamically
rigid (Figures 1, 6 and 7) and its convex surface is structurally less able to provide distinct binding
pockets. Loops and α-helical elements emerging from the β-barrel create a distinct cleft-like structure
that has been shown to accommodate various TADs [12–14,16]. Binding of a TAD within such a cleft
imposes, however, restrictions on the angle of the rod-like α-helical TAD structures within the fuzzy
complexes ( typically within 60o (Figure 3c,d; Figure S2)) in comparison to up to 180o rotation accessible
on the GAL11-ABD1 domain [9]). Since a switch of TAD orientation on MED25-ACID would require
an ability of TADs to rotate by at least 180o once bound, our data suggest that the recruitment of a TAD
into the MED25 cleft is likely to be bidirectional, which means that after the initial binding event the
approximate orientation of a TAD is fixed in one of two possible directions, which we refer to here as
the cis- and trans-orientations. Once positioned within the coactivator cleft, no change from cis to trans,
or vice versa appears possible without dissociation and reassociation (this statement is supported by
the distinct and non-overlapping phase spaces occupied by TADs when bound in opposite orientations,
Figure 3c,d). At this stage, the structural aspects of the recruitment of TADs to MED25 (or any other
TAD/coactivator system) are not sufficiently well understood. While it is principally possible that
TADs are recruited predominantly in a preselected orientation, the great flexibility of the intrinsically
disordered domains of GSTFs containing TADs—Combined with the fact that multiple TADs from
different GSTFs may compete for coactivator binding sites—Makes this, however, a less likely option.
We rather believe that at least a subset of TADs, represented here by ETV538–68 and VP16-H1413–452,
are capable of binding to MED25-ACID in either orientation with similar predicted affinity (Figure S3).
They achieve this by utilizing different functional residues present in their extended transactivation
motifs (Figure S1; Figures 4 and 5), as well as by contacting the MED25 cleft in a characteristic manner
( S4, ). We identified four different contact areas (I-IV) within an extended MED25 cleft that are made
up from the β3 and β5 strands forming the β-barrel, in conjunction with the small α1 and the longer
α3 helices (Figure 7). Interestingly, an additional flexible loop (contact area I; MED25410–430) is also
involved in TAD binding. Contact area III (MED25490–510) is bound in a distinctly localized manner by
ETV538–68 in the cis-, and by VP16-H1 413–452 in the trans-orientation, whereas ETV538–68 in the trans-,
and VP16-H1413–452 in the cis-orientation, make contacts over a more extended area, including around
ten more amino acids on the N-terminal side (Figure S4). As far as the detailed structural aspects of
the TAD motif are concerned, binding in each orientation employs a characteristic, but distinct set of
residues (Figures 4 and 5). As was previously shown for the GAL11-ABD1/ GCN4-TAD interaction,
the van der Waals contacts formed between TADs and coactivator surfaces are highly dynamic. Some of
the interactions are stable throughout the course of a simulation [9] but substituted by other residues in
another simulation. Even residues that form unusually stable contacts (such as ETV5-W57 (Figure 4a,b)
and VP16-F442 (Figure 5a,b)) fluctuate in binding strength and are aided by a series of other nearby
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residues making a series of weaker and more transient contacts. It is notable that the ETV5-W57 [20]
and VP16-F442 residues that were previously identified in mutagenesis screens [21,39], play a dominant
role in simulations of the two TADs in the cis-orientation, whereas the TADs in the trans-orientation
are bound by a more diverse and variable set of residues (Figures 4 and 5). We speculate that the fact
that ETV5-W57 and VP16-F442 are so critical for binding to the coactivator in one of the orientations
makes them much more vulnerable in mutagenesis screens than the more distributed type of binding
observed in the opposite orientation. Such an interpretation of our data also has implications for
understanding the primary structure of eukaryotic TADs. Researchers have searched for common
motifs that would allow TADs to be identified on the amino acid sequence level and observed some
common patterns. One common assumption behind the search for a distinct motif is that it is relatively
compact and asymmetric ([38,40,57,58]; 9 amino acid TAD [2,37,57,58]; Figure S1). In light of the
observed bidirectional binding ability of both ETV538–68 and VP16-H1413–452 TADs employing a wide
range of residues and coactivator contact areas in computational simulations, it seems likely that a
search for a short TAD consensus motif may be heading in the wrong direction, because TADs may be
substantially larger, diverse and adaptable to specific structural environments than previously assumed.

