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ABSTRACT: Intrinsically disordered proteins (IDPs) lack a rigid
three-dimensional structure and populate a polymorphic ensemble
of conformations. Because of the lack of a reference conformation,
their energy landscape representation in terms of reaction
coordinates presents a daunting challenge. Here, our newly
developed energy landscape visualization method (ELViM), a
reaction coordinate-free approach, shows its prime application to
explore frustrated energy landscapes of an intrinsically disordered
protein, prostate-associated gene 4 (PAGE4). PAGE4 is a
transcriptional coactivator that potentiates the oncogene c-Jun.
Two kinases, namely, HIPK1 and CLK2, phosphorylate PAGE4,
generating variants phosphorylated at different serine/threonine
residues (HIPK1-PAGE4 and CLK2-PAGE4, respectively) with
opposing functions. While HIPK1-PAGE4 predominantly phosphorylates Thr51 and potentiates c-Jun, CLK2-PAGE4
hyperphosphorylates PAGE4 and attenuates transactivation. To understand the underlying mechanisms of conformational diversity
among different phosphoforms, we have analyzed their atomistic trajectories simulated using AWSEM forcefield, and the energy
landscapes were elucidated using ELViM. This method allows us to identify and compare the population distributions of different
conformational ensembles of PAGE4 phosphoforms using the same effective phase space. The results reveal a predominant
conformational ensemble with an extended C-terminal segment of WT PAGE4, which exposes a functional residue Thr51, implying
its potential of undertaking a fly-casting mechanism while binding to its cognate partner. In contrast, for HIPK1-PAGE4, a compact
conformational ensemble enhances its population sequestering phosphorylated-Thr51. This clearly explains the experimentally
observed weaker affinity of HIPK1-PAGE4 for c-Jun. ELViM appears as a powerful tool, especially to analyze the highly frustrated
energy landscape representation of IDPs where appropriate reaction coordinates are hard to apprehend.

■ INTRODUCTION

Contrary to Anfinsen’s hypothesis that structure defines
protein function,1 it is now increasingly evident that a
significant fraction of the human proteome is composed of
intrinsically disordered proteins (IDPs) that lack rigid three-
dimensional (3D) structure.2−5 Despite the lack of well-
defined structure under physiological conditions at least in
vitro, IDPs are involved in a large number of biological
functions ranging from gene regulation, molecular recognition,
signal transduction, and intracellular information processing
events,6−8 underscoring their functional significance.
IDPs can adopt a huge repertoire of conformations because

of their high backbone flexibility and inherent plasticity9−13

and hence exist as conformational ensembles. Thus, the
conformational search process of an IDP involves a higher-
dimensional phase space than a structured/ordered protein.
While enormous research efforts have been spurred to
understand the classical “minimally frustrated” or “funnel-

like” energy landscapes for structured proteins,14−16 under-
standing “highly frustrated” or “weakly funneled” nature of
IDPs has remained far more challenging due to their large-scale
conformational changes.17−20 Furthermore, compared to
ordered proteins, IDPs are relatively more susceptible to
post-transitional modifications, especially phosphoryla-
tion,21−23 which has been shown to impinge on their
conformational dynamics.7,24−26 In several cases, such
conformational switches induced by site-specific phosphor-
ylation have been implicated in disease pathology.
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Concomitant with advances in experimental techniques
typically used to investigate IDPs, such as nuclear magnetic
resonance (NMR), small-angle X-ray scattering (SAXS), and
single-molecule fluorescence resonance energy transfer
(smFRET),27−31 over the past two decades, a number of
computational techniques have been developed, causing an
explosion in research on the IDPs.32,33 Nonetheless, capturing
the detailed conformational dynamics of IDPs at an atomistic
length scale remains a challenge both experimentally and
computationally. More specifically, the challenges are two-fold:
(i) Generating high-resolution ensemble of highly flexible IDPs
is computationally expensive in most cases as a large number of
conformational changes are associated with an IDP; (ii) due to
the numerous degrees of freedom in complex IDPs,
mechanistic interpretation of trajectories from computer
simulations is a tough call, if not impossible. The former
challenge imparts the sampling issues concerning the huge
phase space of IDPs. Canonical atomistic molecular dynamics
(MD) simulations are often found futile in simulating IDPs
due to inadequate statistical sampling. Ideally, sampling an IDP
requires long-time simulations, and these are computationally
highly expensive. To address the sampling issues, different
coarse-grained (CG) models,34,35 trained molecular simula-
tions by experimental inputs,36−38 de-novo enhanced MD
simulations techniques are developed and found quite useful in
rapid sampling of the IDP phase space.39−41 While most of the
computational techniques focus on the sampling issues of
IDPs, which of course is essential, mechanistic interpretation of
trajectories from computer simulations still remains a major
challenge.
Among IDPs that have been extensively studied, prostate-

