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Abstract

The ability to predict the intricate mechanistic behavior of ligands and associ-

ated structural determinants during protein–ligand (un)binding is of great

practical importance in drug discovery. Ubiquitin specific protease-7 (USP7) is

a newly emerging attractive cancer therapeutic target with bound allosteric

inhibitors. However, none of the inhibitors have reached clinical trials, allow-

ing opportunities to examine every aspect of allosteric modulation. The crystal-

lographic insights reveal that these inhibitors have common properties such as

chemical scaffolds, binding site and interaction fingerprinting. However, they

still possess a broader range of binding potencies, ranging from 22 nM to

1,300 nM. Hence, it becomes more critical to decipher the structural determi-

nants guiding the enhanced binding potency of the inhibitors. In this regard,

we elucidated the atomic-level insights from both interacting partners, that is,

protein–ligand perspective, and established the structure–activity link between

USP7 inhibitors by using classical and advanced molecular dynamics simula-

tions combined with linear interaction energy and molecular mechanics-

Poisson Boltzmann surface area. We revealed the inhibitor potency differences

by examining the contributions of chemical moieties and USP7 residues, the

involvement of water-mediated interactions, and the thermodynamic land-

scape alterations. Additionally, the dissociation profiles aided in the establish-

ment of a correlation between experimental potencies and structural

determinants. Our study demonstrates the critical role of blocking loop 1 in

allosteric inhibition and enhanced binding affinity. Comprehensively, our find-

ings provide a constructive expansion of experimental outcomes and show the

basis for varying binding potency using in-silico approaches. We expect this

atomistic approach to be useful for effective drug design.

Abbreviations: BL1 and BL2, blocking loop 1 and blocking loop 2; cMD, classical molecular dynamics; DUBs, deubiquitinating enzymes; FEL, free
energy landscape; HB, hydrogen bonds; LIE, linear interaction energy; PCA, principal component analysis; Rg, radius of gyration; RMSD, root mean
square deviation; RMSF, root mean square fluctuation; SL, switching loop; SMD, steered molecular dynamics; Ubq, ubiquitin; USP7, ubiquitin
specific protease 7; wHB, water-mediated hydrogen bonds.
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1 | INTRODUCTION

Ubiquitin specific protease-7 (USP7) has been investi-
gated as a drug target for oncology pathways.1–9 Beyond
cancers, USP7 has also been implicated in
immunotherapy,10 glucose metabolism,11 and viral infec-
tions12,13 by modulating variety of proteins, including
p53, MDM2, beta-catenin, FOXP3, and ICPO.14–17 Thus,
USP7 is a promising therapeutic target, albeit one that is
challenging to approach due to its complex regulatory
mechanism. USP7 has a well-defined multi-domain con-
served structure. At N-terminal it has TRAF domain
(�100 residues) that identifies substrates, followed by cat-
alytic domain (�360 residues) and ends with C-terminal
region that contains five auxiliary domains as UBL12345
(ubiquitin-like domains).18–20 USP7 is inactive in its
native state, but ubiquitin (Ubq) binding to its catalytic
domain (CD) converts it to an active state, which acts as
a switch-on mechanism.21,22 The activation mechanism
occurs due to dynamical changes in blocking loop-1
caused by Ubq at the allosteric checkpoint, and further
its tail induces conformational changes in the switching
loop, allowing USP7 to shift from a dormant to an active
state.21,23 Thus, BL1 and SL appear to be primary and
secondary components, respectively, of USP7's biological
activity, based on activation processes. These activation
events facilitate USP7's ability to modulate substrates,
and hence a thorough understanding of USP7's allosteric
landscape will benefit oncology drug discovery.

To hinder this intricate activation mechanism of USP7,
several crystals with allosteric inhibitors have been
reported. We previously investigated the probable mecha-
nism of inhibition of its reported allosteric inhibitors.24

Studies have revealed that inhibitors hinder USP7 func-
tional activity from a well-characterized allosteric pocket
(the Ubq binding site) located at the junction of the palm
and finger sub-domains of the USP7 catalytic domain.22,24–
26 Several co-crystal bound inhibitors have exhibited anti-
cancer activity, although their binding potencies vary
widely (from 22 nM to 1,300 nM), despite occupying the
same binding site and reflecting similar binding mode, rais-
ing questions regarding their inhibitory mechanism and
the causes of this variation.22,26,27 Furthermore, these
inhibitors also share the common core scaffold, which
deepens the curiosity to explore further (Figure 1).

Ligand–protein interactions transduce signals intra-
cellularly that induce cellular responses. In this regard,

the identification and quantification of protein and
ligand determinants that are primarily responsible for
enhanced biological activity constitute a fundamental
and practical necessity for target-specific drug discovery.
Particularly, when ligands share the chemical moieties as
well as bind to the same site using the common interac-
tions with amino acids. The availability of co-crystals of
these compounds provides an opportunity for exploring
the pivotal factors by comparing the protein's unbound-
to-bound allosteric landscape at the atomic and energetic
level. Furthermore, it is well-recognized that one of the
persistent factors for sustained drug efficacy and safety is
not just its affinity but also the mean lifetime of the
protein–ligand interaction, which needs to be under-
scored to identify the indispensable determinants. Hence,
our goal is to study this landscape in USP7 by examining
the binding pattern of dynamic motion, which alters their
binding affinity allosterically, and reveals the causative
structural determinants for higher or decreased binding
potencies of inhibitors.

Deducing the mechanism of inhibition, thermody-
namically favorable hot-spots and structural determinants
do hold a paramount relevance in the early stages of drug
discovery28–30 and are reliably addressed using classical
molecular dynamics simulation (cMD)31–38 along with
thermodynamics calculation.39,40 Also, advanced molecu-
lar modeling studies such as steered molecular dynamics
(SMD) are known to characterize strong to weak
binders,41 conformational characterization of structural
determinants,42,43 the kinetics of protein-ligand
unbinding,44 and predict unbinding pathways for the
molecules.45,46 Therefore, we have implemented both
classical and advanced molecular dynamics simulations
to investigate the possible source of the varying binding
potencies of USP7 inhibitors. Starting from the crystallo-
graphic pose, the post-processing cMD was used for ther-
modynamics and linear interaction energy (LIE) analysis,
which provide significant insights at the atomic level.
Here, we underscore the atom-wise interactions of both
interacting partners, that is, USP7 and its inhibitors. After
that, the ligand dissociation study was performed to
establish the link between experimental IC50 values and
unbinding profiles and for the identification of persistent
protein–ligand interactions. Overall, from microscopic
information to conformational dynamicity, we have elu-
cidated several persistent factors that have shed light on
the variable spectrum of ligands. Our study provides an
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in-depth quantitative analysis at the atomic level for
improved and rationalized drug design.

2 | RESULTS AND DISCUSSION

2.1 | Crystal mining highlights variable
interactions at allosteric checkpoint

Comparing the chemical architecture of ligands 8QQ,
8WK, and 9HS revealed that they share a core chemical
moiety and can be separated into three regions: head,
core, and tail (Figure 1a-c). We observed the variation
of chemical moieties at the head and tail regions of the
respective ligands (Figure 1a-c). The interaction finger-
printing of co-crystals reveals that 11 residues Y224,
D295, V296, Q297, M407, R408, F409, M410, K420,
H456, and Y465 are shared by all three ligands
(Figure 1d-f). Furthermore, the ligands 8QQ and 8WK,
whose binding modes are similar, share 15 residues
from their core (Y224, D295, V296, Q297, Q405, L406,

M407, R408, F409, M410, K420, H456, D459, N460, and
Y465) (Figure 1d,e). However, their interaction pattern
differs considerably with head and tail moieties. Con-
sidering the homogeneous nature of the pocket
between both ligands, the residues Q351 and Y514 are
unique with ligands 8QQ (head) and 8WK (tail),
respectively (Figure 1d,e). On the other hand, the
ligand 9HS is lined by unique residues Q351 and Y514
of 8QQ and 8WK, respectively (Figure 1f). However, it
lacks three residues that surround the tail and are prev-
alent for 8QQ and 8WK: D459, N460, and H461
(Figure 1f).

