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ABSTRACT: Intrinsically disordered proteins (IDPs) engage in
various fundamental biological activities, and their behavior is of
particular importance for a better understanding of the verbose but
well-organized signal transduction in cells. IDPs exhibit uniquely
paradoxical features with low a!nity but simultaneously high
specificity in recognizing their binding targets. The transcription
factor p53 plays a crucial role in cancer suppression, carrying out
some of its biological functions using its disordered regions, such as
N-terminal transactivation domain 2 (TAD2). Exploration of the
binding and unbinding processes between proteins is challenging, and
the inherently disordered properties of these regions further
complicate the issue. Computer simulations are a powerful tool to
complement the experiments to fill gaps to explore the binding/unbinding processes between proteins. Here, we investigated the
binding mechanism between p300 Taz2 and p53 TAD2 through extensive molecular dynamics (MD) simulations using the physics-
based UNited RESidue (UNRES) force field with additional Go̅-like potentials. Distance restraints extracted from the NMR-
resolved structures were imposed on intermolecular residue pairs to accelerate binding simulations, in which Taz2 was immobilized
in a native-like conformation and disordered TAD2 was fully free. Starting from six structures with TAD2 placed at di4erent
positions around Taz2, we observed a metastable intermediate state in which the middle helical segment of TAD2 is anchored in the
binding pocket, highlighting the significance of the TAD2 helix in directing protein recognition. Physics-based binding simulations
show that successful binding is achieved after a series of stages, including (1) protein collisions to initiate the formation of encounter
complexes, (2) partial attachment of TAD2, and finally (3) full attachment of TAD2 to the correct binding pocket of Taz2.
Furthermore, machine-learning-based PathDetect-SOM was used to identify two binding pathways, the encounter complexes, and
the intermediate states.

■ INTRODUCTION

Intrinsically disordered proteins (IDPs) or intrinsically
disordered regions (IDRs) in proteins have received wide-
spread attention from researchers due to their conformational
ensembles and biological functions.1−4 The typical structural
feature of IDPs, namely conformational heterogeneity, endows
them with the potential for one-to-many binding5 by arranging
themselves into distinct geometries suitable for di4erent
binding sites. For example, most transactivation domains
(TADs) in transcription factors, maintaining gene stability by
mediating the cell cycle and the gene transcription, have been
reported to adopt heterogeneous structures under physio-
logical conditions.6 TADs, such as p537 TAD2, exhibit specific
local structures when in complex with their binding partners.8,9

In addition, post-transcriptional modification (e.g., phosphor-
ylation) of specific amino acids is a common way to modulate
IDP/IDR functions.10 Furthermore, prevalent evidence dem-
onstrated that protein mutations at hotspots result in loss of
function.11,12 This suggests that the physical properties of a few
key amino acid residues a4ect the recognition kinetics and
deserve to be explored in detail to reveal the binding
mechanism. However, advancing our understanding of the

recognition mechanism, by which IDPs accurately bind to their
partners, is a significant but challenging task. When it comes to
the IDP binding mechanism, two models, namely induced fit
(IF)13 and conformational selection (CS),14−16 have been
proposed to describe numerous protein binding scenarios. The
induced fit model holds that binding to target proteins can
induce IDP structural rearrangements to better fit the binding
pocket.13 In simulations of binding between NTAIL α-MoRE
and XD, α-MoRE with less helical content was observed in the
transition states, and the high structural flexibility gave rise to a
more productive binding than α-MoRE with a higher helical
content. In addition, prefolded α-MoRE tends to unfold before
binding to XD.17 Conversely, based on the conformational
selection model, proteins prefer to selectively recruit
preorganized IDPs that resemble those in the complex, and
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then the IDP ensemble undergoes a structural shift toward the
preorganized IDP structure.18 The flux19 through IF/CS for a
specific protein complex depends on many factors, such as the
population of preorganized structures, protein concentration,
etc. As more work in this field is established, we will gain a
better understanding of protein recognition mechanisms,
which facilitate rational drug design to precisely modulate
the specified signaling pathways.
Two proposed mechanisms for protein−protein recognition

involving IDPs, conformational selection and induced fit, di4er
in the sequence of folding and binding.14−16,19−22 To get an in-
depth understanding of the folding and binding involving
IDPs, over past years, theories and computational approaches
have been developed to explore IDP coupled binding and
folding processes, at both atomistic23,24 and coarse-grained
simulations of IDPs,25−28 as well as the development and
application of Go̅-like models29,30 to probe IDP interactions. It
is known that both p300 and p53 play essential biological
functions related to cancers, and the intrinsically disordered
nature of p53 TAD2 makes it di!cult to uncover the
mechanism behind it. Our prior work31 explored the
disassociation process of the p300 Taz2 with p53 TAD2
using steered MD simulations. Although the unbinding
mechanism does provide valuable insights into the interplay
of two proteins, it is more straightforward to study protein
recognition directly through binding simulations. Large-scale
conformational changes occur during IDP folding and binding
over a long period of time, making it very challenging, if not
nearly impossible, to reveal IDP binding mechanisms with all-
atom force fields. In contrast, coarse-grained force fields25−28