associated gene 4 (PAGE4) is one of the most well-
characterized IDPs in terms of its biology and its conforma-
tional preferences and dynamics.25,42,43 PAGE4 is a stress-
response protein that acts as a transcriptional coactivator. In
prostate cancer cells, PAGE4 potentiates transactivation of c-
Jun that heterodimerizes with c-Fos to form the activator
protein-1 (AP-1) complex.44 The stress-response kinase,
homeodomain-interacting protein kinase 1 (HIPK1), phos-
phorylates PAGE4 predominantly at Thr51 with a minor
fraction of the ensemble being phosphorylated at Ser9.45 On
the other hand, CDC-like kinase 2 (CLK2) hyperphosphor-
ylates PAGE4 (CLK2-PAGE4), and in contrast to HIPK1-
PAGE4, CLK2-PAGE4 inhibits c-Jun activity.43 Consistent
with the biochemical data, NMR studies indicated that HIPK1-
PAGE4 exhibits stronger binding to AP-1 than CLK2-PAGE4.
Furthermore, MD simulations using atomistic associative
memory, water mediated structure and energy model
(AAWSEM) revealed that this difference in binding affinity
may be attributed to the phosphorylation-induced conforma-
tional changes adopted by HIPK1-PAGE4 and CLK2-PAGE4.
Confirming the results from molecular simulation, SAXS and
smFRET results show that HIPK1-PAGE4 exhibits a relatively
compact conformational ensemble, whereas the conforma-
tional ensemble of CLK2-PAGE4 appears more expanded.43

Given the complexity and 3D spread of the conformational
space of an IDP as highly disordered as PAGE4,27,46 deriving
an ensemble average picture representing its conformational
plasticity may represent a rather crude approach. By this
approach, a functional conformational ensemble might stay
underestimated. Therefore, visualization of the entire con-
formational ensemble map is important that can help identify
the mechanistic interplay between different conformational

clusters and their functional implications. With this goal in
mind, here, we have adopted the energy landscape visualization
method (ELViM), a unique and useful tool to discern the
rough energy landscapes of IDPs and rich characteristics of
IDP dynamics.47 Given the data set of conformations and
using an appropriate metric, ELViM calculates a matrix of
internal distances between all pairs of conformations. This
matrix, which represents the data set in the high-dimensional
phase space, is then projected into an effective two-dimen-
sional (2D) phase space. The analysis of this final energy
landscape representation allows us to infer and establish a
connection with functional mechanisms.

■ METHODS
Brief Description of the AAWSEM Model. The

equilibrium simulation trajectories for all PAGE4 phospho-
forms were obtained using the AAWSEM force field.48,49

AAWSEM is a multiscale model combining explicit-solvent
atomistic simulations of local segments of proteins with CG
simulations of full protein structures.50 The model has been
shown to successfully fold proteins composed mainly of α
helices48 and of α/β structures,49 and it is implemented in the
LAMMPS software package.51 Details of the implementations
of AAWSEM models can be found in refs 48 and 50. Briefly,
the original AWSEM potential includes a “memory term,” VFM,
which guides the local-in-sequence interactions of proteins by
using structure templates. In AAWSEM, VFM uses the clustered
structures from exhaustive atomistic explicit-solvent simula-
tions as structural templates.