5. Conclusions

Recent developments in the field of gene expression have highlighted the unexpected plasticity of
molecular recognition events involving intrinsically disordered TADs [59]. We demonstrate that two
TADs (ETV538–68 and VP16-H1413–452) bind to the same region of the MED25 coactivator and display a
pattern of shared and distinct binding modes. Altering the orientation of the TAD with respect to the
coactivator binding site led to a change in the dominant residues involved in the interaction but for
both TADs binding was maintained in either orientation. This allows for flexibility and redundancy in
these interactions.
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simulation, Figure S2: Distribution of angles between MED25 and TADs, Figure S3: MM-GBSA results of the total
∆GBinding energy contribution of ETV538–68 binding, Figure S4: MM-GBSA results of the van der Waals energy
contributions of MED25 residues.

Author Contributions: Conceptualization, R.O.J.W.; methodology, H.M.J. and R.O.J.W.; formal analysis, H.M.J.
and R.O.J.W.; writing—Original draft preparation, H.M.J. and R.O.J.W; writing—Review and editing, R.O.J.W.;
visualization, H.M.J. and R.O.J.W.; project administration, R.O.J.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We would like to thank Alexis Verger (Université de Lille, France) for providing us with the
coordinates of the docked minimal ETV5/MED25 structure.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Danino, Y.M.; Even, D.; Ideses, D.; Juven-Gershon, T. The core promoter: At the heart of gene expression.
Biochim. Et Biophys. Acta. 2015, 1849, 1116–1131. [CrossRef] [PubMed]

2. Piskacek, M.; Havelka, M.; Rezacova, M.; Knight, A. The 9aaTAD Transactivation Domains: From Gal4 to
p53. PLoS ONE 2016, 11, e0162842. [CrossRef] [PubMed]

3. Soutourina, J. Mammalian Mediator as a Functional Link between Enhancers and Promoters. Cell 2019, 178,
1036–1038. [CrossRef] [PubMed]

4. Allen, B.L.; Taatjes, D.J. The Mediator complex: A central integrator of transcription. Nat. Rev. Mol. Cell Biol.
2015, 16, 155–166. [CrossRef]

5. Chong, S.; Dugast-Darzacq, C.; Liu, Z.; Dong, P.; Dailey, G.M.; Cattoglio, C. Imaging dynamic and selective
low-complexity domain interactions that control gene transcription. Science 2018, 361, eaar3555. [CrossRef]

http://www.mdpi.com/2218-273X/10/9/1205/s1
http://dx.doi.org/10.1016/j.bbagrm.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25934543
http://dx.doi.org/10.1371/journal.pone.0162842
http://www.ncbi.nlm.nih.gov/pubmed/27618436
http://dx.doi.org/10.1016/j.cell.2019.07.040
http://www.ncbi.nlm.nih.gov/pubmed/31442397
http://dx.doi.org/10.1038/nrm3951
http://dx.doi.org/10.1126/science.aar2555


Biomolecules 2020, 10, 1205 15 of 17

6. Currie, S.L.; Doane, J.J.; Evans, K.S.; Bhachech, N.; Madison, B.J.; Lau, D.K.W. ETV4 and AP1 Transcription
Factors Form Multivalent Interactions with three Sites on the MED25 Activator-Interacting Domain.
J. Mol. Biol. 2017, 429, 2975–2995. [CrossRef]