show obvious advantages in studying long-timescale dynamics
and large proteins and their complexes. In addition to using
coarse-grained force fields to speed up simulations, previous

work has performed simulations using native contact-based
Go̅-like potential energy functions29,30,32 to study protein
folding/binding.33−35 Unbiased simulations36,37 can recon-
struct reliable binding processes due to no intermolecular
interaction restraints, allowing IDPs to freely approach their
binding partners and search for optimal binding pockets. Non-
native contacts38,39 were reported to play a role in the
recognition process, and simulations biased with native
contacts may overestimate their contribution and ultimately
lead to artifacts. However, we need to remember that unbiased
simulations require more computational resources to search for
accurate binding sites than their biased counterparts, and the
Go̅-like model e!ciently leverages prior knowledge of protein
complexes to study their binding mechanisms.
Over the past years, we have been developing/testing a

strategy to explore protein structure/dynamics and structural
transitions during protein association/dissociation processes at
the atom/residue level.31,35,40−48 In this work, we performed
MD simulations using the physics-based UNited RESidue
(UNRES)40,47,49−52 force field with additional Go̅-like
potentials to investigate the binding mechanism of p300
Taz2 and p53 TAD2. Although UNRES has been used to
probe the structure and dynamics of many biological systems
previously,47,53,54 the recent introduction of the UNRES online
server55 provides an easy-to-use solution for the community to
explore protein systems of interest with ease.26,56−60 Taking
advantage of the physical intermolecular distance restraints in
simulations, conformational sampling can leverage existing
experimental knowledge to e!ciently generate bound com-
plexes and reveal possible binding pathways. By aligning the
encounter ensembles in the binding trajectories onto the native
complex, our results indicate that regions surrounding the
Taz2 binding pocket, especially the flexible loops, are the

Figure 1. Six starting structures in UNRES binding simulations are shown, with Taz2 Ile1735 and TAD2 Ser46 separated by 6 nm (A), and some
snapshots are extracted with complex RMSD values annotated in panels B−E. In the native Taz2−TAD2 complex (PDB ID 2MZD8), Taz2 is
colored in cyan and TAD2 is colored in red. In the starting structures in panel (A) and sampled structures in panels B−E, TAD2 is colored in
magenta with Taz2 aligned with the native complex.
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primary regions responsible for the initial collisions. In most
cases, the TAD2 helix was already formed prior to collision
with Taz2. Following the formation of the encounter complex,
the intermediate species were found before the transition to
the final protein complex, suggesting that structures containing
partial intermolecular interactions lie in local energy minimal
basins. Furthermore, machine-learning-based PathDetect-
SOM61 analysis revealed the binding pathways appear to go
through the structural ensembles of the encounter complex
and the intermediate state described above.

■ METHODS

UNRES MD Simulation Setup.We employed the physics-
based coarse-grained UNited RESidue (UNRES) force field
(NEWCT-9P)62 to perform binding simulations from six
starting structures, where TAD2 was placed at six di4erent
positions relative to Taz2 (referred to as up, down, left, right,
front, and back afterward) in a water box with a side length of
15.4 nm and a distance between Taz2 Ile1735 and TAD2
Ser46 of 6 nm, as shown in Figure 1A. The conformation of
TAD2 in the starting structure is obtained from our previous
MD simulation46 results of TAD2. Through cluster analysis,
the representative structure of the primary cluster (58% of the
60,000 frames, the other cluster accounts for 42%) is used in
this work. Considering the diversity of conformations adopted
by TAD2, the selected initial structure may have little impact
on the study of the Taz2−TAD2 binding mechanism. One-
hundred and twenty independent simulations were carried out
for each starting structure using a Langevin thermostat to
control the simulation temperature at 300 K. Periodic
boundary conditions (PBCs)63 were applied in three
dimensions with a cuto4 of 25 Å for long-range interactions.
Snapshots were taken every 10,000 steps with dt = 0.1,
resulting in a total of 2600 snapshots per simulation. In the
simulations, we applied the Go̅-like model by extracting the
residue pairs within the Taz2 domain and between Taz2 and
TAD2 from the NMR-resolved structure8 if the distance
between Cα atoms of a pair of residues is less than 8.9 Å. To
impose intermolecular chemical cross-link restraints between
Cα atoms, we applied a flat-bottom quartic function to define
the restraints, where the well depth and well-wall breadth have
the same value of 1. The well depth represents the confidence
of the corresponding distance in the protein complex. More
details can be found in a previously published paper from
Lubecka and Liwo.64 The restrained distances between residue
pairs were within ±1 Å of the distance in the native complex.
There is no preference as to the nature of the restraint
residues; as long as they meet the restraint criteria, they can be
hydrophobic, hydrophilic, or charged residues. In total, we
generated 450 restraints, including 296 pairs of Taz2
intramolecular restraints and 154 pairs of intermolecular
restraints (see Table S1 for a list of cross-link restraints
imposed in our simulations). These distance restraints allowed
Taz2 to possess a native-like structure and the simulation to be
biased with the intermolecular cross-link restraints to produce
bound complexes. However, there are no restraints within
TAD2, ensuring the free dynamics of TAD2 during the
simulation. In this way, we can study the binding and folding
process of TAD2 in the proximity to Taz2.
Root-Mean-Square Deviation (RMSD) Calculation