Atomistic Simulations of Different Phosphoforms of
PAGE4 and Their Segments. The simulation trajectories of
PAGE4 were adopted from an earlier publication.42 In the
simulation of PAGE4, a total of three phosphorylated forms of
PAGE4 were studied. WT-PAGE4 used the wild-type PAGE4
sequence. HIPK1-PAGE4 had two sites, Ser9 (30−40%) and
Thr51 (>95%), being phosphorylated, where the percentage in
parentheses reflects the phosphorylation probability of
corresponding residues determined by experiments.27 CLK2-
PAGE4 is a hyperphosphorylated form with eight sites being
phosphorylated: Ser7 (>95%), Ser9 (>95%), Thr51 (>95%),
Thr71 (50%), Ser73 (75%), Ser79 (50%), Thr85 (>95%), and
Thr94 (60%).25 These three forms of PAGE4 were segmented
according to the empirical motifs annotated in the literature.27

The segments were solvated and simulated using the
CHARMM36m force field,52 which gives a balanced treatment
of ordered and disordered proteins. The phosphorylated
residues were simulated by adding phosphoryl groups onto
the original residues in the atomistic simulations. To enhance
sampling of different conformations of proteins, the con-
tinuous simulated tempering (CST) method53 was employed
in the atomistic simulations, with temperature varying from
293 to 350 K. To best represent the structures sampled at
physiological temperature, from these atomistic simulations,
we only feed those structures sampled with temperatures
between 293 and 330 K to process through CG AAWSEM
forcefield. The atomistic simulations were carried out with the
GROMACS software package.54,55 Each segment was simu-
lated for at least 1 μs, and the first 25 ns of each trajectory was
removed as required for convergence of the CST algorithm.

AAWSEM Simulations of Different Phosphoforms of
PAGE4. The clustered fragment structures from the atomistic
simulations of different phosphorylated forms of PAGE4 were
separately included as template structures for VFM in the
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AAWSEM simulations of the corresponding full protein. The
AAWSEM simulations of three phosphorylated forms of
PAGE4 were carried out with a constant temperature of 300
K maintained by the Langevin thermostat.56 Electrostatic
interactions were treated using the Debye−Hu ckel approx-
imation,57 with a Debye screening length of 10.0 Å.
Electrostatic interactions were also scaled by 4.0 to achieve a
relatively balanced strength compared to the other terms of the
AAWSEM potential. Since the original AWSEM potential leads
to an overly compact ensemble in simulations of disordered
proteins, the nonbonded contact potential of AWSEM was
modified to better reflect the size distribution of disordered
proteins. Details about the choice of parameters as well as the
simulated trajectories of PAGE4 were discussed in our
previous paper.42 The phosphorylated residues of PAGE4
were modeled by replacing the phosphorylated residues with
“supercharged” (−2e) glutamic acid (Glu) residues.58,59

Furthermore, to reflect the phosphorylation probabilities of
these residues, we multiplied their charges by the phosphor-
ylation probabilities. Our simulation quantitatively reproduced
the size distribution of three phosphorylated forms of PAGE4,
as measured by SAXS and smFRET experiments,25 as well as
the change of local secondary structures upon phosphorylation,
indicated by the NMR experiments.27

ELViM. The visualization of biological macromolecule
landscapes is achieved by optimizing a 2D representation of
distances between structures of a given data set of
conformations.47,60 The method is based primarily on
computing a matrix with effective distances between all pairs
of structures. For two conformations k and l, their similarity
measurement is given by

q
N

r r1
exp

( )k l

N

i j
k

i j
l

i j

, , ,
2

,
2∑

σ
=

− −

(1)

where ri,jk(l) is the distance between the atoms i and j of the
conformation k(l). N is the normalization over all non-
neighboring pairs of residues and σi,j = σ0|i − j|ϵ, with σ0 = 1 Å2

and ϵ = 0.15.61 The dissimilarity between any two structures is
described as

q1k l k l, ,δ = − (2)

where δk,l ranges from 0 (identical) to 1 (very different). The
method seeks to represent every state of the data set by a point
in a 2D phase space, which aims to describe the computed
effective distances in an optimal manner. The method goes
beyond the usual one-dimensional representation, and it does
not require a reference conformation or a reaction coordinate.
This approach relies only on structural information, but the
states’ energies are implicitly accounted for since they are
strongly correlated with their molecular conformations.
The visualization method is based on four steps: (i) An