7. Brzovic, P.S.; Heikaus, C.C.; Kisselev, L.; Vernon, R.; Herbig, E.; Pacheco, D. The Acidic Transcription
Activator Gcn4 Binds the Mediator Subunit Gal11/Med15 Using a Simple Protein Interface Forming a Fuzzy
Complex. Mol. Cell. 2011, 44, 942–953. [CrossRef]

8. Henderson, A.R.; Henley, M.J.; Foster, N.J.; Peiffer, A.L.; Beyersdorf, M.S.; Stanford, K.D.; Sturlis, S.M.;
Linhares, B.M.; Hill, Z.B.; Wells, J.A.; et al. Conservation of coactivator engagement mechanism enables
small-molecule allosteric modulators. Proc. Natl. Acad. Sci. USA 2018, 115, 8960–8965. [CrossRef]

9. Scholes, N.S.; Weinzierl, R.O. Molecular Dynamics of “Fuzzy” Transcriptional Activator-Coactivator
Interactions. PloS Comput. Biol. 2016, 12, e1004935. [CrossRef]

10. Borggrefe, T.; Yue, X. Interactions between subunits of the Mediator complex with gene-specific transcription
factors. Semin. Cell Dev. Biol. 2011, 22, 759–768. [CrossRef]

11. Taatjes, D.J. Transcription Factor-Mediator Interfaces: Multiple and Multi-Valent. Journal of molecular biology.
2017, 429, 2996–2998. [CrossRef] [PubMed]

12. Vojnic, E.; Mourao, A.; Seizl, M.; Simon, B.; Wenzeck, L.; Lariviere, L. Structure and VP16 binding of the
Mediator Med25 activator interaction domain. Nat. Struct. Mol. Biol. 2011, 18, 404–U29. [CrossRef]
[PubMed]

13. Milbradt, A.G.; Kulkarni, M.; Yi, T.; Takeuchi, K.; Sun, Z.Y.; Luna, R.E. Structure of the VP16 transactivator
target in the Mediator. Nat. Struct. Mol. Biol. 2011, 18, 410–415. [CrossRef] [PubMed]

14. Lee, M.S.; Lim, K.; Lee, M.K.; Chi, S.W. Structural Basis for the Interaction between p53 Transactivation
Domain and the Mediator Subunit MED25. Molecules 2018, 23, 2726. [CrossRef]

15. Kazan, K. The Multitalented MEDIATOR25. Front. Plant Sci. 2017, 8, 999. [CrossRef]
16. Landrieu, I.; Verger, A.; Baert, J.L.; Rucktooa, P.; Cantrelle, F.X.; Dewitte, F. Characterization of ERM

transactivation domain binding to the ACID/PTOV domain of the Mediator subunit MED25. Nucleic Acids Res.
2015, 43, 7110–7121. [CrossRef]

17. Bontems, F.; Verger, A.; Dewitte, F.; Lens, Z.; Baert, J.L.; Ferreira, E. NMR structure of the human Mediator
MED25 ACID domain. J. Struct. Biol. 2011, 174, 245–251. [CrossRef]

18. Nicholas, T.R.; Strittmatter, B.G.; Hollenhorst, P.C. Oncogenic ETS Factors in Prostate Cancer. Adv. Exp.
Med. Biol. 2019, 1210, 409–436.

19. Defossez, P.A.; Baert, J.L.; Monnot, M.; de Launoit, Y. The ETS family member ERM contains an alpha-helical
acidic activation domain that contacts TAFII60. Nucleic Acids Res. 1997, 25, 4455–4463. [CrossRef]

20. Verger, A.; Baert, J.L.; Verreman, K.; Dewitte, F.; Ferreira, E.; Lens, Z. The Mediator complex subunit MED25
is targeted by the N-terminal transactivation domain of the PEA3 group members. Nucleic Acids Res. 2013,
41, 4847–4859. [CrossRef]