In addition, the hydrogen bond (HB) network empha-
sizes the variable interactions because the ligand 8QQ
forms seven HBs, one from the head (residue Q351) and
six from the core (D295, V296, Q297, R408, F409, and
Y465). The 8QQ also establishes an exclusive water-
mediated HB interaction (wHB) with residue Q351
(Figure 1d). The ligand 8WK's core shares five HBs with
8QQ, however, it lacks HB with residue D295 and wHB
interaction with Q351. Finally, ligand 9HS forms four

FIGURE 1 Schematic representation of the ligand interaction at crystal pose. (a-c) The 2D images of ligand 8QQ, 8WK, and 9HS. The

similar core of all ligands is shaded in orange while head and tail are shaded in pink and cyan. The panels (d-f) represent the residue

interaction with ligand within 3.5 Å of systems USP78QQ, USP78WK, and USP79HS, respectively, where hydrogen bonds (HB) and water-

mediated HB interactions (wHB) are shown in black and red dotted line. (g-i) Chemical characteristics of the binding site in systems

USP78QQ, USP78WK, and USP79HS respectively. The color-coding of amino acids is as follows: green: polar; blue: basic; white: hydrophobic;

and red: acidic. The notations in superscript and subscript are HB distances and wHB distances written in ‘black’ and ‘red’, respectively
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HBs and fails to interact with residues D295, Q351, and
Y465 when compared to ligand 8QQ. Thus, the HB net-
work clearly underlines a declining pattern from the
strong ligand to the weak ligand: USP78QQ (7HBs)
> USP78WK (5HBs) > USP79HS (4HBs). We observed that
the binding pockets of three systems share a uniform
blend of hydrophobic, polar, basic, and acidic interac-
tions (Figure 1g-i). However, we found a noticeable dif-
ference in the cavity formation in a static state. It was
observed that 8QQ is buried in the pocket and residue
Q351 supports its head moiety, whereas the other two
ligands do not receive similar support (Figure 1g). The
ligands 8WK and 9HS are solvent-exposed, which is due
to the difference in the backbone movement of the resi-
due F409 when compared with system USP78QQ
(Figure S1A). Consequently, this movement creates an
additional gap between the side chains of the residues
D295 and F409 in systems USP78WK and USP79HS, with
distances 1.0 and 1.3 Å higher than USP78QQ, respectively
(Figure S1B). Overall, this analysis revealed that ligand
8QQ would gain additional affinity due to (a) HB and
wHB interactions with residue Q351 and (b) packing of
the pocket due to the perpetuity of residues D295 and
F409, making it less solvent exposed than the other two
ligands.

2.2 | cMD simulations assess the
structural stability

Proteins are dynamic entities that populate conforma-
tional ensembles, and most functions of proteins depend

on their dynamic nature. Hence, atomistic simulations
were conducted to observe the dynamic behavior of the
ligands. The structure stability analysis revealed that the
backbone RMSD values of the systems' replicates are
comparable (Figure S2), and hence, the most stable tra-
jectories in each case were considered for the analysis.
The RMSD analysis shows that systems, USP78WK and
USP79HS fluctuate more than USP7APO; however,
USP78QQ fluctuates less and attains stability after a 50 ns
evolving period (Figure 2a). Unlike USP78QQ, the other
two systems have attained convergence after 200 ns
(Figure 2a). The RMSD distribution of all systems showed
a unimodal distribution curve except for the system
USP78WK (Figure 2b). It is intriguing to observe that sys-
tems, USP78WK and USP79HS have shown fluctuations
from the interval of 125 to 200 ns during simulations. We
tried to elucidate the reason behind this fluctuation, and
upon manual inspection of the trajectories, we found sig-
nificant fluctuations in the finger sub-domain. However,
a similar fluctuation is not captured in the system
USP78QQ. Further, the ligand RMSD values reveal that
8QQ has better stability as compared to other ligands
(Figure 2c,d). Additionally, the binding site (BS) RMSD
shows that the flexibility of BS residues in the bound sys-
tems is reduced when compared with the USP7APO
(Figure 2e) and ligand 8QQ significantly reduces the
backbone deviations of the pocket (Figure 2e,f).

The RMSF profiles reveal that the three key regions:
SL, finger sub-domain, and BL1, have shown the highest
Cɑ atomic fluctuations. We observed that the RMSF
values of the replicated systems are also comparable
(Figure S3). In comparison to USP7APO, 8QQ only

FIGURE 2 Dynamical characteristics of systems elucidated through classical MD simulations. (a, b) Root mean square deviation

(RMSD) evolution through the course of 300 ns of protein in APO and Com systems are plotted over its backbone atoms and its distribution,

respectively, (c, d) ligand RMSD and its distribution, (e, f) RMSD of the binding site. Color coding is followed as black: APO; green:

USP78QQ; blue: USP78WK; and orange: USP79HS, (g) the Cɑ atomic fluctuation are represented by RMSF. The regions showing significant

fluctuations are highlighted in transparent bars. MD, molecular dynamics
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reduces the protein's overall flexibility (Figure 2g). The
other two ligands cause higher atomic fluctuations in the
protein, notably at finger and BL1. The cMD simulation
revealed a fluctuation from residues E495 to V507, which
is a disordered loop. This loop is flexible in nature, and
did not crystallize in USP7APO, USP78WK, and USP79HS

crystals. However, it can be found in the crystal structure
of USP78QQ. Despite the disordered tendency, it was
found that the ligand 8QQ had only been able to reduce
its flexibility. The HB calculations on the whole simu-
lated trajectory revealed that USP78QQ was forming 9HBs
as compared to systems USP78WK (6HBs) and USP79HS

(3HBs) (Table S2). Further, the Rg values have predicted
USP78QQ as the most compact system (Figure S4). Since
the finger subdomain is a key determinant for USP7 pro-
tein as it accommodates Ubq and allows it to activate
USP7,47,48 the ligand 8QQ is able to constrain its flexibil-
ity along with other important regions, BL1 and the
disordered loop.

2.3 | Analysis of net calculated binding
free energies

The MM-PBSA method was applied to all clusters in each
system, which revealed that cluster A is the lowest energy
cluster in each case (Table S3) (detailed methodology in
supporting information section 2.5.1). The results reveal
that the system USP78QQ has shown the highest net bind-
ing free energy of ΔGbind � 45.04 kcal/mol, followed by
USP78WK and USP79HS, with net ΔGbind of �34.20
and � 27.67 kcal/mol, respectively (Table S4). We
observed that the electrostatic energy (ΔEelec) is more
favorable in USP78QQ than in other systems, but the van
der Waals (ΔEvdw) contribution is nearly the same in all
the systems. (Table S4). The entropy of USP78QQ is lower
as compared to USP78WK and USP79HS, which in turn
does not affect its enthalpy, thereby achieving the highest
binding affinity. Furthermore, the ligand desolvation
energy results show that ligand 8QQ has a much higher
desolvation energy than ligands 8WK and 9HS (Table S5,
supporting result section 1.1). Thus, the net calculated
total ΔGbind values followed the same trend as the experi-
mental ΔGbind, where the ligand 8QQ has shown a better
binding affinity, and a similar trend is also reflected in
the desolvation energy of ligands (Tables S4-5).

2.4 | Deciphering residue-wise energetic
contributions

The consistency of the residual contribution was evalu-
ated during dynamics using decomposition analysis and

was further compared with static state interactions. The
residues having energy contributions of ≤�1.0 kcal/mol
are considered to have a more significant impact49; how-
ever, we have used ≤�0.5 kcal/mol as a cut-off to com-
prehend maximum contributors. The details of residue-
wise energy decomposition are mentioned in Figure S5A-
C. From the triplicates of each system, we observed that
the key residues have a similar trend of energy contribu-
tion, showing a good convergence (Figure S6).