ensemble of structures which, in general, are obtained through
simulations is generated; (ii) the dissimilarity matrix is
calculated by applying a metric throughout the simulated
trajectory; (iii) a data processing procedure may be carried out
to cluster very similar structures into a single conformation,
lowering the effective total number of conformations to be
analyzed; (iv) a multidimensional projection is performed and,
then, the dissimilarity matrix is transformed to a 2D projection.
There are many methods for the analysis of complex

multidimensional data which rely on pairwise distances
between elements.62 The most common are those used for

hierarchical phylogenetic trees, including extremely diverse
systems, such as the phylogenetic tree of life.63 In comparison,
a conformational phase space of a given protein is much
simpler, and a phylogenetic tree is a valuable approach for
clustering analysis,64,65 which has used the exact pairwise
distance definition as in eq 2.66 However, such studies are
limited to local clustering. In the ELViM, all protein
conformations are projected into a 2D phase space without a
clustering procedure. If the studied system is too complex, such
a bold trial is not always expected to provide meaningful
results. However, if the system is not too complex, which is
what we have observed so far, it is expected this simplified
representation to reveal a rich picture of the underlying
landscape. ELViM can automatically detect pathways and
competing transition-state ensembles without the need for an a
priori reaction coordinate. Instead of having to intuitively
design coordinates, which can involve visual inspection of large
numbers of transition events, ELViM provides a means for
efficiently mapping structurally distinct pathways, which are
observed in conformational rearrangement in multidomain, or
multicomponent, and assemblies.
From ELViM projection, the density of states (DOS) of

each region or pixel can be obtained (ni), from which the 2D
free energy can be inferred as

k T n Nlog( / )iB= − (3)

where N is the total number of conformations. The local
minima can be associated with the more stable conformation
basins and saddle points to transition states between basins of
stability, which allow us to estimate energy barriers, as we see
in the present study.
In this work, we propose a slightly different analysis; we

carry out the projection for different systems simultaneously
using the same phase space. In this case, 10,000 structures of
each simulation separately were selected (WT, CLK2, and
HIPK1); from these data, we performed the steps (ii) and (iv)
described above in order to obtain the effective 2D projection
as results. The information about which simulation each
structure belongs to is preserved and can be labeled.

■ RESULTS

The simulation trajectories of PAGE4 consist of 104

configurations of each of the three variants: wildtype (WT),
CLK2, and HIPK1, which were described in a previous
study.42 The sequence of PAGE4 and its phosphorylated and
nonphosphorylated (WT) residues are indicated in Figure 1a.
In this work, we have employed our newly developed ELViM
for the first time to not only visualize and understand the
higher-dimensional conformational phase space of a highly
flexible IDP but also compare the different conformational
ensembles. ELViM being a reaction coordinate-free method
nicely provides an unprecedented and intuitive 2D visual-
ization of the multidimensional phase space. The effective 2D
phase space of all PAGE4 conformers is given by an
approximately circular disk, shown in Figure 1b, in which,
each structure is represented by a point. One can see the
conformational states of WT-PAGE4 and HIPK1-PAGE4
occupying similar regions of the phase space, while CLK2-
PAGE4 occupies a region in the phase space that is distinct
from that occupied by the WT and HIPK1 ensembles.
However, ELViM brings all conformational ensembles of
each conformer under the same effective phase space region
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where the ensemble overlaps and distinctions can be discerned
simultaneously.
Validation of 2D Phase Space. If the studied system is

not very complex, ELViM can provide a meaningful energy
landscape of the structures. One way to validate ELViM
representation is to probe measurable variables and determine
if they are well behaved, that is, if they vary continuously.
Figure 2 shows the radius of gyration (Rg) of different regions
of the protein for each state where different conformations are
enveloped. This analysis is consistent with our early simulation
measurements and indeed captures the dynamical changes in
the PAGE4 ensemble. By separately accounting for N- and C-
terminal regions, we previously observed that both N- and C-
terminal regions have a loop-forming tendency.43 However, the
present study revealed that the N-terminal part more
frequently adopts a compact turnlike structure compared to
the C-terminal region (Figure 2b,c). This clearly implies that
the N-terminal half dynamically contributes more to the overall
compaction of PAGE4. Such N- and C-terminal conforma-
tional dynamics of PAGE4 and its different phophoforms were
also monitored in an early smFRET experiment where the N
terminal size variability was measured by probing the distance
between residues 18 and 63.25 Interactions between residues
18 and 63 and between residues 63 and 102 were calculated for
every conformation in the ELViM projection, and the results
show good agreement with experimental observations while
validating the well-behaved representation of the data; see
Figure 3. Consistent with the present ELViM, our previous
observations employing smFRET also indicated that the C-

