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dels and NMR uncover an
overlooked allosteric loop in p53†

Emilia P. Barros, a Özlem Demir, a Jenaro Soto, b Melanie J. Cocco bc

and Rommie E. Amaro *a

The tumor suppressor p53 is the most frequently mutated gene in human cancer, and thus reactivation of

mutated p53 is a promising avenue for cancer therapy. Analysis of wildtype p53 and the Y220C cancer

mutant long-timescale molecular dynamics simulations with Markov state models and validation by NMR

relaxation studies has uncovered the involvement of loop L6 in the slowest motions of the protein. Due

to its distant location from the DNA-binding surface, the conformational dynamics of this loop has so far

remained largely unexplored. We observe mutation-induced stabilization of alternate L6 conformations,

distinct from all experimentally-determined structures, in which the loop is both extended and located

further away from the DNA-interacting surface. Additionally, the effect of the L6-adjacent Y220C

mutation on the conformational landscape of the functionally-important loop L1 suggests an allosteric

role to this dynamic loop and the inactivation mechanism of the mutation. Finally, the simulations reveal

a novel Y220C cryptic pocket that can be targeted for p53 rescue efforts. Our approach exemplifies the

power of the MSM methodology for uncovering intrinsic dynamic and kinetic differences among distinct

protein ensembles, such as for the investigation of mutation effects on protein function.
Introduction

The transcription factor p53, known as the “guardian of the
genome”, is the most important tumor suppressor in humans
due to its regulation of a wide range of cellular activities.1,2 Loss
of function through p53 missense mutations is associated with
progression of about half of human cancers,3,4 and reactivation
of mutated p53 is emerging as an exciting possibility in cancer
treatment as it has been found to lead to tumor regression.5–9

More than 90% of the cancer mutations are found in the DNA-
binding domain (DBD) of p53 10 (Fig. 1a), but the mechanism
through which a single mutation affects function is far from
resolved. Moreover, the current paradigm is that p53 mutants
are not equivalent proteins, but rather have distinct individual
proles in terms of loss of wildtype activity and acquisition of
unique tumor-promoting gain of functions.11,12 Oncogenic
variations can be classied as contact mutations, which lead to
loss of function due to disruption of the DNA interaction
network,13 or structural mutations, which cause perturbations
y, University of California San Diego, La

csd.edu; Fax: +1-858-534-9645; Tel: +1-

niversity of California Irvine, Irvine, CA,

hemistry, University of California Irvine,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
to the DBD and inactivation through destabilization of the
protein structure, unfolding and aggregation.14–18

A strategy currently pursued for reactivation of structural
mutants is the development of small molecules that bind to the
folded state of the protein and restore wildtype p53 conforma-
tion and function, with promising results achieved by several
groups.19–28 Even in proof-of-concept studies, the success of
small molecules in reactivating one or a few specic mutants
but not others points to the unique behavior of each p53 cancer
mutant. In this way, exploring and characterizing the dynamic
behavior of different p53 mutants as individual entities prom-
ises to open up novel therapeutic opportunities for mutant-
specic p53 reactivation.

One such mutant targeted for small molecule reactivation is
Y220C, a structural mutant responsible for about 100 000 new
cancer cases every year14 and the most frequent p53 cancer
mutation observed outside the DNA-binding interface of the
protein. The mutation of the bulky tyrosine to the smaller
cysteine induces the formation of a crevice in the protein
surface that is amenable to small molecule binding,29–31 but so
far current efforts have failed to yield very high affinity
binders.32–34

While the use of molecular dynamics (MD) simulations has
allowed the successful identication of druggable pockets on
the protein surface of the p53 core domain,27,33,35 our under-
standing of the protein conformational ensemble and dynamics
is restricted by sampling limitations. This leaves large regions
of the energy landscape unexplored which may include many of
Chem. Sci., 2021, 12, 1891–1900 | 1891
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Fig. 1 p53 DNA binding domain (a) monomeric p53 DNA-binding domain in complex with DNA (from PDB 1TSR) with important functional
regions highlighted. (b) and (c) Residues used for MSM construction based on pairwise distances, with L1 (b) and L6 (c) anchor residues high-
lighted in VDW representation. The Ca carbons of the residues that were selected as the second member of the pair with the respective anchor
are represented as spheres.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 8
:5

6:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the functionally important slower motions. Already, relatively
short-scale MD simulations of Y220C have evidenced the exi-
bility of the protein and the Y220C pocket.33 A comprehensive
model of p53's conformational ensemble and the underlying
free energy landscape is desirable as it will allow the under-
standing of the dynamics of key loops and druggable pockets
and their role in the overall function and motions of the
protein. To help overcome this sampling limitation, we employ
here the Markov State Model (MSM) methodology in conjunc-
tion with extensive MD simulations for the investigation of the
conformational dynamics of wildtype p53 and the Y220C
mutant.