The residual contribution patterns in static and
dynamic states were almost comparable (Figures 1 and
S5). However, among different systems, we noticed a
change in the energetic contribution (Figure S5). The
comparison of the crystal-versus-MD state reveals that
residue D295 was not involved in systems USP78QQ while
the interaction was present in the crystal state. However,
it gains interaction with residue N422 (Figures 1d and
S5A). In system USP78WK, two residues, D295 and M410,
lose interaction during dynamics, while no additional res-
idues are observed (Figure S5B). USP79HS retains its crys-
tallographic interaction with residue D295 and gains
interaction with N460 and H461 (Figure S5C). Residue
D295 loses its contribution in two systems, indicating
that it is not a stable interaction; nonetheless, its contri-
bution in the least potent system is also poor (�0.97 kcal/
mol) (Figure S5C). Although crystal and MD pose inter-
actions varied slightly, the fact that most residues are
recurring and new residues are identified is encouraging.
The residues identified with these inhibitors do correlate
with inhibitor P5091.24 Thereafter, we analyzed intra-
protein residue interaction patterns and observed sub-
stantial variances in energy contribution patterns. We
found that the USP78QQ, USP78WK, and USP79HS have
17, 15, and 14 contributions, respectively, with 15 residues
shared by USP78QQ and USP78WK, 13 residues by
USP78QQ and USP79HS, and 12 residues by USP78WK and
USP79HS (Figure S7). This reveals high conservity in
binding patterns among these systems. Furthermore, a
comparison of binding energies reveals that eight resi-
dues (Y224, V296, Q351, R408, F409, K420, N422, N460)
contribute more in USP78QQ, four residues (Q207, M407,
H461, and Y465) in USP78WK and five residues (Q405,
L406, M410, H456, and Y514) in USP79HS (Figure S8).
This spectrum of interaction energies shows that
USP78QQhas a greater residue contribution than other
systems, which could explain its better binding affinity.
However, it is too early to link these values to varying
potencies.

Overall, from this analysis, residue N422 for USP78QQ
is a new finding that was missing in crystal interactions
as well as other simulated systems. Also, it is now evident
that despite the similar pattern of interaction, the spec-
trum of binding energies is varying, and among them,
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FIGURE 3 Atom-wise energetic contributions of the

ligand with respect to binding site residues as calculated

through linear interaction energy. The residues and

ligands are shown in VDW representation; Panel 1:

USP78QQ; Panel 2: USP78WK; and Panel 3: USP79HS. The

dotted lines represent the interaction from a specific

moiety. All values are in kcal/mol. VDW, van der Waals
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the ligand 8QQ is hoping for major contributions. Despite
sharing the common core scaffold, ligand 8QQ exhibited
dominant energy contribution, prompting us to explore
the ligands atom-wise assuming that the difference might
be arising between them at atomic level.

2.5 | Atom-wise interaction profiling

We have performed LIE to identify the crucial moieties
and the contribution of the ligand's atoms to understand
their energy difference with the contributing residues.
From MM-PBSA analysis, we elucidated the most signifi-
cant contributors that aid ligand stability (Figure S5), and
hence these residues were chosen for LIE analysis to
examine the variable spectrum in energy distribution.
Since LIE considers vdW and electrostatic components,
we have mapped the residues based on the vdW distance
(6.0 Å), required for interaction between two atoms.
Based on this distance, we have curated the atom-to-atom
interaction between ligands and residues, which would
reflect the distribution of residues across the dissection of
ligands (head, core, and tail moieties). For each atom in
the ligands, 8QQ, 8WK, and 9HS, the energy value was
computed using LIE's linear equation. Atom-wise, ligand
8QQ has C:29, N:6, O:3, and F:3 (Table S6), ligand 8WK
has C:24, N:7, O:3, and F:4 (Table S7), and ligand 9HS
has C:24, N:3, O:3, and Cl:1 atom (Table S8).

To better understand the mechanistic details of ligand
action, we analyzed the head, core, and tail regions of
ligands (Figure 1a-c). It was found that the majority of
the atom-wise energy exchange between ligands and resi-
dues is observed from the core (common among all). In
system USP78QQ, the head moiety interacts with 6 resi-
dues (Q297, Q351, M407, R408, F409, and M410), the
core moiety with 11 residues (Y224, V296, Q297, Q405,
L406, M407, R408, F409, H461, Y465 and Y514), and a
tail moiety with 6 residues (Y224, K420, H456, N460,
H461, and Y465). Among them, residues Q297, M407,
R408, and F409 are shared between head and core moie-
ties as well, while residues Y224, H461, and Y465 are
shared by the core and tail moieties (Figure 3a). In the
USP78WK system, 5 residues (Q297, Q351, L406, M407,
and R408) interact with 8WK's head moiety, and except
L406, the rest residues are common with 8QQ, and 11 res-
idues (Y224, V296, Q297, Q405, L406, M407, R408, F409,
H461, Y465, and Y514) connect with core moieties,
which are also shared with 8QQ. The ligand 8WK's tail
moiety takes up seven residues (F409, K420, H456, N460,
H461, Y465, and Y514). The exceptional residues are
L406 (head) and F409 (tail), rest are identical and estab-
lish contact with the tail moiety of 8QQ (Figure 3a,b).
Within this system, four residues Q297, L406, M407, and

R408 are shared by head and core moieties, and four resi-
dues F409, H461, Y465 and Y514 are shared between core
and tail moieties (Figure 3b). Lastly, in system USP79HS,
9HS's head moiety interacts with 2 residues M407 and
M410, the core moiety with 11 residues (Y224, D295,
V296, Q405, M407, R408, F409, M410, N460, H461, and
Y514) and a tail with seven residues (R408, F409, H456,
N460, H461, Y465, and Y514) (Figure 3c). Both M407 and
M410 are shared between the head and core moiety in
this system, and five residues (R408, F409, N460, H461,
and Y514) are shared between the core and tail moieties
(Figure 3c).

Overall, comparison of the ligand's head, core, and
tail moieties reveals substantial changes in the interac-
tion pattern. The LIE analysis shows that at the head
region, the ligand 9HS has the least interaction, while
ligands 8QQ and 8WK share five residues (Figure 3a-c).
Furthermore, the ligand 9HS interacts only with M407
and M410, which are also shared by the other two ligands
(Figure 3a-c). The core and tail moiety have majorly simi-
lar interactions in all the three ligands, except for D295
interacting with the core moiety of ligand 9HS. Hence,
we have understood the differences in the distribution of
the key residues around the head, core, and tail moieties
in each system, which has demarcated the interaction
pattern. Furthermore, we have now quantified them in
the context of moiety-wise energetic contribution.