21. Regier, J.L.; Shen, F.; Triezenberg, S.J. Pattern of aromatic and hydrophobic amino acids critical for one of two
subdomains of the VP16 transcriptional activator. Proc. Natl. Acad. Sci. USA 1993, 90, 883–887. [CrossRef]
[PubMed]

22. Oh, S.; Shin, S.; Janknecht, R. ETV1, 4 and 5: An oncogenic subfamily of ETS transcription factors. Biochim. Et
Biophys. Acta. 2012, 1826, 1–12. [CrossRef]

23. Oh, S.; Shin, S.; Song, H.; Grande, J.P.; Janknecht, R. Relationship between ETS Transcription Factor ETV1
and TGF-beta-regulated SMAD Proteins in Prostate Cancer. Sci. Rep. 2019, 9, 8186. [CrossRef]

24. Roizman, B.; Zhou, G. The 3 facets of regulation of herpes simplex virus gene expression: A critical inquiry.
Virology 2015, 479, 562–567. [CrossRef]

25. Krieger, E.; Vriend, G. New ways to boost molecular dynamics simulations. J. Comput. Chem. 2015, 36,
996–1007. [CrossRef] [PubMed]

26. Maier, J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.E.; Simmerling, C. ff14SB: Improving the
Accuracy of Protein Side Chain and Backbone Parameters from ff99SB. J. Chem. Theory Comput. 2015, 11,
3696–3713. [CrossRef] [PubMed]

27. Pereira, D.A.; Case, K.B.; Ben-Shalom, S.R.; Brozell, D.S.; Cerutti, T.E.; Cheatham, V.W.D. Amber 2020;
University of California: San Francisco, CA, USA, 2020; Available online: https://ambermd.org/ (accessed on
17 August 2020).

http://dx.doi.org/10.1016/j.jmb.2017.06.024
http://dx.doi.org/10.1016/j.molcel.2011.11.008
http://dx.doi.org/10.1073/pnas.1806202115
http://dx.doi.org/10.1371/journal.pcbi.1004935
http://dx.doi.org/10.1016/j.semcdb.2011.07.022
http://dx.doi.org/10.1016/j.jmb.2017.07.006
http://www.ncbi.nlm.nih.gov/pubmed/28716626
http://dx.doi.org/10.1038/nsmb.1997
http://www.ncbi.nlm.nih.gov/pubmed/21378965
http://dx.doi.org/10.1038/nsmb.1999
http://www.ncbi.nlm.nih.gov/pubmed/21378963
http://dx.doi.org/10.3390/molecules23102726
http://dx.doi.org/10.3389/fpls.2017.00999
http://dx.doi.org/10.1093/nar/gkv650
http://dx.doi.org/10.1016/j.jsb.2010.10.011
http://dx.doi.org/10.1093/nar/25.22.4455
http://dx.doi.org/10.1093/nar/gkt199
http://dx.doi.org/10.1073/pnas.90.3.883
http://www.ncbi.nlm.nih.gov/pubmed/8381535
http://dx.doi.org/10.1016/j.bbcan.2012.02.002
http://dx.doi.org/10.1038/s41598-019-44685-3
http://dx.doi.org/10.1016/j.virol.2015.02.036
http://dx.doi.org/10.1002/jcc.23899
http://www.ncbi.nlm.nih.gov/pubmed/25824339
http://dx.doi.org/10.1021/acs.jctc.5b00255
http://www.ncbi.nlm.nih.gov/pubmed/26574453
https://ambermd.org/


Biomolecules 2020, 10, 1205 16 of 17

28. Salomon-Ferrer, R.; Gotz, A.W.; Poole, D.; le Grand, S.; Walker, R.C. Routine Microsecond Molecular Dynamics
Simulations with AMBER on GPUs. 2. Explicit Solvent Particle Mesh Ewald. J. Chem. Theory Comput. 2013,
9, 3878–3888. [CrossRef] [PubMed]