MSMs allow the integration of multiple MD simulations into
a single model of the protein conformational ensemble that
contains key thermodynamic and kinetic properties in addition
to retaining the atomic level details of the system.36–43 Because
the MSM is built on the transitions between states, the infor-
mation from multiple MD simulations of the same system can
be combined into a single model and no single simulation has
to explore all the states. Importantly, as the equilibrium distri-
bution of states can be derived from the nal model, the ther-
modynamics of the states can be determined, in addition to
kinetics, principal motions, and transition pathways of the
protein conformational ensemble.

Our computational models, followed by experimental vali-
dation with NMR relaxation studies, allow for the rst time
a thorough exploration of the conformational ensemble of p53
DBD and uncovers the involvement of a loop located away from
the DNA binding interface, L6 (residues 221–230, also termed
S7/S8 loop), in the slowest dynamics of the wildtype protein.
This loop is adjacent to the Y220C mutation, but our models
indicate that the mutation affects the conformational landscape
of not only L6 but also of the essential DNA-interacting L1 loop.
The existence of allosteric communication between the two
loops is suggested and provides a mechanistic rationale to the
effect of the mutation on the activity of p53. Moreover, analysis
of the conformational diversity of L6 evidences the existence of
very distinct loop conformations than previously observed
experimentally, and the identication of a novel cryptic pocket
1892 | Chem. Sci., 2021, 12, 1891–1900
nestled in the extended conformation of L6 that could be
exploited for mutant-specic drug design efforts. Our work
emphasizes the ability of MSMs to explore in detail protein
conformational landscapes, uncover hidden states inaccessible
to experiments and inform on mutation or other environmental
effects (such as ligand binding or pH) on protein function.
Results and discussion
L6 is the slowest loop in p53 DBD dynamics

Markov state models provide a framework for exploring protein
dynamics with atomic resolution beyond the timescales typi-
cally accessed by molecular dynamics simulations. A crucial
step when integrating molecular dynamics trajectories for
model building is the selection of features used to discretize the
protein conformations sampled, which decreases the dimen-
sionality of the conformational space while still allowing for
discrimination between distinct states and appropriate repre-
sentation of the relevant motions. For a general understanding
of the protein conformational ensemble, the task can become
challenging due to the conict between the large degrees of
freedom required to describe the protein ensemble and the
need to limit the feature dimension to a small, tractable
number for model building.

To investigate the basal dynamics of wildtype p53, we
employed an unbiased method that started from computing all
possible pairwise distances (18 336 features), and iteratively
performed time-lagged Independent Components Analysis
(tICA)44 to identify the linear combination of features that
describe the slowest motions of the system, followed by elimi-
nation of the features with low tICA correlation (ESI Table 1†).
Using this methodology we arrived at a nal number of 24 pairs
(ESI Table 2†). tICA is useful in the data processing for MSM
construction as it maximizes the feature combination to yield
kinetically relevant independent components (tICs) represent-
ing the slowest degrees of freedom in the system. Despite
starting from all possible pairwise distances and including no
directed selection of features besides the elimination of pairs
that involve the clipped terminal residues or that are
© 2021 The Author(s). Published by the Royal Society of Chemistry
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consistently too close (<3 �A) or too far (>10 �A) throughout the
whole simulations, the nal set consisted of interacting pairs
centered around loops L1 (residues 113–123) and L6 (residues
221–230): all pairs involved at least one residue located in either
L1 (Ser116) or L6 (Pro223, Glu224, Gly226), hereaer referred to
as L1 and L6 anchor residues, respectively (Fig. 1b and c, ESI
Table 2†). While methods are available for the identication of
relevant features among different input options,45 these still rely
on user-dened feature candidates. The iterative method
applied here provides an alternative approach to arrive at
kinetically-relevant input features without any a priori knowl-
edge of the system's dynamics which could be relevant for many
other systems and applications of MSMs.