2.6 | LIE proposes atomic-level
modifications

Exploring the system at the atomic level may yield
insights into similar-pattern-variable-spectrum. The LIE
analysis provided a platform to investigate the interaction
energies of individual ligand atoms with residues in the
neighborhood of vdW radii. It might provide a clear dis-
tinction between the energetic environment of the bind-
ing sites in each system. Our results indicate that the
residues in USP78QQ receive more energy from the atoms
of its ligand as compared to other systems (Figure 3a-c
and Figure S9). We observed that 13 residues (Y224,
V296, Q297, Q351, Q405, L406, R408, F409, M410, K420,
H456, H461, and Y465), which are common for all the
three ligands, have shown dominant interaction energy
with ligand 8QQ, while only 2 residues, N460 and Y514,
have a high contribution to ligand 9HS (Figure S9). The
energy value of the head moiety of 8WK and 9HS is sig-
nificantly lower when compared with the ligand 8QQ.
Head moiety in ligand 8QQ has an overall contribution
of �38.09 kcal/mol, while 8WK and 9HS have �17.65
and 0.77 kcal/mol, respectively (Tables S6-S8). Because of
this, several analogous interactions (Q297, Q351, M407,
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and R408) between 8QQ and 8WK have variable energies
(Figure 3a,b and S9). Further comparison of head moie-
ties of ligands 8QQ and 9HS reveals that they are captur-
ing two similar interactions M407 and M410 (Figure 3a),
but despite this, the energy containment from the head
moiety is entirely different. Residues M407 and M410
have cumulative energies of �30.17 and � 20.92 kcal/
mol with ligands 8QQ and 9HS, respectively (Figure 3a,
c). The analysis reveals that the head moiety of ligand
8QQ is providing a higher contribution to the similar res-
idues than that of ligand 9HS. Also, the C2 atom of 9HS
is providing an unfavorable contribution to the head moi-
ety, which is reducing its total energy (Table S8). Simi-
larly, the ligand 8QQ's C7 atom also provided an
unfavorable energetic contribution but was nullified by
two polar hydrogens, which have favorable electrostatic
energy (Table S6). The H2 and H3 atoms are associated
with N1, which facilitates the donor–acceptor interac-
tions and hence this atom is critically important in the
pocket as compared to the F1 atom in 8WK and the CL1
atom in 9HS. Furthermore, the presence of both NH2
and water is important for ligand stability, as demon-
strated by MD simulation in which the water molecules
were neglected, resulting in the instability of the head
moiety (Figure S10).

The second region of ligands, the core, reveals a signifi-
cant energy difference. Cumulatively, atoms of the core in
8QQ possess an energy of �68.29 kcal/mol, which is huge
in comparison to the core of ligand 8WK, �19.88 kcal/mol,
and 9HS, �37.80 kcal/mol (Tables S6-S8). Because of this
variation, residues in USP78QQ have superseded most inter-
actions of the core (Figure S9). Despite the similar interac-
tions (explained in the above section) with the core, the
atoms of 8QQ provide a more favorable contribution to
their respective residues than other ligands (Table S6-S8).
It is interesting to observe that despite the missing pyrazolo
moiety in 9HS, the core has granted more energy to the
residues as compared to the moieties of ligand 8WK. It
happened because numerous atoms in ligand 8WK's core,
C10, C11, C12, H1, C16, C17, and O3, have granted unfa-
vorable energy penalties to the ligand, but atoms of the
core were favorable for 9HS (Tables S7 and S8). Conse-
quently, the residual comparison revealed that three resi-
dues Y224, D295, and V296 had received more energy from
9HS and two residues Q405 and M407 from the ligand
8WK, while two key residues R408 and F409 were nearly
identical (Figures 3b,c and S9).

The last regions of ligands: tail, unveil the energy spec-
trum, where the tail of 8QQ contains the highest energy of
�48.95 kcal/mol, followed by ligand 8WK at �30.24 kcal/
mol and lastly ligand 9HS at �24.07 kcal/mol. In all
ligands, the carbon atoms were mostly favorable
(Tables S6–S8). However, the most potent ligand, 8QQ,

gained additional energy from its F1 and F2 atoms
(Tables S6–S8). At the tail, residue K420 was critical to both
8QQ and 8WK; however, there was a significant energy dif-
ference (Figure S9). Residues H456, H461, and Y465 that
were shared with the core as well have obtained greater
energy from the 8QQ atoms (Figure 3a-c). Residue Y514,
which is shared between the core and tail moiety, has
superseded the interaction with ligand 9HS (Figure S9),
which is also reflected in MM-PBSA analysis (Figure S5).

Overall, LIE has nearly unraveled the same-pattern-
variable-spectrum landscape, which reveals the favorable
and unfavorable atoms in respective ligands. Despite the
comparable interaction, the mild and weak ligands have
been unable to contribute to the interacting residues like
the most potent ligand. The energy differences between
the ligands are now clearly defined by the amino group
(NH2) at the head and fluorine atoms at the tail. The
scaffold of the core serves as the energy reservoir for all
ligands; yet, despite their striking similarity, the atoms of
8QQ in the core moiety exhibit significant energy differ-
ences when compared to the other two ligands. Given
that we now have clear evidence of the spectrum of
atom-by-atom exchange between protein and ligands, the
energy variations between the atoms of distinct ligands
may account for their variable potencies. Lastly, LIE fur-
ther adds crucial information for the ligand-based design
approach. It has underlined a key scaffold at the core, an
electropositive amino group at the head, which might
induce dual interactions, and electronegative atoms at
the tail. Although the SAR of these molecules is well
established in their respective works, the ligand's com-
parative study is required to explore the possible factors
for increased potency, which is carried out in this study.
Hence, energy quantification through LIE at atomic level
will give significant direction to computational/medicinal
chemist for designing of more potent and selective thera-
peutics leads from this atomistic approach.

2.7 | The free energy landscape portrays
USP78QQ as the most converged system

PCA was used on all of the simulated systems to capture
the important conformational changes (methodology is
mentioned in the supporting information section 2.6).
Among all the PCs, the first two PCs of the system were
considered significant for recording the largest variance
of Cɑ displacements during MD simulations (Figures S11
and S12, supporting results section 1.2).

FEL's objectives were (1) to distinguish between APO
and bound systems, and (2) to compare the three bound
systems in order to determine the effect of ligands on the
landscape of protein binding. To ascertain this, we
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examined the trajectory for all simulated systems con-
necting the minima and sub-conformational spaces along
PC1 and PC2 (Figure 4). The basins are numbered as per
their appearance w.r.t. time during cMD simulations.
The occurrence of multiple energy basins at distant
places reflects certain conformational changes; on the
other hand, one basin with a smooth and deeper energy
basin reflected the dynamic solidity of the conforma-
tional state and indicated higher stability of the system.

Our results indicated that USP79HS has displayed the
most different pattern amongst all systems (Figure 4).
USP7APO, USP78QQ, and USP78WK have captured two
minima; however, USP79HS has shown three stable states
(Figure 4a,e,i,m). Furthermore, minima's conformations
indicate that the variations were mainly obtained by the
structural determinants of USP7, while other regions are
well-aligned (Figure 4). The comparison of bound sys-
tems reveals that the finger sub-domain has experienced

FIGURE 4 FEL analysis and porcupine plots of different systems in bound and unbound states. The panels (a, e, i, m) of 2D and 3D free

energy landscape (FEL) plots between PC1 (x-axis) and PC2 (y-axis) for APO, USP78QQ, USP78WK, and USP79HS, respectively. The color bar

represents the Gibbs free energies in the plot ranging from the lowest energy (blue) to highest energy (red) conformation states. The low

energy minima states are shown in the 2D FEL plots. The minima extracted from FEL plots are superimposed for all simulated structures

depicting the conformational changes in the panels (b, f, j, n). The blue, red, and green conformations represent the minima I–III
respectively in the panels (b, f, j, n). Porcupine plots were generated using extreme PC1 (panels c, g, k, o) and PC2 projections (panels d, h, l,

p) for all the four simulated systems. The direction of the green and red arrows (in PC1 and PC2 respectively) at each Cɑ shows its direction

of motion and the length of the arrow depicts its strength. The protein is represented in tube form. The regions that are highly fluctuating

are labeled
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the highest fluctuation in USP78WK followed by USP79HS,
while its fluctuation was minimized in USP78QQ
(Figure 4f,j,n). A similar trend was observed for BL1 as
well (Figure 4f,j,n). The SL was found to be most fluctuat-
ing in USP7APO, while it was minimized in bound sys-
tems (Figure 4b,f,j,n). Excluding systems USP7APO and
USP78QQ, the finger sub-domain in the other two systems
has shown bidirectional movement (Figure 4j,n). The
directional shifts from minimaI to minimaII in the
USP78WK system are outward to inward, but the opposite
was seen in the USP79HS system. (Figure 4j,n). The other
bi-directional movement was observed in BL1 of all sys-
tems (Figure 4b,f,j,n). Lastly, the negligible movement
was observed for SL in the minimas of respective systems
(Figure 4b,f,j,n).