and the Selected Trajectories. The RMSD of the p300
Taz2−p53 TAD2 complex was calculated relative to the first
model of NMR-resolved structures.8 The RMSD of p53 TAD2

was calculated in the same way. For p53 TAD2, RMSD values
were analyzed for di4erent regions, including the TAD247−55

helix and the entire TAD235−59 domain. Based on the complex
RMSD values, 190 out of the 720 replicas were identified as
having an average RMSD value (in the last 100 frames, frames
2500−2599) of less than or equal to 2.5 Å. This complex
RMSD cuto4 is used as a criterion for complex binding, as
structures with RMSD values of 3 and 2.5 Å (Figures 1B and
1C) show good binding to Taz2, whereas those with RMSD
values of 3.9 and 7 Å (Figures 1D and 1E) show o4set or loose
binding. Taking into account the formation of the TAD247−55

helix, 182 of the 190 replicas (Table S2) were further selected
using a TAD247−55 helix RMSD (average of the last 100
frames) cuto4 of 1.4 Å. The eight excluded replicas with a
TAD247−55 helix RMSD greater than 2.9 Å indicate the final
unfolding of TAD2. Based on the RMSD results, these 182
trajectories with successful binding and TAD2 folding were
selected to carry out further analyses. To monitor the progress
of the binding simulations, the native contact fraction was
computed for each frame by comparison with the native
contacts formed in the experimental structure with a distance
cuto4 of 5.5 Å between any heavy atoms of two residues.
Contact Formation Order and Cluster Analysis. To

track the formation of intermolecular contacts of the Taz2−
TAD2 complex and contacts within TAD2, the frame number
at which a pair of residues made contact for the first time was
recorded and ranked to generate the contact formation order
in a single trajectory. A pair of residues was considered to be in
contact with each other if the distance between the heavy
atoms is less than 5.5 Å. The mean and standard deviation of
the contact formation order on the 182 trajectories were then
calculated. By analyzing the contact formation sequence, initial
contacts between Taz2 and TAD2, corresponding to small
formation orders, can be found. The relative formation order
between intermolecular contacts and TAD2 internal contacts
roughly provides information about the folding and binding
sequences of TAD2. Hierarchical cluster analysis in the
principal component (PC) space was conducted in Bio3D65

along the first two largest principal components to generate
five representative structures from a given structural ensemble.
PathDetect-SOM. Self-organizing maps (SOMs) are a type

of unsupervised artificial neural networks which o4ers a clear
visual representation of data on a two-dimensional map.66,67

They have gained wide recognition for analyzing various data
types, including conformations obtained from molecular
dynamics (MD) simulations.68−70

To explore conformational details at atomic resolution, we
back-mapped simulations to all atoms using PULCHRA,71 and
we calculated intermolecular distances between the Cβ atoms
of TAD2 and Taz2 for each frame resulting in 2250 input
features. The same distances were used in a previous
publication.31 The SOM was trained over 5000 cycles. During
each cycle, input vectors representing individual conformations
were randomly presented to the map and assigned to the
neuron with the closest weights, known as the best matching
unit (BMU). During training, the weights of the BMU and its
neighboring neurons are adjusted to align with the input
vector. The extent of this adjustment decreased with distance
from the BMU and progressed during training. This process
was iterated, preserving the topological relationships between
neurons and ensuring that similar original input data remained
close to the map. In a subsequent step, we grouped neurons
into a small yet representative number of clusters using
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agglomerative hierarchical clustering based on the Euclidean
distance and complete linkage. We determined the optimal
number of clusters (in this case, 12) using Silhouette profiles
(Figure S1).
For this study, we employed a 10 × 10 sheet-shaped SOM