The presence of the repeated anchor residues in the nal
feature pairs suggests that loops L1 and L6 are involved in the
slowest and most signicant motions of the protein. Loop L1 is
known as a dynamic and biologically important motif for p53
function, having been observed experimentally and computa-
tionally in two very distinct extended (Fig. 1a) and recessed
conformations.46–48 The identication of the relevance of loop
L6, on the other hand, sheds a light on a relatively unexplored
region of p53. Not much attention has been given to the role of
this structural motif, possibly because of its distance from the
DNA-binding surface. However, elevated B factors in p53 crystal
Fig. 2 Wildtype and Y220C simulation results. (a) Free energy landscap
(tICs). (b) Representative conformations from the wildtype preferred state
Feature correlation with the first five tICA components. Pairwise distanc

© 2021 The Author(s). Published by the Royal Society of Chemistry
structures and NMR NOE values49 point to its intrinsic
dynamics, and exibility in this loop was observed in an early
short simulation of wildtype p53, even though implications for
functionality were not explored as the motion was deemed to
stem from a lack of crystal packing.50 Additionally, comparison
of our wildtype ensemble's dihedral angle and distance distri-
butions to the J-coupling and NOE derived restraints from the
single solution NMR structure (PDB ID 2FEJ51) evidenced that
the great majority of distances do not violate the NOE upper
distance restraints (ESI Fig. 1†) and that average dihedral angles
differ from the experimental values for no more than 23% of the
dihedrals, further supporting the accuracy of our simulations.

For a comparison of the conformational landscapes of
wildtype and Y220C, the conformations explored by each of the
simulations and represented by the 24 features were jointly
used as input for tICA, and the resulting free energy landscapes
are shown in Fig. 2a. Processing the trajectories together (as
described by the selected features) with tICA ensures that the
novel coordinate space is equivalent for the wildtype and
mutant data, allowing for a direct comparison of the confor-
mational ensemble explored by each system. The wildtype
simulation presents two preferred states, corresponding to the
minima in the free energy landscape. The main distinction
between them are the conformations of L1 and indicate the
e of wildtype (top) and Y220C (bottom) in terms of tICA components
s. Loops L1 and L6 are highlighted in blue and orange, respectively. (c)
es involving L1 or L6 loop anchor residues are indicated.

Chem. Sci., 2021, 12, 1891–1900 | 1893
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same recessed and extended L1 conformations that have been
previously observed (Fig. 2b). Interestingly, the pairwise
features used for construction of the map align with the tICA
components in this transformed coordinate space, permitting
a direct interpretation in terms of protein conformation: tIC1 is
closely correlated with features that include L6 anchors, and
tIC2 is more closely correlated with features involving the L1
anchor, Ser116 (Fig. 2c), such that tIC1 and 2 are associated with
the relative motions of L6 and L1, respectively. Moreover, visual
inspection of the conformations distributed on the free energy
landscape evidence that smaller values of each of the tICs
describe conformations with extended loops, while larger
values describe recessed loop conformations (novel conforma-
tions are discussed in more detail in following sections).

Since the tICs are ordered in terms of slowest to fastest
motions, the correspondence of L6 anchor features with the
rst of the components indicates that transitions involving loop
L6 are slower than those for loop L1. To further check the
importance of these loops in the relevant motions of the
Fig. 3 L1-centered MSM (a) free energy landscape of wildtype (left) and Y
Location of metastable states are indicated with letters from A to H. Expe
conformation) and red (recessed L1) circles. (b) Conformations from
standard deviations are indicated. Residues identified in key interactions
states.