29. Salomon-Ferrer, R.; Case, D.A.; Walker, R.C. An overview of the Amber biomolecular simulation package.
Wires Comput. Mol. Sci. 2013, 3, 198–210. [CrossRef]

30. Pierce, L.C.; Salomon-Ferrer, R.; Augusto, F.O.C.; McCammon, J.A.; Walker, R.C. Routine Access to Millisecond
Time Scale Events with Accelerated Molecular Dynamics. J. Chem. Theory Comput. 2012, 8, 2997–3002.
[CrossRef]

31. Boomsma, W.; Frellsen, J.; Harder, T.; Bottaro, S.; Johansson, K.E.; Tian, P.F. PHAISTOS: A framework
for Markov chain Monte Carlo simulation and inference of protein structure. J. Comput. Chem. 2013, 34,
1697–1705. [CrossRef]

32. Sullivan, S.S.; Weinzierl, R.O.J. Optimization of Molecular Dynamics Simulations of c-MYC (1-88)-An
Intrinsically Disordered System. Life 2020, 10, 109. [CrossRef] [PubMed]

33. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38.
[CrossRef]

34. Dahl, A.C.; Chavent, M.; Sansom, M.S. Bendix: Intuitive helix geometry analysis and abstraction.
Bioinformatics 2012, 28, 2193–2194. [CrossRef] [PubMed]

35. Miller, B.R.; McGee, T.D.; Swails, J.M.; Homeyer, N.; Gohlke, H.; Roitberg, A.E. MMPBSA.py: An Efficient
Program for End-State Free Energy Calculations. J. Chem. Theory Comput. 2012, 8, 3314–3321. [CrossRef]

36. Kim, D.H.; Han, K.H. Transient Secondary Structures as General Target-Binding Motifs in Intrinsically
Disordered Proteins. Int. J. Mol. Sci. 2018, 19, 3614. [CrossRef]

37. Piskacek, S.; Gregor, M.; Nemethova, M.; Grabner, M.; Kovarik, P.; Piskacek, M. Nine-amino-acid
transactivation domain: Establishment and prediction utilities. Genom. 2007, 89, 756–768. [CrossRef]

38. Erijman, A.; Kozlowski, L.; Sohrabi-Jahromi, S.; Fishburn, J.; Warfield, L.; Schreiber, J. A High-Throughput
Screen for Transcription Activation Domains Reveals Their Sequence Features and Permits Prediction by
Deep Learning. Mol. Cell. 2020, 78, 890–902. [CrossRef]

39. Cress, W.D.; Triezenberg, S.J. Critical structural elements of the VP16 transcriptional activation domain.
Science 1991, 251, 87–90. [CrossRef]

40. Warfield, L.; Tuttle, L.M.; Pacheco, D.; Klevit, R.E.; Hahn, S. A sequence-specific transcription activator
motif and powerful synthetic variants that bind Mediator using a fuzzy protein interface. Proc. Natl. Acad.
Sci. USA 2014, 111, E3506–E3513. [CrossRef]

41. Meyer, K.D.; Lin, S.C.; Bernecky, C.; Gao, Y.; Taatjes, D.J. p53 activates transcription by directing structural
shifts in Mediator. Nat. Struct. Mol. Biol. 2010, 17, 753–760. [CrossRef]

42. Thakur, J.K.; Arthanari, H.; Yang, F.; Pan, S.J.; Fan, X.; Breger, J. A nuclear receptor-like pathway regulating
multidrug resistance in fungi. Nature 2008, 452, 604–609. [CrossRef] [PubMed]

43. Nishikawa, J.L.; Boeszoermenyi, A.; Vale-Silva, L.A.; Torelli, R.; Posteraro, B.; Sohn, Y.J. Inhibiting fungal
multidrug resistance by disrupting an activator-Mediator interaction. Nature 2016, 530, 485–489. [CrossRef]
[PubMed]