without periodicity across the boundaries, using a hexagonal
lattice shape. We set a distance value cap of 1.5 nm to
eliminate uninformative di4erences between frames in un-
bound conformations. The trajectories of the molecular
dynamics simulations are mapped onto the SOM based on
the BMU annotations, allowing us to construct the path
covered by each simulation on the map. Using this time-
dependent annotation, we estimated an approximate transition
matrix between each pair of neurons. Only transitions with at
least three observations were retained. This matrix was then
converted into a row-stochastic matrix, and we constructed a
graph with nodes representing neurons. The edges of this
graph were assigned values corresponding to the negative
logarithms of the transition probabilities between the

respective neurons. Due to the pruning of low-sampled
transitions, some neurons may remain isolated from others
and are not represented in the graphs.
Finally, we visualized the helical content of TAD2 by

assigning a color code to each neuron based on the average
value of the property for the frames belonging to that neuron.
All analyses were carried out using the PathDetect-SOM
tool61,72 and the igraph package73 for graph construction. All
trajectories were truncated for SOM analysis when the
following RMSD criteria against the native structure were
satisfied: complex RMSD < 2.5 Å, TAD2 RMSD < 2.5 Å, and
TAD2 helix RMSD < 1.4 Å. Following the satisfaction of the
RMSD criteria, 10 additional frames were retained to ensure
that the process of complete binding was captured for each
replica.

■ RESULTS

The association mechanism was revealed by monitoring the
progression of complex binding and TAD2 helix folding in

Figure 2. Taz2−TAD2 encounter complexes originating from e4ective collisions. In panels A and B, the native Taz2−TAD2 complexes (PDB ID
2MZD8) are shown as a surface view, with Taz2 in white and TAD2 in tan. The encounter complex ensemble is grouped into 20 clusters and
visualized by overlaying Taz2 onto the native complex with TAD2 colored according to the corresponding cluster population. In panel C, residues
forming contacts in the encounter complexes are colored in red.

Figure 3. Contact formation order of the Taz2−TAD2 complex and the internal TAD2. Means and standard deviations (SD) of the formation
orders for the intermolecular and intramolecular contact are shown in panels A and B. Residues involved in initial contacts (the first 100 contacts
formed) are highlighted in panel C, with darker blue implying a higher frequency of initial contacts being formed.
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UNRES binding simulations between Taz2 and TAD2. By
analyzing 182 replicas, we extracted snapshots of encounter
complexes and intermediate species from trajectories and
identified binding pathways from PathDetect-SOM analysis.
Encounter Complexes and Initial Intermolecular

Contacts. Interpretation of the binding mechanism relies on
the detection of key species during the association process and
on the order of their occurrence. To form an encounter
complex, the first question is whether TAD2 randomly collides
with Taz2. By monitoring the minimum distance between
Taz2 and TAD2 (Figure S2), two distinct collision scenarios
were detected using a minimum intermolecular distance cuto4
of 2 Å as the threshold for the formation of encounter
complexes. In some cases, more than one collision was
detected, including ine4ective and finally productive collisions,
while in other cases a single collision was su!cient to prompt
subsequent structural transition. Considering encounter
complexes specifically originating from e4ective collisions, we
extracted an encounter structure for each trajectory and
grouped them into 20 clusters. When we align Taz2 in clusters
with the native complex,8 TAD2 shows a strong tendency to
collide with the side of the binding site, as shown in Figure 2A.
Few e4ective collisions occurred on the opposite side of the
binding site (Figure 2B). In Figure 2A, a majority of the initial
collisions occurred around the binding site of Taz2 (TAD2 in
green), especially the α2/α3 loop (the loop region between α-
helix 2 and α-helix 3 of Taz2, TAD2 in red). To delve into it

in-depth, we mapped the residues contributing to intermo-
lecular contacts in the encounter complexes onto a ribbon view
of the native complex, as shown in Figure 2C. Loop regions on
Taz2 are more prone to collide with TAD2, such as the N-
terminus on the right and the α2/α3 loop on the upper left.
Therefore, this loop region may play a role in the initial stage
of protein binding. Key residues in the encounter complexes
starting from di4erent structures were mapped onto the native
complex, and we can see modest di4erences between these
residues in Figure S3.
As the starting point for binding events, the encounter

complex will lead to the formation of more contacts and the
positioning of TAD2 to the correct binding pocket. We
exploited the order of contact formation to analyze the initial
contacts. Identifying initial intermolecular contacts can help us
understand the structural transition from encounter complexes
to native-like complexes. The initially formed contacts (blue
areas on the left panels of Figures 3A and 3B) with low
standard deviations (blue areas on the right panel of Figures
3A and 3B) are of great significance. If we compare the blue
areas in Figure 3A (initial contacts) with the native contacts
found in the NMR-resolved Taz2−TAD2 complex,8 we note
that the initial contacts are often non-native contacts. For
intramolecular contacts in TAD2, the initial contacts involve
residues within the TAD2 helix (residues 47−55), suggesting
that the helix can form earlier than other segments within
TAD2. As shown in Figure S4, we counted the number of