1894 | Chem. Sci., 2021, 12, 1891–1900
protein, we performed additional tICA analysis specically
incorporating other motifs known to play signicant roles in
p53 function: helices H1 and H2 and loops L2 and L3, which
together with L1 make up the DNA interaction surface, and loop
S6/7, recently identied as a exible region in p53 mutants52

(Fig. 1a). Even though several of these loops show pronounced
exibility in the simulations as indicated by Ca RMSF values
(ESI Fig. 2†), loops L1 and particularly L6 still dominate the
slowest transitions (ESI Fig. 3†). This suggests that, while other
regions such as loops L2 and S6/7 may be highly exible as
evidenced by their high RMSF values, they display fast dynamics
and act as further evidence to the important role of L6 on the
slow dynamics of p53.
Allosteric communication between L1 and L6

In Fig. 2a it can be seen that the Y220Cmutation affects not only
the conformational landscape of loop L6, where it is located, but
also of loop L1 (as represented by tIC 2). This loop is essential
220C (right) in terms of the features that describe L1 relative dynamics.
rimentally resolved DBD structures are indicated as white (extended L1
each of the wildtype metastable states. Equilibrium populations and
are highlighted. (c) Conformations from each of the Y220C metastable

© 2021 The Author(s). Published by the Royal Society of Chemistry
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for p53 activity as it is involved in key interactions with DNA
through hydrogen bonds formed by Lys120 and Ser121.48

Wildtype p53 shows important intrinsic L1 exibility, but the
effect of the mutation on loop L1's dynamics indicates the
existence of possible long-range communication between L1
and L6.

To look into this inmore detail, we constructedMSMs for the
wildtype and mutant system using only the above identied
features that include the L1 anchor, Ser116. The conformational
landscape in terms of these 7 features, following tICA trans-
formation, is shown in Fig. 3a, and includes the coordinates of
experimentally-characterized wildtype and Y220C p53 struc-
tures for comparison (ESI Tables 3 and 4†). Coarse-graining of
the structures using Hidden Markov state models identies the
presence of 5 metastable states in each case based on the
relative separation of the slowest relaxation timescales in the
implied timescale plot (see Methods section, ESI†). Two wild-
type metastable states, states A and B, are retained in the
mutant system with slight changes to their equilibrium pop-
ulations (Fig. 3b and c). State A is the most populated state in
both systems, and shows loop L1 in the most extended-like
conformations, in agreement with the experimentally-
determined structures. In wildtype state B, we see a previ-
ously-identied 3–10 helix in the L1 loop, absent in the corre-
sponding Y220C state.

The second, shallower wildtype minima, centered at TIC1 ¼
1, is absent in the Y220C sampled conformations. Indeed, we
nd that two wildtype metastable states are abrogated by the
mutation (states C and D), being substituted by a single state in
the Y220C system (state F). These wildtype states show L1 in
recessed conformations, and jointly account for 29% of the
equilibrium population. Interestingly, in both cases we nd that
L6 is also organized in a recessed conformation, such that both
loops are located in close proximity to each other. Investigation
of the loop residues indicates inter-loop hydrogen bonds
formed between the side-chain oxygen of Ser116 in L1 and
backbone nitrogen of Asp228 (in state C) or side-chain oxygen of
Thr231 (state D) in L6 (Fig. 3b and ESI Fig. 4†).

Loop L1 in the corresponding Y220C state F, on the other
hand, is found to be more collapsed into the protein surface, in
a conformation that does not allow for interaction with L6.
Rather, a salt bridge between Lys120 in L1 and Glu198 in loop
S5/S6 seems to promote the stabilization of this alternate
conformation, which accounts for 31% of the Y220C equilib-
rium population and is the second most populated Y220C state
(Fig. 3c). The sequestering of the DNA-interacting Lys120 in this
signicant metastable state could provide a mechanistic
explanation to the p53 inactivation effect of the mutation.
Furthermore, the conformation-dependent interaction between
L1 and L6 identied here suggests the existence of an allosteric
communication between them in functional p53, which is dis-
rupted by the mutation.

Finally, we observe a slight destabilization of states located
at low values of TIC 2 in the Y220C system, which display loop
L1 in extremely-recessed conformations (equilibrium pop-
ulation of 13% for wildtype state E and 8% for Y220C states G
and H). There are no persistent L1–L6 interactions in these
© 2021 The Author(s). Published by the Royal Society of Chemistry
states. A helical content in loop L6 of Y220C state G seems to be
promoted by an inter-L6 hydrogen bond between Ser227 and
Thr231.
Dynamics and druggability of loop L6

The signicance of L6 dynamics suggested by the tICA analysis
and its effect on the L1 conformational ensemble of wildtype
and Y220C prompted us to consider its conformational plas-
ticity in more detail. Fig. 4a shows the free energy landscape of
the wildtype and Y220C systems now in terms of the tICA
components calculated from the 17 L6 anchor features. Again
for comparison, we overlay the corresponding coordinates of
the X-ray structures of wildtype and Y220C p53. It is striking
how all the previously identied structures are conned to
a small area of the map, and the simulations suggest the exis-
tence of novel signicant protein conformations that remain
unexplored to date and could be potentially targeted for drug
discovery.