terminal region of PAGE4 is less dynamic in terms of its
conformational preferences in response to phosphorylation
compared to its N-terminal half. As shown in Figure 3, the
overall macroscopic size variability of this IDP and its different
phosphoforms is well characterized as a function of Rg. On the
other hand, additional work is needed to determine how the
segmental loop-forming tendency evolves microscopically in
each ensemble.

Analysis of Each PAGE4 Phosphoform. Once all
conformations of the data set are projected into the 2D
effective phase space, one can start analyzing each ensemble
data separately. Because all conformations are described under
the same overall reference frame, comparisons between their
behavior can be carried out simultaneously. A straightforward
analysis is to obtain from the 2D DOS of each pixel i for each
PAGE4 conformer (ni

p), which is shown in Figure 4. The DOS
demonstrates that WT- and HIPK1-PAGE4 populate very
distinct areas of conformations compared to CLK2-PAGE4.
Also, CLK2-PAGE4 being a more expanded variant, its
disorderedness and diminished affinity for c-Jun were very
well-characterized in previous biophysical experimental meas-
urements and simulation studies.25,27,42,43,45 Furthermore,
while WT- and HIPK1-PAGE4 can bind to c-Jun, CLK2-
PAGE4 has a significantly lower binding affinity for c-Jun.25,45

Thus, in the current study, we are more interested in analyzing
and comparing the conformational heterogeneity between
WT- and HIPK1-PAGE4. Interestingly, all previous measure-
ments employing smFRET, NMR, and SAXS showed that
HIPK1-PAGE4 is slightly more compact than WT-PAGE425

Subsequently, experimental measurements also found that in
comparison to WT, HIPK1-PAGE4 has reduced binding
affinity for c-Jun, which affects its transactivation of target
genes.45 Therefore, to understand the differences between

Figure 1. PAGE4 sequences and 2D ELViM projection. (a) PAGE4
wild type, HIPK1, and CLK2 sequences, in which the non-
phosphorylated and phosphorylated residues are shown in blue and
green, respectively. (b) Each configuration of each type of
phosphoform is represented as a point in the ELViM’s effective 2D
representation.

Figure 2. Structures as a function of the radius of gyration. Each
conformation is colored as a function of the radius of gyration of (a)
the entire protein, (b) the N-terminal part (residues 1−51), and (c)
the C-terminal part (residues 52−102); the two small figures have the
same colorbar. The shown structures are typical examples of each area
of the 2D effective phase space, in which the N- and C-terminals are
shown in red and blue, respectively.
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WT- and HIPK1-PAGE4, we compared their DOS maps
where the effective phase space appears very similar, and in
both the maps, we identify three distinct conformational
clusters designated as: A, B, and C in Figure 4a,b.

A detailed analysis of these regions can provide insight into
the overall features of these states and help in explaining the
microscopic origin of the increased compaction in HIPK1-
PAGE4 than that seen in WT-PAGE4 as determined by SAXS
measurements.25 Region A is the highly populated stable
region for WT- and HIPK1-PAGE4 in the entire phase space.
It isolates the most compact conformations where the
compaction of both the N-terminal1−51 and C-terminal (52−
102) results in lowering of the overall (Rg) value as shown in
Figure 2. Regions B and C also have a compact N-terminal
region but they possess a more labile and extended C-terminal
fraction. The contact maps associated with these regions
corroborate this compactness feature. For a given conforma-
tion, a contact between residues i and j is considered formed if
rij ≤ rc, where rc is the cutoff contact distance. In this study, rc =
8 Å. For a given set of structures, a contact is considered as
formed if it occurs in at least 50% of the states. Figure 5 shows
the contact map of WT-PAGE4 and HIPK1-PAGE4 in regions
A, B, and C defined in Figure 4a,b. They show contacts
between residues involved in the N-terminal portion,
characteristic of loop formation. As the system goes from
region A to B and C, one can identify a progressive C-terminal
region extension. Typical structures of these regions are shown
in Figures 2 and 6a−c.