Furthermore, the porcupine plots of PC1 and PC2
show the highest atomic fluctuations in the above-
mentioned regions as well (Figure 4). The porcupine plot
of the PC1 component suggests major fluctuations of the
finger sub-domain in systems USP7APO, USP78WK, and
USP79HS showing anti-correlated motion with the rest of
the protein (Figure 4c,g,k,o). Surprisingly, the system
USP78QQ shows a pretty different pattern, where finger
sub-domain fluctuations are reduced significantly along
PC1 while PC2 captures it (Figure 4g). PC2 has also col-
lected the other variations in the same regions as PC1 in
all the systems (Figure 4d,h,l,p). The directionality of
atomistic motions of USP7APO, USP78WK, and USP79HS

varies when PC1 and PC2 are compared; nonetheless, the
motions remain anti-correlated for USP78WK, USP79HS,
and USP78QQ (Figure 4d,h,l,p). Moreover, at the deepest
minima state, ligand 8QQ attains the most favorable elec-
trostatic complementarity in the binding pocket as com-
pared to other ligands, 8WK and 9HS (Figure S13).

Overall, USP78QQ has displayed different behavior
when compared with other systems. The major fluctuat-
ing regions (Finger, BL1, and SL) that are identified
through PCA hold deep importance in the structure–
function of USP7. The binding of 8QQ minimizes the
atomistic fluctuations of the finger sub-domain, which is
not achieved in other systems, reflecting its tight packing
and rigidifying the protein's internal wiring. A similar
effect was observed in the RMSF profiles where the fluc-
tuations at the finger sub-domain were minimized, spe-
cifically in USP78QQ (Figure 2g). It is also evident from
the analysis that the atomistic motions in USP78QQ,
USP78WK, and USP79HS are suppressed, smooth, and not
smooth, respectively. As a result of PCA and FEL ana-
lyses, the strong binding pattern of ligand 8QQ, whose
effect is observed on the protein, has been highlighted,
enlightening the spectrum of varying binding potency. It
also unfolds similar-pattern-variable-spectrum as, despite
the similar binding pattern, the capability to minimize

the atomistic fluctuation varies, which could be related to
their binding potency.

2.8 | PMFs and force profiles along the
unbinding reaction coordinates

The SMD simulation was implemented to embrace the
outcomes of cMD simulations. While both the
approaches are unrelated, the unbinding events may
actually highlight the probable cause of the variable
potencies of ligands. The SMD simulation has been used
to rank the inhibitors and quantitatively discriminate
binders from non-binders.41 In our instance, all ligands
were good binders, so this approach might also be used
to analyze variability. Also, as per Tiwary et al.,44 drug
efficacy is determined not only by binding affinity but
also by its activity during unbinding, which may high-
light rate-limiting steps, crucial residues attempting to
hold the ligands, and structural determinants/critical
components of the protein involved during dissociation.

The analysis reveals that the PMF of ligand 8QQ is
higher than the other two ligands (Figure 5a). Also, SMD
simulations have provided encouraging results as the
PMF profiles of the ligands are correlating well with the
experimental IC50 values. The PMF profiles show a signif-
icant variation from the most potent (8QQ) to the least
potent (9HS) ligands, indicating varied binding patterns
which are responsible for ligand 9HS to dissociate early
as compared to the other two potent ligands (Figure 5a).
Since the binding potency of ligand 8WK (52 nM) is com-
paratively less than that of ligand 8QQ (22 nM), the same
is reflected in the PMF profiles (Figure 5a). The force pro-
files suggest that ligands 8QQ and 8WK have attained the
highest rupture force as compared to the least potent
ligands (Figure 5b). The ligand 9HS begins to dissociate
from the binding pocket at an early stage (0.5 ns),
whereas ligands 8QQ and 8WK begin at 1.3 ns
(Figure 5b). Following the first force peak, all three sys-
tems have minor peaks, showing that certain residues try
to hold ligands during dissociation. (Figure 5b). We
observed a distinguished HB pattern among the systems
(Figure 5c). We observed the highest number of HBs for
ligand 8QQ, followed by 8WK and 9HS (Figure 5c).

Based on the quantitative estimation, it is apparent
that the ligands have dissociated from the pocket in the
order of their experimental binding potencies, which is
an encouraging result and helps us establish the bench-
mark for distinguishing the weak and strong binders.
These results support experimental results but do not
clarify the ligand potency spectrum. We did notice a dis-
tinct pattern among ligands, which may be due to exit
pathways or critical structural determinants. Hence,
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thermodynamically stable protein-ligand interactions
were quantified using SMD trajectories.

2.9 | Analysis of the ligand's exit
pathways

We observed that each ligand in the individual systems
had chosen its own path (each distinct from the others),
resulting in three separate exit routes from a common CV
(Figure 6). The sampling of ligand representatives at each
state confirms different exit routes (Figure 6a,d,g), and
the last representative has been found fully solvated
(Figure 6b,e,h). The dissociation via SMD simulation
analysis claims three different paths from the binding
site, path1 via BL1 and BL2, path2 between BL1 and SL,
and path3 via SL (Figure 6c,f,i). The structural relevance
of these determinants has been addressed in the preced-
ing sections, and hence, ligands with varied determinants
may provide substantial insights. It will be interesting to
focus on path1 and path3 as both the most potent and
least potent ligands have drawn clear demarcation

between their exit routes by occupying two different criti-
cal determinants of USP7.

2.10 | Energetically relevant states
reveal new interactors

The dissociation pathways of ligands were found to be dif-
ferent from each other. Since the parameters (CV, force,
and velocity) were the same for all the SMD simulated sys-
tems, their tendency to be drawn toward specific determi-
nants makes them interesting to explore. We divided the
unbinding process of ligands into three states: the starting
state (S), a semi-bound intermediate state (I) in which the
ligand has exited the native pocket but is still forming
interactions, and pre-solvated state (P) which represents
the last contact with protein. Collectively, these states fur-
ther will be denoted as S-I-P, which are represented for
each system (Figure 7a,e,f). The SMD trajectories of each
system were subjected to MM-PBSA, and further, the per-
residue decomposition energy cut-off �0.5 kcal/mol was
used to quantify the contributing residues.

FIGURE 5 Quantitative analysis of SMD simulations. (a) Potential mean force (PMF) profiles with respective error bars of each ligand,

(b) average force profile as a function of time for each system, (c) the number of HBs during dissociation. In all three plots, the color coding

is as follows: green: USP78QQ; blue: USP78WK and orange: USP79HS. HBs, hydrogen bonds; SMD, steered molecular dynamics
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2.10.1 | Initial contacts

The initial residue contacts from t = 0-2 ns of simulated sys-
tems reveal differences in each system with their crystallo-
graphic interaction patterns. After comparison of USP78QQ
with two other systems, we find that after the force is
exerted, the ligand 8QQ forms an interaction with 14 resi-
dues (Figure 7b), followed by ligands 8WK (Figure 7f) and
9HS (Figure 7j), each attaining 11 residues. Out of 14 resi-
dues in USP78QQ, 10 residues: Y224, V296, M407, R408,
F409, K420, H456, N460, H461, and Y465 are common with
USP78WK, and 9 residues: Y224, V296, Q297, L406. M407,
F409, H456, Y465, and Y514 are common with USP79HS
(Figure 7c,g,k,m). This pattern, with a loss of four residues
each in 8WK and 9HS ligands, is possibly because they have
started to dissociate early when compared with ligand 8QQ.
Furthermore, in the comparison with the energy pattern of
cMD simulations, most of the residues in USP78QQ were
retained; nevertheless, it lost three residues, Q405, M410,
and N422, which were certainly minor contributors

(Figure S5) and lose their association once the ligand starts
dissociating. USP78WK loses four residues Q297, Q351,
L406, and Y514 and similarly USP79HS, R408, M410, K420,
and N460 when compared with their cMD simulation pat-
tern (Figure S5B,C). It is also observed that residue N512 is
gained by both systems, USP78WK and USP79HS, and
another residue M292 is also gained by USP79HS (Figure 7f,
j). The S-state interactions show that in the USP78QQ sys-
tem, the majority of residues try to hold the ligand despite
the force exerted. However, this was not similar for the
other two systems, which lost native pocket at an early
stage. Also, the appearance of residues M292 and N512
reveals different paths for ligand 8WK and 9HS from 8QQ.