44. Yamamoto, S.; Eletsky, A.; Szyperski, T.; Hay, J.; Ruyechan, W.T. Analysis of the varicella-zoster virus IE62
N-terminal acidic transactivating domain and its interaction with the human mediator complex. J. Virol.
2009, 83, 6300–6305. [CrossRef] [PubMed]

45. Lee, H.K.; Park, U.H.; Kim, E.J.; Um, S.J. MED25 is distinct from TRAP220/MED1 in cooperating with CBP
for retinoid receptor activation. EMBO J. 2007, 26, 3545–3557. [CrossRef] [PubMed]

46. Mittler, G.; Stuhler, T.; Santolin, L.; Uhlmann, T.; Kremmer, E.; Lottspeich, F. A novel docking site on Mediator
is critical for activation by VP16 in mammalian cells. EMBO J. 2003, 22, 6494–6504. [CrossRef] [PubMed]

47. Yang, F.; de Beaumont, R.; Zhou, S.; Naar, A.M. The activator-recruited cofactor/Mediator coactivator subunit
ARC92 is a functionally important target of the VP16 transcriptional activator. Proc. Natl. Acad. Sci. USA
2004, 101, 2339–2344. [CrossRef]

48. Roupelieva, M.; Griffiths, S.J.; Kremmer, E.; Meisterernst, M.; Viejo-Borbolla, A.; Schulz, T. Kaposi’s
sarcoma-associated herpesvirus Lana-1 is a major activator of the serum response element and
mitogen-activated protein kinase pathways via interactions with the Mediator complex. J. Gen. Virol.
2010, 91, 1138–1149. [CrossRef]

http://dx.doi.org/10.1021/ct400314y
http://www.ncbi.nlm.nih.gov/pubmed/26592383
http://dx.doi.org/10.1002/wcms.1121
http://dx.doi.org/10.1021/ct300284c
http://dx.doi.org/10.1002/jcc.23292
http://dx.doi.org/10.3390/life10070109
http://www.ncbi.nlm.nih.gov/pubmed/32664335
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1093/bioinformatics/bts357
http://www.ncbi.nlm.nih.gov/pubmed/22730430
http://dx.doi.org/10.1021/ct300418h
http://dx.doi.org/10.3390/ijms19113614
http://dx.doi.org/10.1016/j.ygeno.2007.02.003
http://dx.doi.org/10.1016/j.molcel.2020.04.020
http://dx.doi.org/10.1126/science.1846049
http://dx.doi.org/10.1073/pnas.1412088111
http://dx.doi.org/10.1038/nsmb.1816
http://dx.doi.org/10.1038/nature06836
http://www.ncbi.nlm.nih.gov/pubmed/18385733
http://dx.doi.org/10.1038/nature16963
http://www.ncbi.nlm.nih.gov/pubmed/26886795
http://dx.doi.org/10.1128/JVI.00054-09
http://www.ncbi.nlm.nih.gov/pubmed/19357160
http://dx.doi.org/10.1038/sj.emboj.7601797
http://www.ncbi.nlm.nih.gov/pubmed/17641689
http://dx.doi.org/10.1093/emboj/cdg619
http://www.ncbi.nlm.nih.gov/pubmed/14657022
http://dx.doi.org/10.1073/pnas.0308676100
http://dx.doi.org/10.1099/vir.0.017715-0


Biomolecules 2020, 10, 1205 17 of 17

49. Cumbo, F.; Vergni, D.; Santoni, D. Investigating transcription factor synergism in humans. DNA Res. 2018,
25, 103–112. [CrossRef]

50. Lens, Z.; Cantrelle, F.X.; Peruzzini, R.; Hanoulle, X.; Dewitte, F.; Ferreira, E. Solution Structure of the
N-Terminal Domain of Mediator Subunit MED26 and Molecular Characterization of Its Interaction with
EAF1 and TAF7. J. Mol. Biol. 2017, 429, 3043–3055. [CrossRef]