Figure 4. Root-mean-square deviation (RMSD) analysis of the Taz2−TAD2 complex, the TAD2 helix (residue 47−55) RMSD, and the native
contact fraction between Taz2 and TAD2. In panel A, the average RMSD of the complex, the entire TAD2, and the TAD2 helix over all 182
replicas decreases with simulations. The complex RMSD distribution is shown in panel B. Inset: RMSD distribution, highlighted in the red dashed
box. By aligning Taz2, the intermediate states (conformations in panel B with the complex RMSD in the range of 3.5−5.5 Å) are overlaid with the
native complex (C), where native TAD2 is shown in red and edged ribbon view and TAD2 in the intermediate states is colored in rainbow colors
(blue−red representing the N−C terminus) and shown in a rounded ribbon view. 2D-RMSD distributions (D) were calculated for di4erent
binding stages by extracting frames 100−199, 200−299, 500−599, 1000−1099, and 2500−2599. The native contact fraction between Taz2 and
TAD2 relative to the complex RMSD (E) is plotted at the same binding stages as in panel D.
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occurrences of Taz2 and TAD2 residues in di4erent contact
formation order ranges. We can see that the N-terminus
(residues 1723−1728) and the α2/α3 loop (residues 1770−
1773, 1776) of Taz2 can make contacts with TAD2 at an early
stage (the blue and orange bars with formation order in the
range of 1−100). To visualize the residues involved in the
initial contacts, we mapped these residues to the native
complex and colored them according to the frequency with
which they formed initial contacts (the first 100 contacts
formed), as shown in Figure 3C. Regions surrounding the
binding site are responsible for the initial contacts, confirming
our findings in the encounter complex shown in Figures 2A
and 2B. For TAD2, the helical region (residues 47−55) first
contacts Taz2 (Figure S4). However, when we extract
intermolecular contacts with a standard deviation of less than
20 and count the corresponding number of occurrences
(Figure S5), there are fewer residues that make initial contacts
in the same formation order in all trajectories, indicating that

there is no common formation sequence and the structural
transition to the native-like complex is di4erent in all replicas.
Intermediate States. Chemicals during reactions some-

times get stuck and accumulate in intermediate states. In the
same way, this also happens during the folding/binding
process. To roughly monitor the binding and folding
progression and capture transient intermediate species, we
calculated the RMSD of the Taz2−TAD2 complex, TAD2
(residues 35−59), and the TAD2 helix (residues 47−55). As
shown in Figure 4A, the RMSD values of the TAD2 helix and
TAD2 decrease at the beginning of simulations, while the
complex RMSD takes longer to reach low values. We also
made a histogram plot of the complex RMSD (Figure 4B),
with the two main peaks representing the bound complex and
the greater RMSD value indicating that the complex is in the
bound state but with the TAD2 terminus deviating from the
native state. Additionally, in the enlarged RMSD profile, we
noticed two small peaks in the range of 3.5−5.5 and 6−10 Å.