While the experimental structures align with the wildtype
low energy well, the mutation leads to the stabilization of
multiple alternative loop L6 conformations, including one
mutant-exclusive well at high values of tIC2 that is distinct from
the experimentally characterized structures. Five metastable
states can be identied from the Markov state models for each
of the wildtype and Y220C systems. Two populated wildtype
metastable states at equilibrium remain signicant states in the
Y220C ensemble, albeit with changes to their relative equilib-
rium population and rates of transitions. Three wildtype states
are abrogated by the mutation, while we observe the formation
of two Y220C-exclusive metastable states. The conformational
differences between the highly populated states and potential
for drug discovery are explored in more detail below.

The mutation induces stabilization of extended L6 confor-
mations. The most populated metastable state in the wildtype
ensemble, accounting for over 58% of the population at equi-
librium, corresponds to L6 in a recessed conformation similar
to that observed experimentally (Fig. 4b and c, pink R state).
This organization of the loop allows for the formation of
a crevice in between loops L6 and S3/S4 upon the substitution of
the bulky tyrosine for the much smaller cysteine residue in the
Y220Cmutant, which results in the pocket currently targeted for
p53 rescue.29–34

In several of the mutant frames belonging to this metastable
state we observed the opening of a transient channel through
loop L6, connecting the crevice to another area of the protein
surface. This cryptic pocket has been identied previously by
Fersht and co-workers using molecular dynamics simulations,33

and in agreement with their studies, we nd it to exhibit
promising druggable characteristics (as suggested by FTMap53

solvent mapping analysis, ESI Fig. 5†). Exploitation of this
channel by small molecules could improve the potency of
rescue drugs and increase specicity towardsmutant p53, as the
channel is unavailable in the wildtype simulations due to the
larger volume occupied by the tyrosine residue.

Besides this well-characterized state, the MSMs indicate an
additional common metastable state in the wildtype and Y220C
Chem. Sci., 2021, 12, 1891–1900 | 1895
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Fig. 4 L6-centered MSM. (a) Free energy landscape of wildtype and Y220C systems in terms of L6 features. Experimentally resolved DBD
structures are indicated as white circles. Populated metastable states are identified. (b) Structural representation of the metastable states
identified in the free energy landscapes: recessed (R, pink), intermediate (I, orange), extended (E, green) and mutant exclusive (X, blue)
conformations. (c) Equilibrium population and mean first passage times (MFPT) for the two major wildtype and Y220C metastable states. The
images at the center of the circles represent the respective state L6 conformation, with the a carbon of the mutated residue highlighted.
Thickness of the circle edge is proportional to the equilibrium population in the respective system (wildtype on the left, Y220C on the right).
MFPTs of the transitions are indicated above (for wildtype) and below (for Y220C) the respective arrows. (d) Representation of the novel pocket
found in the L6 extended conformation and solvent mapping results.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 8
:5

6:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ensemble at equilibrium. This metastable state, corresponding
to 16.7% of the wildtype population and 28.9% of the Y220C
ensemble, exhibits loop L6 in a dramatically different extended
conformation (green E state in Fig. 4b and c). In this confor-
mation, the crevice underneath L6 typically targeted by small
molecules for Y220C reactivation is disrupted. However, visual
inspection identied the formation of another cryptic pocket
nestled within this loop, promoted by the extended conforma-
tion of L6 (Fig. 4d). Similar to the mutant-induced crevice, this
pocket is only evident in the Y220C simulations due to the
presence of the less bulky cysteine in its center. The entrance of
the cavity in this case faces the opposite side of the loop relative
to the known Y220C crevice, in the direction of the DNA binding
surface, and the cavity corresponds to a relatively deep hydro-
phobic pocket with average volume of 333.5 � 57.6 �A3 with
opportunities for hydrogen bonding interaction, as well as other
polar interactions in the more solvent-exposed region above L6.
Analysis of the cryptic pocket using FTMap,53 a computational
solvent mapping soware that distributes small organic mole-
cule probes in the protein surface, nds that the novel pocket is
a consensus site, binding 30 different clusters of drug-like
probes and characterizing as a binding energy hot spot
(Fig. 4d). FTMap has been benchmarked against experimental
data and is thus taken as a good measure of the druggability
potential of a protein pocket.54 Indeed, cryptic pockets found
1896 | Chem. Sci., 2021, 12, 1891–1900
close to binding energy hotspots, which can accommodate
diverse small molecule fragments, have increased potential of
being druggable and affect protein function when targeted.55