2.10.2 | Intermediate contacts

At I-state from t = 2-5 ns, four new residues Y411, D416,
N418, and I419 were found to hold ligand 8QQ; however,
only one new residue Q293 was observed for ligand 8WK

FIGURE 6 Ligand unbinding pathways. (a, d, g) The 8QQ, 8WK and, 9HS ligand states at every stage (0–7) of unbinding process. Ligands
8QQ, 8WK, and 9HS are rendered in Licorice and colored in lime, blue, and orange respectively while protein is rendered in New Cartoon and

colored in white. (b, e, h) The rotated view of the protein which shows the ligand in complete solvent state. The coloring and representation are

the same as previous notations. The shading over ligands represents its respective final solvated state. (c, f, i) The complete path of ligand exit

from the pocket. Three main structural components that are critical for protein activity are highlighted, blocking loop1 (BL1), blocking loop2

(BL2) and switching loop (SL). BL1 and BL2 are colored in green and SL is colored in yellow. Red: white: blue shading are the transitions of

ligands which represent the starting: intermediate: pre-solvated states. The dotted arrow shows the direction preferred by ligands during exit
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and 9HS (Figure 7c,g,k). In the semi-bound state, ligand
8QQ forms additional contacts while maintaining earlier
interactions with residues F409, K420, H456, N460, and
H461 (Figure 7c,m). 8WK also preserves five interactions
with residues F409, H456, N460, H461, and Y514
(Figure 7g), but ligand 9HS has been able to hold the
majority of previous state interactions (Y224, M292,
F409, H456, H461, Y465, and Y514), which reflects that
9HS undergoes minimum change (Figure 7c,g,k,n). For
system USP78QQ, residues D416, N418, and I419 are
located on BL1, and for systems USP78WK and USP79HS,
the occurrence of new residues M292 and Q293 is on
SL. The interaction pattern during the exit confirms the
exit paths of each ligand previously mentioned in the
above section (Figure 6). We know the structural deter-
minants occupied by the respective ligands from the exit
path, and now we have been able to connect the rele-
vance of ligand interaction with their new residues from
the I-state. It is also worth noting that the cMD hotspots
are also strong contributors in SMD because residues
Y224, F409, K420, H456, N460, H461, Y465, and Y514
attempt to hold ligands until 5 ns, implying their impor-
tance for ligand binding and affinity.

2.10.3 | Pre-solvated contacts

In the P-state, ligand 8QQ interacts with M292 for a short
time (described later), whereas ligand 8WK shows no

change. However, two new residues, L288 and Q289,
were found associated with ligand 9HS (Figure 7d,h,l,o).
As we previously stated, ligand 8QQ solely interacts with
BL1. Though the P-state has revealed that ligand 8QQ
has a modest connection with SL as well, the predomi-
nant interaction is still with BL1 (Figure 7). Because of
the large size of ligand 8QQ and the protrusion of residue
M292 toward the solvent-exposed area during egress, an
atomic contact occurred, resulting in M292 occurring
before solvation. Based on the minimal interaction with
one residue belonging to SL, it will be too naive to com-
ment on the intensity of 8QQ interaction with SL. Alike
cMD, a similar interaction pattern was observed in SMD
simulations as well, as many residues were shared
between ligands during their exit. Hence, to differentiate
this spectrum, we have estimated the sustainability of
these residues stage-wise to understand their overall con-
tribution to the respective ligands.

2.11 | Sustained contacts

The quantification of the above pattern reveals that most
of the native pocket residues have established their con-
tact till 2 ns. However, our focus was to elucidate residues
that have shown interaction at intermediate and pre-
solvated states to identify new interactors. From the heat-
map analysis of stage-wise residue contributions, we
found the sustained contacts for each ligand during the

FIGURE 7 Ligand's exit highlights the energy-relevant states of USP78QQ (a-d), USP78WK (e-h), and USP79HS (i-l). Venn diagrams (m-o)

represent the common and unique number of interactions for each system respectively
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SMD simulations (Figure 8a-c). Sustained contacts, that
is, residues that are retained with the dissociating ligand
for the longer duration of the simulation. Not only dura-
tion, but we have also considered the cumulative energy
of each residue that they have contributed to the dissoci-
ating ligands (Figure 8d,e). According to the findings,
ligands 8QQ, 8WK, and 9HS had sustained interactions
of nine (R408, F409, D416, N418, I419, K420, H456,
N460, and H461), five (Q293, F409, H456, H461, and
Y514), and seven (Y224, M292, F409, H456, H461, Y465,
and Y514) residues, respectively, that were coupled for at
least 4 ns in the initial or later states (Figure 8a-c).
Among them, residues F409, H456, and H461 were
shared between all systems. Further, we have used
�4.0 kcal/mol as the cut-off to identify residues contrib-
uting cumulatively. The high threshold was chosen

because we are now considering the cumulative energies
of each residue rather than their individual energies. The
USP78QQ system has nine residues that have crossed the
threshold, followed by USP79HS with six residues and
USP78WK with five residues (Figure 8d,f). Despite the
similar interactors, there is a huge difference in the
energy spectrum, for example, residue F409 is trying to
hold ligands in each system. However, in system
USP78QQ its cumulative contribution is �17.00 and
around �12.00 kcal/mol in the other two systems. Fur-
thermore, the HBs pattern revealed that only system
USP78QQ has been able to form HBs with residue D416 in
the P state, but no HBs are observed for the other two
systems (Figure S14a-c). Also, the HBs in USP78WK were
found till 5 ns; however in the USP79HS had HBs till 4 ns
(Figure S14b,c). From this analysis, we observed that

FIGURE 8 Heatmaps of the dissociation profiles of all three systems. (a-c) Per-residue energy contribution in each system USP78QQ,

USP78WK, and USP79HS, respectively, was elucidated and is shown in the form of heatmap. The key residues at every stage were identified

based on their energetic contribution toward the ligand (cut off �0.5 kcal/mol). (d-f) The bar graph shows the cumulative energy of residues

in respective systems throughout the dissociation time-line as obtained from the heatmap. The residues highlighted in the box are unique

interactors as identified by SMD simulation. SMD, steered molecular dynamics
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FIGURE 9 Legend on next page.
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USP79HS has the weakest interaction in its S state,
whereas the USP78QQ and USP78WK have significant asso-
ciations in the same time period, which might be the pos-
sible cause of 9HS's early dissociation (Figure S14a-c).

2.12 | Conformational changes
demarcate the importance of structural
determinants

We have now elucidated the unbinding pathways and the
involvement of structural determinants during the disso-
ciation process. It is now clear that BL1 is critical for
ligand 8QQ, while SL is key for ligand 9HS, along with a
modest impact from SL and BL2 for ligand 8WK. Finally,
we attempted to observe conformational changes in BL1,
BL2, and SL during unbinding and compared them to
those observed in cMD simulations. As previously stated,
these determinants are crucial for USP7 activity since
they work in the following chronological order:
(1) Attachment of ubiquitin (Ubq) leads to USP7
activation,22 (2) to accommodate Ubq, BL1 should shift
away from the Ubq binding site (bound allosteric site of
inhibitors)23 as found in its APO structure, (3) After
accommodating Ubq, it must extend its C-term tail
toward the SL, causing a conformational shift21 and
allowing USP7 to enter into a transition from an inactive
to an active state. From the chronology, it can be per-
ceived that BL1 is the primary component of USP7 and
SL is the secondary component, both of which are essen-
tial for its functionality. BL1 is Ubq's first facilitator; its
tendency to shift away allows Ubq to sit and stretch its
tail toward the catalytic core. If BL1's inherent nature is
constrained, Ubq may not extend its tail to the catalytic
center, altering determinant SL's conformation and acti-
vating USP7. Hence, in the context of Ubq binding, BL1
appears to be a more important determinant than SL.