Figure 5. Transition network diagram that represents the PathDetect-SOM transition matrix between neurons. Arrows represent structural switches
between two neurons. Representative structures for each cluster are shown with borders and TAD2 colored according to the color of the clusters in
Figure S8A. Clusters A and E represent the unbound and bound states, respectively. Clusters B−C and F−I appear to be the encounter complex
mentioned in previous sections, while clusters J−L appear to be the intermediate state carrying a dynamic TAD2 N-terminus, and cluster D appears
to be a less populated intermediate state with the TAD2 N-terminus attached to the Taz2 binding pocket instead. SOM neuron numbers can be
found in Figure S8A.
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Ensembles with complex RMSDs of 6−10 Å are encounter
complexes, and ensembles with RMSDs of 3.5−5.5 Å are
intermediate species. To explore the structural space of the
complex along simulations, we took snapshots at di4erent
stages (frames 100−199, 200−299, 500−599, 1000−1099, and
2500−2599), and plotted the TAD2 helix RMSD versus the
complex RMSD, as shown in Figure 4D. We also performed
cluster analysis on frames 100−199, 200−299, 500−599,
1000−1099, and 2500−2599, and the population of bound
complexes gradually increased as the simulation progressed
(Figure S6). In the 2D-RMSD plots for frames 2500−2599,
two major energy basins, corresponding to the two peaks of
bound complexes in Figure 4B (RMSD less than 3.5 Å),
suggest that bound structures have been formed for all replicas.
For the remaining plots in Figure 4D, we truncated the
complex RMSD to below 6 Å, including the bound structures
and intermediate species (the entire RMSD plots are shown in
Figure S7). We can clearly observe a local energy basin with
the complex RMSD in the range of 3.5−5.5 Å at frames 100−
199 and 200−299, and a reduction in its population at frames
500−599 and 1000−1099 suggests a structural shift from the
intermediate states to bound complexes. This intermediate
species has a low RMSD value for the TAD2 helix, indicating
the presence of a folded helix in TAD2. We extracted the
intermediate species from all replicas and performed cluster
analyses to group them into five clusters. We aligned these
clusters to the native complex (Figure 4C) and found that for
most replicas, the TAD2 helix was formed and anchored in the
binding pocket, with slight fluctuations in the TAD2 N-
terminus. The presence of the intermediate states indicates
that the TAD2 helix readily folds and binds to Taz2, giving rise
to a local energy minimum before the formation of a fully
bound complex. Additionally, a less obvious energy basin was
observed in the upper left of the 2D-RMSD plots (TAD2 helix
RMSD around 3 Å and complex RMSD around 1.5−2.5 Å) at
frames 100−199, 200−299, 500−599, and 1000−1099. This
minor intermediate species represents a bound complex with
an attached TAD2 N-terminus and unfolded TAD2 helix. In
addition, the native contact fraction between Taz2 and TAD2
were used to reveal the progression of protein binding.
Notably, the native contact fraction results confirm our
observation of the intermediate state. When the complex
RMSD is in the range of 3.5−5.5 Å, the native contact fraction
is in the range of 40−60% (Figure 4E), suggesting the presence
of a metastable species before the formation of the native-like
structure.
Binding Pathways Identified in PathDetect-SOM. The

analysis in the previous section identified two di4erent
intermediate species, implying there are multiple possible
binding pathways, so PathDetect-SOM analysis was used to
precisely get an overview of the types of pathways sampled in
the di4erent replicas. A SOM map containing 10 × 10 neurons
was obtained after iterative training, which were further
grouped into 12 macrostates, with cluster A and cluster E
representing unbound and bound structures, respectively. We
can capture the detailed structural transition network from the
diagram representing the neuron transition matrix (Figure 5),
and the neuron transition matrix was also projected onto the
SOM map (Figure S8B). The transition network shows that
multiple pathways through di4erent clusters can link cluster A
to cluster E. Based on the SOM result, there are two main
types of pathways: pathway 1, which passes from the neurons
on top of the graph (clusters G, I, and J−L), first binds at the

small helix of TAD2, and then arranges of the extreme portion
of the TAD2; and pathway 2, which passes from the neurons at
the bottom of the graph (clusters C and D), first binds at the
TAD2 N-terminus, and then arranges in the secondary
structure of TAD2. For example, as shown in the upper part
of the transition network diagram in Figure 5, from cluster A,
simulations may evolve through cluster K, then cluster J, and
finally transform into cluster E. In this pathway, representative
structures of clusters K and J possess structures resembling the
intermediate species described above, in which the TAD2 helix
is anchored in the binding pocket but the N-terminus still
fluctuates near the binding pocket. Sometimes, cluster A first
transforms into cluster I and then enters into cluster K
(clusters A−I−K−J−E), with cluster I like the encounter
complex mentioned above. TAD2 then correctly resides in the
Taz2 binding pocket, as more local contacts are formed. We
also tracked a few similar pathways passing clusters, such as
clusters A−BG/F/I−J−E (where the structural transition
spans clusters BG, F, or I between clusters A and J) and
clusters A−B−L−E. These pathways cover clusters J or L that
have a structure similar to the intermediate state and can be
considered as the first type of pathway (pathway 1), suggesting
that many replicas undergo the binding of the TAD2 helix
prior to the TAD2 N-terminus. Alternatively, we also observed
a second type of pathway (pathway 2, lower part of the
transition network diagram in Figure 5), which subsequently
passes through clusters A−(BC)/(F)−D−A. Cluster D has the
TAD2 N-terminus attached and the helix unfolded and
wiggling, corresponding to the local energy basin in Figure
4D (the complex RMSD and TAD2 helix RMSD of
approximately 2 and 3 Å, respectively). Compared to the
specific structural ensembles identified in previous sections,
clusters B−C and F−I resemble encounter complexes, clusters
J−L resemble the intermediate species, and cluster D
resembles the minor intermediate species distinct from clusters
J−L. The number of replicas that pass through cluster D is 53
(about 30%) while 110 (about 60%) are those that pass
through cluster J. Then, a small percentage (17 replicas, about
10%) does not pass through either cluster but follows
alternative routes (for example, through cluster L or through
neuron 37). The two remaining trajectories passed both cluster
D and cluster J. In addition, the TAD2 helical fraction was
monitored and mapped onto the SOM, as shown in Figures
S8C and S8D. Pathway 1 covering intermediates J−L exhibits a
helical preference of 8% (up to 19% across 25 residues) before
conversion to the bound structure; in contrast, pathway 2
covering intermediate D has a lower helix content of about 5%.
The helical fraction in the unbound state suggests that on one
hand, p53 TAD2 prefers to adopt a helical structure, and on
the other hand, it also indicates an overestimation of helical
stability in the UNRES force field.
Briefly, pathways 1 and 2 detected in the SOM neuron