Several hydrogen bonds between loops L6 and S3/S4 (resi-
dues 146–155) are found to be established for longer fractions of
the simulation in the mutant state, with increases of up to 100�
in persistence time, and suggest possible interactions
promoting the extended conformation (ESI Table 5†). Further
indication of the stabilization of the extended conformation
promoted by the mutation is given by the calculation of mean
rst passage times (MFPT) between these metastable states: the
mutation decreases the mean rst passage time from the
recessed to the extended L6 conformation by a factor of 1.6,
resulting in a faster transition in the Y220Cmutant compared to
the wildtype, while the MFPT out of the extended conformation
and into the recessed increases by more than 2 in the Y220C
mutant (Fig. 4c).

Finally, the third signicantly-populated state in the wild-
type ensemble, with a stationary population of 18.3% and cor-
responding to an intermediate state between the extended and
recessed conformations (Fig. 4b) is completely abrogated in the
Y220C ensemble, such that the recessed–extended transition
occurs without an intermediate state for the mutant.

Characterization of mutant-exclusive metastable states. The
long-timescale exploration of the Y220C mutant dynamics
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Quantitative characterization of fast dynamics of wildtype
p53 DBD. Generalized order parameter (S2) for wildtype obtained via
Modelfree analysis56,57 of relaxation rates R1, R2, and

1H–15N NOEs at
800 MHz. Vertical boxed area highlights L6. (b) R2/R1 plot for quali-
tative analysis of backbone dynamics. Grey rectangles highlight mean
values � 1 SD of all R2/R1. Blue data points highlight the residues that
are outside the mean � 1 SD. Yellow vertical shaded rectangle high-
lights regions of interest of slow dynamics (ms–ms). Similarly, blue
shaded rectangle highlights regions of interest of fast dynamics (ps–
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evidenced the existence of two mutant-exclusive states (Fig. 4a).
Jointly, these metastable states account for 24.7% of the relative
Y220C ensemble population, a signicant portion of the
conformational ensemble that opens up promising avenues for
mutant-specic therapeutic opportunities. In these states the
loop L6 shows a similar extended conformation to the novel
metastable state E described above, but with a “sideways” bend
likely promoted by a Thr149–Pro222 interaction (Fig. 4b, ESI
Fig. 6a†). This bend slightly disrupts the cryptic pocket identi-
ed in the fully extended L6 conformation, resulting in
a smaller and shallower cavity, but also leads to the formation of
a channel across loop L6 and underneath the mutation which
reaches across to the protein surface at a different site (ESI
Fig. 6b†). Transitions into or out of these states constitute the
slowest process in the Y220C MSM, with a timescale of
approximately 7.3 � 2.8 ms.

Taken together, our models suggest a molecular explanation
for the reactivation of the Y220C mutant achieved by small
molecules:30–34 since in the mutant the recessed L6 conforma-
tion is destabilized (37.5% of the Y220C population versus
58.2% for wildtype) with a preference for the novel E and X
extended conformations, binding of a small molecule into the
crevice underneath L6 should prevent the transition towards
these extended conformations and could lead to a shi in the
equilibrium towards a wildtype-like, recessed loop conforma-
tional ensemble. Additionally, as the investigation of the full
p53 conformational exibility suggests a high degree of corre-
lation between L1 and L6 dynamics (Fig. 2 and 3), this could
further indicate a previously uncharacterized functional link
between L6 conformation and p53 rescue.
ns).
NMR relaxation analysis

As an external validation of the loop dynamics identied by the
MSMs, we performed NMR relaxation studies to determine ex-
ibility of backbone atoms of the wildtype protein. Measurement
of 15N NOE, longitudinal (R1), and transverse (R2) relaxation rates
were used to obtain generalized order parameters (S2). The list of
relaxation rates and NOEs are found in ESI Table 6.† Relaxation
rates for some residues could not be obtained due to rapid signal
decay (not enough points to t) or signicant signal overlap. We
used the program Modelfree to determine backbone exibility
based on heteronuclear NOE, R1, R2 measurements.56,57 Using the
quadric_diffusion program58 we found that the best tted diffu-
sion tensor model was an axial symmetry model. The rotational
correlation time (sm) was calculated to be 14.7 ns with an axially
symmetric tensor (Dk/t) ¼ 0.29.