Consequently, we are now using this information to
explore the conformational changes induced during bind-
ing and unbinding events, which might shed light on the
cause of varying potencies in ligands. The sampling of
BL1 during cMD reveals that it is highly fluctuating in
USP7APO, which relates well with the experimental state-
ment23 (Figure 9a.1). Further, the binding of Ubq
reduced the flexibility of BL1, as did the binding of two

other ligands, 8QQ and 8WK. However, the binding of
9HS had no significant impact on BL1, and instead
increased its flexibility (Figure 9a.1-4). The structural
appearance in USP7Ubq, USP78QQ, and USP78WK high-
lights that BL1 has a stable β-sheet architecture through-
out cMD simulations, while USP79HS follows the trend of
USP7APO (Figure 9a, right panel). This implies that
potent inhibitors have not only reduced BL1's flexibility
but have also preserved its secondary structure, whereas
the least potent inhibitor did not reduce. Further, it was
found that the BL2 conformations were minimized in all
systems when compared with USP7APO (Figure 9b.1-4).
The attachment of Ubq has conformationally induced
β-sheet structure in BL2 (Figure 9b, right panel); how-
ever, in other systems it is in the form of loops, and
despite this, the inhibitors have been able to restrict its
flexibility (Figure 9b.1-4). Further, we observed SL dyna-
micity during cMD in all systems (Figure 9c.1-4).
USP7APO state highlights SL in the form of a loop
completely; however, upon the binding of Ubq, certain
portions of this loop are converted into five residue heli-
ces, which justifies the conformational change in SL. Our
results confirm that these conformations are further
maintained during MD simulations (Figure 9, right
panel). However, notable differences are observed in
ligand-bound cases, where these helices are more stabi-
lized than USP7APO and even USP7Ubq (Figure 9c.1-4).
The deviation of SL is rigorously minimized by 8QQ and
8WK, since their deviation is below USP7APO, while the
deviation of the least potent system, USP79HS, exceeds
USP7APO RMSD (Figure 9c.2-4). Based on these observa-
tions, we tried to undermine an explanation for the
reduced flexibility of BL1 and SL in the cases of 8QQ and
8WK but not in 9HS. We found that residues V296 and
Q297 act as anchor points for SL, which are protruding
toward the binding pocket. Similarly, residues R408,
F409, and K420 are acting as an anchor for BL1, now if
we recall our MM-PBSA and LIE results, these residues
have shown high contribution for USP78QQ mainly
(Figures 3, S5, S7 and S8). The most potent ligand, 8QQ,
has attained a strong contribution, which has seized the
internal wiring of these determinants and thus might be
a justifiable cause for their high potency. The conforma-
tional change analysis has supported us well in under-
standing similar-pattern-variable-spectrum landscapes.

FIGURE 9 The time-versus-RMSD plot for (a,d) Blocking loop 1, (b,e) Blocking loop 2, and (c,f) switching loop during classical MD and

SMD simulations, respectively. The panels within a, b, and c correspond to system APO-versus-(1) APO + UBQ, (2) USP78QQ, (3) USP78WK,

and (4) USP79HS, respectively. The panels (d-f) are for the systems USP78QQ (green), USP78WK (blue), and USP79HS (orange). The sampling of

the loops during simulations (right panel) is represented in New Cartoon with the time-step color method red (0 ns) to blue (300 ns) for

classical MD simulation and red (0 ns) to blue (7 ns) for SMD simulation at equal time intervals. MD, molecular dynamics; RMSD, root

mean square deviation; SMD, steered molecular dynamics

16 of 21 SRIVASTAVA ET AL.



Moreover, conformational sampling of these determi-
nants during SMD simulations has supplemented the
outcomes of cMD simulations. In SMD simulations, we
saw the opposite RMSD trend; since the system is under
constant strain, contacts must be constantly forming and
breaking, leading to the fluctuating RMSD for the ligands
and determinants. Also, the determinants that are not
captured by the respective ligands may have stable
RMSD. As per SMD results, BL1 has shown high diver-
gence in USP78QQ, followed by USP78WK, and least in
USP79HS (Figure 9d). The sampling of BL1 also suggests
more structural divergence from starting to solvate state
in USP78QQ as compared to the other two systems
(Figure 9d, right panel). For BL2, considerable divergence
was attained in USP78QQ and USP79HS (Figure 9e),
although the structural divergence of each system did not
vary much (Figure 9e, right panel). The most distin-
guished results were obtained for SL, as the highest diver-
gence was achieved in USP79HS, while for the other two
systems it was almost similar (Figure 9f). SMD results
confirm the exit paths of each system as BL1 was highly
affected in USP78QQ and SL was mostly affected in
USP79HS. In the context of USP7 activity, the exit path-
ways and preferred structural determinants by each
ligand are now extremely important to elucidate the vari-
able spectrum of ligands.

Finally, recalling the chronology of USP7 activation,
the primary component is occupied by the most potent
ligand, 8QQ, and according to SMD simulation, ligand
8QQ is attempting to maintain interaction with BL1 dur-
ing dissociation, which may prevent Ubq from perform-
ing its biological activity. Ligand 9HS occupies secondary
component SL but leaves the native allosteric pocket
early, which may allow Ubq to extend the tail into the
binding site. As a result, it can be perceived that the
ligand 8QQ has a high potency because it occupies the
primary component, whereas SL has a lower potency
because it occupies the secondary component.

3 | CONCLUSIONS

USP7 is a clinically validated target in the oncology field.
Medicinal chemistry efforts aimed at identifying the
inhibitors against USP7 have proved fruitful in the past
4–5 years, which are yet to be explored as none of them
entered into clinical trials. In this regard, one of the chal-
lenges is to address the ligands that chemically have a
common core scaffold, similar binding mode and interac-
tion fingerprinting yet possess variable experimental
potencies. It is fascinating to explore at the atomic level
and to find out the pivotal determinants responsible for
enhanced binding potency.