transition network reveal a three-stage process illustrating a
possible binding mechanism, in which TAD2 first collides with
Taz2 to form an encounter complex, then TAD2 helix binds to
the binding pockets to form an intermediate state in pathway 1
(whereas in pathway 2, the TAD2 N-terminus binds first), and
finally the remaining regions of TAD2 search for the correct
binding site to complete the entire binding process. Never-
theless, these pathways do not rule out other possible
pathways, for example, pathways with rapid protein binding
do not cover many clusters. The distance restraints imposed
during simulations may also have an influence on the sampled
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conformations and then on the captured structural transition
pathways.

■ DISCUSSION

Binding Mechanism of Taz2 and TAD2. Protein
recognition, especially when a protein is disordered, is highly
complex, because the process involves binding and IDP
folding. Its identification sheds light on protein engineering
and rational drug design targeting specific protein−protein
interactions. In this work, we applied computational tools to
study the binding mechanism of Taz2 and TAD2 making use
of the Go̅-like model to boost the simulations. Although we
applied restraints during simulations, the presence of non-
native intermolecular contacts observed in the contact
formation order analysis (Figure 3) demonstrates that the
chemical cross-link restraints did not conceal contributions of
non-native interactions. Hence, the Go̅-like model can still be
utilized to reveal the mechanism. An adequate interpretation of
the recognition mechanism requires characterization of the
important species. First, as shown in Figure 2, as the starting
point of the association process, the encounter complex is a
collection of structures in which TAD2 is widely present on
the side of the Taz2 binding site rather than the other side.
The collision probability is extremely high in the vicinity of the
flexible regions of Taz2 (the N-terminus and the α2/α3 loop),
indicating the importance of these regions in protein binding.
TAD2 then slides across the Taz2 surface in search of the
binding pocket. As shown in Figure 2, we recorded and ranked
the contact formation order for each replica. Initial contacts
identified in all 182 replicas (blue and orange bars in Figure
S4) involve Taz2 residues, such as those in the terminal
regions and the α2/α3 loop (residues 1770−1773, 1776), and
TAD2 residues, such as those in the helical region. If we
consider initial contacts with a standard deviation of less than
20 (orange bars in Figure S5), we find that the early formed
contacts involved the TAD2 N-terminus rather than the helix,
possibly due to helical residues filtered through the standard
deviation sieve. This implies that the formation order of TAD2
helix residues is diverse in di4erent replicas, which does not
conflict with the initial contacts observed in Figure S4. In
addition, based on analyses of the complex RMSD and native
contact fraction in Figure 4, an intermediate state was found,
corresponding to the structure in which the folded TAD2 helix
binds to Taz2 while simultaneously bearing a swinging N-
terminus. A minor intermediate state attached through the
TAD2 N-terminus was also discovered. The results reported
here do not contradict previous observations on other systems,
which suggest that fluctuations in loop regions may have little
to no e4ect on the initial encounter between the IDP and its
binding partners.74,75 The specific region identified as the
encounter site consists of three positively charged residues
(Lys1772, Arg1773, and Lys1774) that attract the acidic
residues of TAD2. Several factors potentially contribute to this
observation. Flexible loops that cover a larger spatial range may
increase the probability of encounters when complexes involve
IDPs. Additionally, the fly casting e4ect can be largely o4set by
a slower di4usion. In our simulations, no explicit solvent was
used, resulting in faster di4usion compared with regular MD
simulations. Furthermore, coarse-grained (CG) models have
smoother free energy landscapes, leading to faster di4usion.
These combined factors of electrostatic interactions and loop
flexibility may synergistically lead to the observation that
intermolecular interactions predominantly occur in the flexible