Fly-Casting of Wild-Type PAGE4. Our contact map
analysis correlates well with earlier NMR spectroscopy results,
which show that PAGE4 has local and long-range conforma-
tional preferences that are significantly perturbed by the site-
specific phosphorylation at Thr51.27 It is evident that in WT
PAGE4, these preferential interactions are clearly manifested in
the N-terminal loop formation, keeping C-terminal relatively
extended and exposing the central acidic region where c-Jun
binds.27 Our results suggest that such favorable WT-PAGE4
conformations facilitating c-Jun docking to occur are associated
with states observed in region C in Figure 4a. The high
stability of region A and the structural similarity between the
conformations of A and C regions, together with intermediates
from the B region, offer a persuasive argument for a functional
mechanism. As we move beyond the stable basin of region A,
the C-terminal segment progressively becomes extended. It
populates region B, finally reaching region C, which allows
better exposure of the central acidic region and its close
interaction with the c-Jun complex, as depicted in Figure 6.
This population-shift toward region C is likely to ensure
PAGE4 functioning by extending its higher capture radius,
exposing the binding site to c-Jun but still retaining its

Figure 3. Distances measured by smFRET probes25 are calculated for
each conformation in the ELViM projection and colored accordingly.
The distances are (a) between residues 18 and 63 and (b) between
residues 63 and 102.

Figure 4. DOS for each phosphoform. Each PAGE4 data set can be analyzed individually using the same 2D effective phase space shown in Figure
1b, from which the DOS is calculated. (a) WT-PAGE4, (b) HIPK1-PAGE4, and (c) CLK2-PAGE4.
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moderate flexibility by a partial loop formation. The
observation of partial loop formation hints at a fly-casting
motion that is frequently observed in the conformational
dynamics of disordered proteins.67,68

Occlusion of HIPK1-PAGE4. Since the 2D conformational
phase space of WT- and HIPK1-PAGE4 is very similar, it
would be expected that they would have the same binding
mechanism to c-Jun. However, experimental results indicate
that HIPK1-PAGE4 has a lower binding affinity for c-Jun.27

One possible reason for the lowered affinity of HIPK1-PAGE4
for c-Jun in vitro may be due to the more compact nature of the
conformational ensemble of HIPK1 than WT-PAGE4. Here,
ELViM plays a very important role by capturing the population
shift toward region A where both N- and C-terminal regions
contribute to form a compact core sequestering the central
acidic regions. Such a population shift in HIPK1-PAGE4
renders an occlusion effect barring HIPK1-PAGE4 from
interacting with c-Jun, which may reduce their binding affinity
as found in experiments.45 To qualitatively monitor this
population shift mechanism, one can estimate the free energy
using eq 3 and the DOS shown in Figure 4. Probing the local
minima and saddle points along the path that connects the
basins A, B, and C, the approximate free-energy differences can
be inferred as k T n nlog( / )i j i j j i, BΔ = − = . The approx-
imate free-energy profiles for WT-PAGE4 and HIPK1-PAGE4
are shown in Figure 7. HIPK1-PAGE4 presents higher energy
barriers and higher free-energy difference between basins A
and C when compared with WT-PAGE4. Based on both
kinetic and thermodynamic aspects, it makes functional
conformations in region C less likely to be probed in
HIPK1-PAGE4. The energy differences are in the order of

kBT or less, and hence, it may be argued that these are too
small to make a difference in the mechanisms. However, it
should be noted that the simulation model is CG, so the values
for the energy barriers and free energy difference are
qualitative.