Calculated order parameters show that the most exible
regions are in the loop regions (Fig. 5a), and that L6 is the most
exible loop. A similar trend in wildtype backbone order
parameters has been previously observed,49 although our values
are larger in magnitude, possibly due to differences in magnetic
eld strength in which the experiments were performed.
Calculation of generalized order parameters from the MD
simulations was not possible as ms-timescale, continuous
sampling is required for accurate estimation of values59,60 and
our MSM approach consisted of multiple, short-timescale
© 2021 The Author(s). Published by the Royal Society of Chemistry
simulations. Additionally, macrostate-specic generalized
order parameters would be difficult to calculate as, even though
new simulations could be seeded from the MSM macrostates,
there is no guarantee that other macrostates would not be
visited during the course of ms-long simulations, and thus the
results would likely be inaccurate and affected by noise.

Regarding back-calculating chemical shis from the simu-
lations and comparing to NMR results, we do not believe that
they are a reliable metric for comparison with the MD ensemble
– despite being exquisitely sensitive to structure, they are not
unique solutions and thus in principle thousands of confor-
mations and arrangements of atoms could give the same value
for the chemical shi. Instead, additional experimental valida-
tion is available in the form of the measured R2/R1 ratio, which
provides a qualitative indication of the timescales of motions
involving backbone residues. NMR R2/R1 ratio approximates the
correlation time of the 15N nucleus for each backbone position;
these times are fast, usually in the tens of ns for proteins.61

Residues that surpass the mean and standard deviation indi-
cate areas of motion with ms–ms timescale, while residues that
deviate negatively from the mean by more than the standard
deviation indicate areas with ps–ns timescales.49,62 The R2/R1

results indicate that L6 dynamics contain a slow-motion
Chem. Sci., 2021, 12, 1891–1900 | 1897
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component that occurs at longer timescales (ms–ms) than that
of L1 (ps–ns) (Fig. 5b), in agreement with our ndings.
Conclusions

Our combined tICA and MSM approach, validated by NMR
relaxation measurements, highlights a functional role to the
dynamic loop L6, which exhibits motions at longer timescales
than other characterized structural motifs and presents poten-
tial for mutant-rescue therapeutic opportunities. The confor-
mational landscape suggests some degree of allostery between
L6 and the functionally-important loop L1, likely promoted by
hydrogen bonds formed when both loops are in the recessed
conformation and thus in close proximity to each other.

The Y220C mutation, which characterizes one of the most
common cancer mutants, is located at the N terminus of L6, and
we nd that the mutation promotes the stabilization of novel
protein conformations which exhibit loop L6 in extended states
instead of the only currently characterized and targeted recessed
conformation. The stabilization of the extended conformation
induces the formation of a deep hydrophobic pocket within L6 due
to the removal of the bulky tyrosine, as well as the population of
two mutant-exclusive L6 states that could be explored for mutant-
specic therapies. Computational simulations and virtual
screening methods are powerful approaches to aid the discovery
and design of allosteric ligands,63–65 and will be explored to target
the identied cryptic pocket. An interesting approach, Boltzmann
docking, takes advantage of the different representativemetastable
state conformations identied in MSMs to obtain Boltzmann-
weighted averages of the docking score.66 The allosteric commu-
nication within the DBD can be also further investigated using
other recent computational approaches such as the energy
decomposition method67–69 and the dynamical network analysis.70

In summary, the comparison of the dynamics of wildtype
and mutant p53 DBD's using MD simulations and Markov state
models evidenced for the rst time the existence of functionally-
relevant motions involving loop L6 and presents applications
for mutant-specic rescue efforts. We anticipate that this
approach will be useful in the study of the conformational
ensembles of other p53 cancer mutants or protein targets, as
a way to provide atomic-level information on these proteins'
motions combined with thermodynamic and kinetic details in
tandem with experimental observations.
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