51. Radhakrishnan, I.; PerezAlvarado, G.C.; Parker, D.; Dyson, H.J.; Montminy, M.R.; Wright, P.E. Solution
structure of the KIX domain of CBP bound to the transactivation domain of CREB: A model for activator:
Coactivator interactions. Cell 1997, 91, 741–752. [CrossRef]

52. Hua, Q.X.; Jia, W.H.; Bullock, B.P.; Habener, J.F.; Weiss, M.A. Transcriptional activator-coactivator recognition:
Nascent folding of a kinase-inducible transactivation domain predicts its structure on coactivator binding.
Biochemistry 1998, 37, 5858–5866. [CrossRef] [PubMed]

53. Triezenberg, S.J. Structure and function of transcriptional activation domains. Curr. Opin. Genet. Dev. 1995,
5, 190–196. [CrossRef]

54. Odoux, A.; Jindal, D.; Tamas, T.C.; Lim, B.W.; Pollard, D.; Xu, W. Experimental and molecular dynamics
studies showed that CBP KIX mutation affects the stability of CBP:C-Myb complex. Comput. Biol. Chem.
2016, 62, 47–59. [CrossRef] [PubMed]

55. Yazar, M.; Ozbek, P. Revisiting allostery in CREB-binding protein (CBP) using residue-based interaction
energy. J. Comput. Aided Mol. Des. 2020, 34, 965–974. [CrossRef] [PubMed]

56. Liu, N.; Zhou, W.; Guo, Y.; Wang, J.; Fu, W.; Sun, H. Molecular Dynamics Simulations Revealed the Regulation
of Ligands to the Interactions between Androgen Receptor and Its Coactivator. J. Chem. Inf. Modeling 2018,
58, 1652–1661. [CrossRef] [PubMed]

57. Piskacek, M.; Havelka, M.; Rezacova, M.; Knight, A. The 9aaTAD Is Exclusive Activation Domain in Gal4.
PLoS ONE 2017, 12, e0169261. [CrossRef]

58. Arnold, C.D.; Nemcko, F.; Woodfin, A.R.; Wienerroither, S.; Vlasova, A.; Schleiffer, A. A high-throughput
method to identify trans-activation domains within transcription factor sequences. EMBO J. 2018, 37, e98896.
[CrossRef]

59. Uversky, V.N.; Dunker, A.K. The case for intrinsically disordered proteins playing contributory roles in
molecular recognition without a stable 3D structure. F1000 Biol. Rep. 2013, 5, 1. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/dnares/dsx041
http://dx.doi.org/10.1016/j.jmb.2017.09.001
http://dx.doi.org/10.1016/S0092-8674(00)80463-8
http://dx.doi.org/10.1021/bi9800808
http://www.ncbi.nlm.nih.gov/pubmed/9558319
http://dx.doi.org/10.1016/0959-437X(95)80007-7
http://dx.doi.org/10.1016/j.compbiolchem.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27082784
http://dx.doi.org/10.1007/s10822-020-00316-y
http://www.ncbi.nlm.nih.gov/pubmed/32430574
http://dx.doi.org/10.1021/acs.jcim.8b00283
http://www.ncbi.nlm.nih.gov/pubmed/29993249
http://dx.doi.org/10.1371/journal.pone.0169261
http://dx.doi.org/10.15252/embj.201798896
http://dx.doi.org/10.3410/B5-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Modelling, Parameterization and MD Simulation 
	Markov Chain Monte Carlo (MCMC) Simulations 
	Analysis and Visualization 
	MM-GBSA Analysis 

	Results 
	Structural Aspects of ETV538–68 and VP16-H1413–452 TADs Prior to Binding to Coactivators 
	The ETV538–68 and VP16-H1413–452 TADs Interact with MED25 in an Orientation-Specific Manner 
	Energetic Aspects of Bidirectional Interactions of ETV538–68 and VP16-H1413–452—TADs with MED25 
	MED25 Coactivator Surfaces Interacting with ETV5- and VP16-H1 TADs 

	Discussion 
	Conclusions 
	References