Herein, a detailed atomistic description was carried
out using three molecules: 8QQ, 8WK, and 9HS from the
reported co-crystals, using a multifaceted technique.
Starting from post-processing cMD analysis that revealed
USP78QQ is the most stable system as it significantly
reduces the flexibility of key regions (finger sub-domain
and BL1). Further, the thermodynamics analysis justified
the stability of USP78QQ as the free energy of this system
was the highest and also the identified energy spectrum
of other systems corroborates well with reported experi-
mental values. LIE was also carried out to differentiate
the energy spectrum of these ligands' atom-wise, and it
showed that the chemical moiety of 8QQ is more energet-
ically favorable to establish the stable adduct than others.
Understanding molecular interactions at an atomic level
provides immense possibilities to enhance the structure–
activity relationship (SAR). In this regard, the atomic
exchange between binding site residues and functional
groups of ligands and their feasibility toward betterment
of binding affinity are key for drug designing. The FEL
analysis revealed that the USP78QQ has the deepest min-
imas and also the atomistic fluctuations were signifi-
cantly reduced compared to other systems, which
justifies the tight packing of ligand 8QQ. We further per-
formed the drug dissociation characterization using SMD
to undermine most aspects of the binding pocket. It is
well known that not only the binding affinity but also the
average longevity of the protein–ligand complex is a cru-
cial factor for drug efficacy; thus, the dissociation study
seems crucial to elucidate the mechanistic behavior of
ligands, and SMD has been demonstrated to be a useful
technique in the field of structure-based drug design. The
SMD simulations provide two crucial pieces of informa-
tion: (i) a force (or PMF) profile that can be associated
qualitatively and possibly quantitatively with protein–
ligand binding affinities; and (ii) a precise atomistic
description of a ligand's unbinding mechanism. The SMD
analysis revealed that PMF was the highest in the most
potent system, USP78QQ, and thus correlates well with
the experimental IC50 values. Further, two different exit
paths of ligands from the binding site were identified,
first via blocking loops (BL1 and BL2) and second via
switching loop (SL). We identified that these loops play a
crucial role during unbinding as they hold the exit of
drugs by making durable interactions. As per the activa-
tion mechanism, these determinants are important for
USP7's functional activity as they guide Ubq attachment
to the misaligned catalytic triad. From co-crystal analysis,
we find for the Ubq attachment, the BL1 and SL appear
as primary and secondary components. As a result, the
greater affinity for 8QQ could be related to the fact that it
occupies the primary component (exit via BL1), prevent-
ing Ubq from extending its tail toward the catalytic
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center, whereas 9HS exits the binding pocket early (exit
via SL), leaving a vacancy for Ubq to fill in. Furthermore,
the dissociation analysis highlighted new and critical res-
idues Q293, H294, D416, and N418 located on these
determinants, which were not previously reported. These
residues are found to be responsible for holding these
ligands during their exit. Overall, this atomistic approach
provides molecular insights that are helpful for under-
standing the link between the varying potencies and their
mechanisms of action. Such insights are essential for
modifying the ligands for improved efficacy.

4 | MATERIAL AND METHODS

The methodological in-silico workflow is represented in
Scheme 1 (Supporting Information).

4.1 | System preparation

The protein structures of Apo and co-crystal of USP7
were retrieved from the RCSB (Research Collaboratory
for Structural Bioinformatics) protein data bank (PDB-
ID: 4M5W [USP7APO]: resolution 2.2 Å),50 (PDB-ID:
5N9T [USP78QQ]: resolution 1.7 Å),25 (PDB-ID: 5NGE
[USP78WK]: resolution 2.3 Å),22 and (PDB-ID: 5VSK
[USP79HS]: resolution 3.3 Å).51 The inhibitor-bound sys-
tems are collectively denoted as COMs in the study. We
have chosen only these inhibitors' bound states because
they reflect varied binding potency, as mentioned earlier
(Introduction sub-section). Furthermore, the rationale for
selecting these inhibitor-bound systems was the sharing
of similar chemical scaffolds, moieties, and interaction
maps (>80% of these inhibitors share the same residues).
We have also included Ubq bound crystals (PDB ID: 5JTJ
[USP7Ubq]: resolution 3.3 Å)52 for understanding the
structural changes induced upon Ubq binding as well as
comparing them with the ligand-bound crystals. The con-
sidered crystal structures have a well-defined catalytic
domain distinguished by their finger, palm, and thumb
subdomains. However, it was observed that crystals
USP78WK and USP79HS have missing loops at BL1 and
BL2. USP78WK has a break at BL2 (D459-H501), while
USP79HS has missing residues at BL1 (M410-N418) and
BL2 (G500-H509). The blocking loops are essential compo-
nents of USP7 and hence, to maintain structural integrity
during dynamics, the loop breaks were interpolated using
the PLOP algorithm.24 All systems were prepared using
the Protein Preparation Wizard module of Maestro
(Schrödinger Release 2020-1).53,54 The hydrogen and
bond orders were added using PRIME. The hydrogen
bond (HB) optimization and restrained minimization

were also done for the systems using the OPLS3 force
field model.55,56 The Maestro and VMD software were
used for plotting interaction maps.

4.2 | Atomistic molecular dynamics
simulation

4.2.1 | Classical MD simulation

Proteins are dynamic entities that populate conforma-
tional ensembles, and most functions of proteins depend
on their dynamic character; hence, detailed cMD simula-
tions were conducted to observe the dynamics of ligands
and their impact on respective systems. Systems
USP7APO, USP78QQ, USP78WK, and USP79HS were sub-
jected to a 300 ns simulation; however, two additional
trajectories from the same seed, each of 300 ns, were sim-
ulated for each co-crystal system to ensure reproducible
and convincing results. The details of simulated systems
are mentioned in Table S1. The simulations of all systems
were conducted using the AMBER16 package.57–59 The
complete MD simulation protocol is described in Sup-
porting information section 2.1. The post-processing and
clustering of trajectories were performed using the TCL
script of VMD60 (see supporting information section 2.2).

4.2.2 | Steered MD simulation

The unbinding of ligands from proteins41,61 was facili-
tated using a time-dependent external force. The transi-
tion between the bound and unbound states is achieved
by adding the standard Hamiltonian harmonic time-
dependent potential acting on a descriptor. The descrip-
tor in our work is Cα atom of residue and an index atom
of ligand. In this transition process, the exerted force and
external work can be calculated.41,61 SMD simulations
were performed using the AMBER package62,63 and fol-
lowing the complete ASMD tutorial 26 (http://ambermd.
org/tutorials/advanced/tutorial26/). A constant pulling
velocity of 0.02 Å/ps was used for SMD studies. Accord-
ing to the stiff spring approximation,64,65 a sufficiently
stiff spring constant of 10 kcal mol�1�A�2 was used. For
each system, equil.rst of cMD simulation was used. The
systems were set up for seven stages, and at each stage,
40 trajectories of 1 ns were simulated. Overall, for one
system 280 ns of SMD simulation was performed. We
chose residue Y514 as a reaction coordinate for SMD sim-
ulations because it is critical for ligand binding, acts as a
gate-keeper for ubiquitin binding, and undergoes confor-
mational change.24 It also forms strong energetic interac-
tions. After completing the first stage, a python script,
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ASMD.py was executed to determine which of the ASMD
simulations' work values are the closest to the Jarzynski
Average.66 The python script is available on the tutorial
webpage. Hence, the trajectory closest to the Jarzynski
average was considered to run for the next subsequent
stage of SMD simulations. The same steps are repeated
until seven stages. The transition of the complete unbind-
ing process was measured by calculating force and con-
structing the PMF profiles (see supporting information
sections 2.3 and 2.4). The trajectories were saved every
20 ps, and the calculated force and work were saved for
every stage. All of these AMBER-based SMD simulations
were performed using the 40 processors and GTX
1080 GPU card, which took 24 hr to complete one stage
comprising 40 trajectories each of 1 ns.

4.3 | Linear interaction energy analysis

The LIE was employed to calculate the binding free
energy from the change in electrostatic (ele) and van
der Waals (vdW) interaction energies between the
ligand and its environment upon complex forma-
tion.67,68 In this study, we have calculated the atom-
wise energy of all the ligands. Since the architecture of
these three ligands is almost similar, we were keen to
understand the contribution of each moiety of different
ligands toward the binding pocket. This may also shed
light on variable ligand potencies and suggest crucial
atoms for drug design.

For LIE analysis, we picked the lowest energy cluster
of each system. The atom-wise energies are determined
by single-point calculations with the sander package.
Ligands 8QQ, 8WK, and 9HS have 41, 38, and 31 atoms,
respectively. Every atom was considered an “index” for
calculation. The non-bonded interactions were computed
between atoms of ligands and residues of protein at each
frame of the lowest energy cluster.

The binding free energy is estimated by combining
differences in the electrostatic and van der Waals interac-
tion energies in a linear equation with the coefficients α
and β and possibly a constant term γ69

ΔELIE ¼ α<EvdW
bound�EvdW

free > þβ<Eele
bound�Eele

free > þ γ

ð1Þ
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