Central Role of Thr-51 in Maneuvering Conforma-
tional Equilibrium. Biological macromolecules, including
IDPs, adopt a diverse ensemble of conformations for which
distinct functions have evolved. The populations of conforma-
tional ensembles preserve a dynamic equilibrium as we
currently find among A, B, and C population regimes. It is
clear from our structural analysis that the underlying
differences between WT- and HIPK1-PAGE4 have emerged
because of the flexibility of the C-terminal motif. The
conformational flexibility of the C-terminal motif again
depends on its preferential interaction with the acidic region
centered on Thr-51. Thus, Thr-51 serves as a controlling
anchor, which has the potential to assemble both N- and C-
terminals making 8-ring like structures (region A). In HIPK1-
PAGE4, the population shift occurs from region C to A which
is highly enriched by such 8-ring like structures where Thr-51
is highly buried by the neighboring residues. This feature is
readily inferred by measuring the radius of gyration (Rg) of
segments around Thr-51. We calculate Rg in segments from 51
− N to 51 + N for all conformations in the ELViM 2D
representation. Figure 8 shows Rg in the intervals [41, 61], [31,
71], [26, 76], and [16, 86] (N = 10, 20, 25, and 35),
respectively. The data indicates that the region in which
HIPK1-PAGE4 has the highest DOS (region A) corresponds
to the lowest Rg, that is, the segment containing Thr-51 in its
center is expected to be strongly packed, which is in good

Figure 5. Contact maps for WT-PAGE4 and HIPK1-PAGE4. A residues i and j are defined in contact if they are within a distance rc (rij ≤ rc, with rc
= 8. Å). WT-PAGE4 and HIPK1-PAGE4 structures were selected from regions, A, B, and C shown in Figure 4. A contact between residues i and j
is considered formed if it occurs in at least 50% of the selected states. The contact maps for regions A, B, and C, are shown in (a−c), respectively. In
(c), there are no loop-forming contacts in region C-terminal segments, which indicates that this segment is in its extended form.

Figure 6. Wild-type PAGE4 mechanism. Suggested fly-casting
mechanism of WT-PAGE4, in which the C-terminal portion
undergoes a conformational extension, from state A to B and C,
allowing it to dock and activate the c-Jun complex. The green
highlighted residue corresponds to Thr-51.

Figure 7. WT- and HIPK1-PAGE4 free energies. Comparison of the
free-energy profiles based on the DOS along the path from regions A
to B and C. HIPK1-PAGE4 profile presents a higher free-energy
difference between A and C ensembles and a higher transition from A
to C when compared with WT-PAGE4.
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agreement with the experimental results. This result is also
consistent with recent NMR spectroscopic measurements.
These measurements revealed that the largest chemical shift
occurs at Thr-51, suggesting that Thr-51 envelopes a number
of long-range neighbors in the central region. Thus, it becomes
more compact and more negatively charged in the HIPK1-
PAGE4 version.

■ CONCLUSIONS

Energy landscapes of IDPs are typically hard to investigate due
to the lack of a single native reference conformation.
Moreover, due to their plasticity, IDPs tend to explore an
unusually larger conformational phase space when compared
with classical minimally frustrated proteins, and hence, putative
reaction coordinates are practically nonexistent. Even when a
posteriori reaction coordinates are found, they have the
potential to mask the richness of the dynamics. In contrast,
ELViM represents complex multidimensional landscapes in a
simplified 2D phase space using a purely data-driven approach,
in which no assumption of reaction coordinates or a reference
conformation is needed. This reaction-free approach is
particularly useful in the case of IDPs. The technique also
allows comparisons between proteins studied under different
conditions in a single framework.

In the present manuscript, the method was applied to a
highly intrinsically disordered protein, PAGE4. The ELViM
representation of the data is in excellent agreement with the
experimental results obtained using a variety of biophysical
techniques. More specifically, the previous computational
results, such as the likelihood of loop formation due to
phosphorylation and the structural characteristics of the
different PAGE4 conformational ensembles, highlight the
virtues of employing ELViM to gain deeper insight. In
particular, new details of the mechanisms involved in PAGE4
variants are unveiled applying ELViM. For example, hitherto,
the WT fly-casting mechanism was thought to be a plausible
binding mechanism;43 however, the ELViM results suggest this
may not be the case with HIPK1-PAGE4. The burial of Thr-
51, which plays a key role in c-Jun binding, has also been
elucidated by analyzing Rg in the dominant structural basin of
WT- and HIPK1-PAGE4. Considering the ELViM to
investigate PAGE4 as a paradigm, it is expected to work
equally well for other IDPs and may represent an invaluable
tool to address such challenging systems.
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