Taz2 loop region. However, the contribution of fast di4usion
and the smoother free energy landscape of a coarse-grained
model may amplify the role of fluctuations in the loop region.
The PathDetect-SOM results reveal multiple pathways from

the unbound to bound structures, suggesting that the
association process is complicated. However, most pathways
can be divided into two types. In pathway 1, the folded TAD2
helix anchors to the binding site first, followed by further
binding of the TAD2 N-terminus. This partially bound
complex was identified as the intermediate species in the
association process, highlighting a significant contribution of
the TAD2 helix to the Taz2−TAD2 recognition. In contrast,
pathway 2 through cluster D represents a di4erent binding
pathway in which the TAD2 N-terminus binds to the Taz2
binding pocket before the helix. In general, the binding of Taz2
and TAD2 undergoes three stages including protein collision,
TAD2 partial binding, and complete binding. The presence of
a few replicas with fast binding suggests that the binding and
helical folding of TAD2 are rapid (providing few insights into
the recognition mechanism). Furthermore, NMR studies
indicated that the binding rate between Taz2 and TAD2 is
comparable to the helix folding rate at the high protein
concentration used in the kinetic study and should be slightly
slower at in vivo concentration.76 This is consistent with the
presence of the TAD2 helix in pathway 1 prior to complete
binding. In summary, the identification of key species and
typical pathways in the association process paints a detailed
picture for us to better understand the recognition mechanism.
Previous experimental works provided valuable information

for the interactions between TAD2 and Taz2, such as the
structural characterization of the p300 Taz2−p53 TAD2
complex.8 Furthermore, the binding and folding rates in the
p53 TAD2 and CBP (paralog of p300) Taz2 system calculated
using NMR spectroscopy showed that the binding rate was fast
and even comparable to the helical folding rate at the
concentrations in the experiments.76 This is consistent with
our observations that TAD2 is prefolded before approaching
Taz2. Apart from these findings, few experimental works have
focused on the binding mechanism of our protein system.
However, previous studies on protein binding of a similar
NCBD and disordered ACTR system showed that the ACTR
helical propensity in the preformed structure was significant for
molecular recognition based on results from NMR spectros-
copy and fluorescence-monitored stopped-flow kinetic techni-
ques.77 For more concise knowledge of the binding mechanism
and kinetic process of disordered proteins, please read these
reviews: refs 20 and 78−80.
Computational Strategies for Protein Binding Mech-

anisms. The computational approaches used in this work can
be applied for the analysis of other protein systems, providing a
detailed description at the atom/residue level of protein
activities. By capturing key species and structural conversions
in the association processes, we gain insight into how proteins
recognize each other. With specially tailored restraints, TAD2
is able to capture Taz2 with high flexibility, adjusting its
conformation accordingly during simulations. This aspect
holds significant relevance for investigating the behavior of
disordered proteins during protein recognition. This is the first
time that PathDetect-SOM analysis has been used in protein
association studies. Through the key species in the simulations
and the structural transition diagram identified by the SOM,
we can briefly grasp the mechanism behind the extensive
replicas.
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However, while computational approaches o4er valuable
insights into protein association processes, experimental
validation is indispensable for confirming the accuracy of
these findings and providing a comprehensive understanding of
the underlying mechanisms. Protein binding processes can be
studied using methods such as NMR,76 stopped-flow and time-
resolved assays,81,82 Φ value analysis,83 among other
methods.84 For example, to confirm the role of the flexible
regions of Taz2 in the encounter complex, the binding rates of
native Taz2 and its mutant counterpart can be monitored, in
which Taz2 can be engineered by fixing the geometry of the
Taz2 α2/α3 loop. To verify the order of contact formation,
NMR titration methods can be used to track changes in the
chemical shifts of specific amino acid residues. We deduce that
the initial contacts identified in our work would undergo
chemical shift perturbations before later-formed contacts.
Furthermore, surface plasmon resonance has been used to
study the low-populated binding intermediate of a protein−
RNA system by designing mutations that interfere with critical
interactions in the intermediate species.84 A combination of
experimental and computational techniques is required to
elucidate puzzling research from multiple aspects.

■ CONCLUSIONS

In summary, we modeled the association process between
Taz2 and TAD2 using coarse-grained UNRES simulations with
additional Go̅-like potentials and studied the binding
mechanism by analyzing the structural transition features
over time and identifying pathways for the structural transition
between neurons. By imposing Go̅-like restraints, we can
significantly speed up binding simulations, making it possible
to study a long-timescale biological activity with large spatial
conformational changes. Based on the 2D-RMSD plots in
Figure S7, the TAD2 helix is dynamic but prefers to adopt a
helical structure in the isolated state. When approaching Taz2,
TAD2 tends to collide with the side of the Taz2 binding site.
As TAD2 slides across the Taz2 surface in search of the
binding pocket, multiple non-native interactions occurred
transiently to stabilize the corresponding structural ensembles.
Prior to conversion to the final product, an intermediate
species was detected in which TAD2 carrying a dynamic N-
terminus was bound to the binding pocket via the TAD2 helix,
which was confirmed in pathway 1 based on the PathDetect-
SOM analysis.
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