molecules
Article

Coupling of HSP72 α-Helix Subdomains by the
Unexpected Irreversible Targeting of Lysine-56 over
Cysteine-17; Coevolution of Covalent Bonding
Aimen Aljoundi, Ahmed El Rashedy, Patrick Appiah-Kubi and Mahmoud E. S. Soliman *
Molecular Bio-Computation & Drug Design Lab, School of Health Sciences, University of KwaZulu-Natal,
Westville, Durban 4000, South Africa; aymanaljundi69@gmail.com (A.A.);
ahmedelrashedy45@gmail.com (A.E.R.); appiahpat@gmail.com (P.A.-K.)
* Correspondence: soliman@ukzn.ac.za; Tel.: +27-31-260-8048; Fax: +27-31-260-7872
Received: 2 March 2020; Accepted: 6 April 2020; Published: 16 September 2020




Abstract: Covalent inhibition has recently gained a resurgence of interest in several drug discovery
areas. The expansion of this approach is based on evidence elucidating the selectivity and potency
of covalent inhibitors when bound to particular amino acids of a biological target. The unexpected
covalent inhibition of heat shock protein 72 (HSP72) by covalently targeting Lys-56 instead of Cys-17
was an interesting observation. However, the structural basis and conformational changes associated
with this preferential coupling to Lys-56 over Cys-17 remain unclear. To resolve this mystery,
we employed structural and dynamic analyses to investigate the structural basis and conformational
dynamics associated with the unexpected covalent inhibition. Our analyses reveal that the coupling of
the irreversible inhibitor to Lys-56 is intrinsically less dynamic than Cys-17. Conformational dynamics
analyses further reveal that the coupling of the inhibitor to Lys-56 induced a closed conformation of
the nucleotide-binding subdomain (NBD) α-helices, in contrast, an open conformation was observed
in the case of Cys-17. The closed conformation maintained the crucial salt-bridge between Glu-268
and Lys-56 residues, which strengthens the interaction affinity of the inhibitor nearly identical to
adenosine triphosphate (ADP/Pi) bound to the HSP72-NBD. The outcome of this report provides a
substantial shift in the conventional direction for the design of more potent covalent inhibitors.
Keywords: covalent MD simulation; HSP72; 8-N-benzyladenosine; coupling; principal
component analysis

1. Introduction
Heat shock proteins (HSPs) play a central role in the clearance of damaged proteins by inducing
protein aggregation and proteotoxicity. This process occurs by preventing inappropriate stress-induced
protein aggregation, ensure proper refolding of denatured proteins, and, if necessary, the promotion
of their degradation [1–3]. Recent studies have proven that increased protein synthesis (translation)
is vital to the conversion of neoplasms. As a result of this increase, cancer cells appear to be particularly
susceptible to agents that inhibit the removal of aggregated or misfolded proteins generated by protein
synthesis as a product [4–6]. Hsp70 protein member families are among the highly conserved proteins
and play a critical role in these processes [7]. The primary stress-inducing member of the Hsp70
chaperone family is known as Hsp72 and is encoded by two genes, HSPA1A and HSPA1B, which
generate isoforms of Hsp72 [8]. Hsp72 is extremely homologous to the 78 kDa glucose-regulated protein,
which plays a significant role in organizing the unfolding protein response [9]. Hsp72 is expressed at
high levels in malignant tumors of various origins [10] and enhances cancer cell survival [11,12]. Thus,
the inhibition of Hsp72 is considered to be a successful pathway in anti-tumor therapy [13].
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cell survival [11,12]. Thus, the inhibition of Hsp72 is considered to be a successful pathway in antitumor therapy [13].
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of the binding cavity [29] (Figure 3). It is worth highlighting that the observed covalent inhibition of
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HSP72 via lysine-56 by 8-N-benzyladenosine was opposed to the anticipated 8-N-benzyladenosine
3 of 14
covalent inhibition of HSP72 via cysteine-17.
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dynamics associated with this unexpected covalent interaction. To accomplish this, we utilized in
silico approaches such as covalent molecular dynamics simulation, clustering and principal
component analyses to define and compare the structural dynamics of 8-N-benzyladenosine-Lys-56
modeled covalent complex with 8-N-benzyladenosine-cys-17 covalent complex on HSP72-NBD
domains.
Extensive analyses reveal that the coupling of the inhibitor to cysteine-17 is intrinsically more
dynamic than to lysine-56, mainly in the IIA and IA α-helices region. Conformational dynamics
analysis further reveals that the coupling of 8-N-benzyladenosine to lysine-56 induces a closed
conformation of the IIB and IIA α-helices of the NBD. In contrast, an open conformation was observed
when coupled to the cysteine-17 residue.
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2.2. Covalent Docking
2.2. Covalent Docking
Covalent bonds were formed between the inhibitor and lysine-56, cysteine-17 residues of
Covalent bonds were formed between the inhibitor and lysine-56, cysteine-17 residues of HSP72HSP72-NBD. Before the creation of the covalent bond, a non-covalent docking was performed
NBD. Before the creation of the covalent bond, a non-covalent docking was performed for the
for the inhibitor to ensure an appropriate stable binding mode at HSP72-NBD. This initial non-covalent
inhibitor to ensure an appropriate stable binding mode at HSP72-NBD. This initial non-covalent
docking was performed using AutoDock Tools GUI, and AutoDock Vina [35] integrated with Chimera
docking was performed using AutoDock Tools GUI, and AutoDock Vina [35] integrated with
GUI. The AutoDock Tools GUI was used to define the grid box (center: −12.75, −8.433, and 5.19; Size:
Chimera GUI. The AutoDock Tools GUI was used to define the grid box (center: −12.75, −8.433, and
18.65, 18.02, and 21.39) at the lysine and cysteine binding site of the protein. The initial non-covalent
5.19; Size: 18.65, 18.02, and 21.39) at the lysine and cysteine binding site of the protein. The initial nondocking was to appropriately position the inhibitor in the active site to allow the covalent bond to be
covalent docking was to appropriately position the inhibitor in the active site to allow the covalent
bond to be created subsequently. The binding poses were checked to see if the two atoms that will
eventually form the covalent bond between the target residues (lysine-56 and cysteine-17) and the
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created subsequently. The binding poses were checked to see if the two atoms that will eventually
form the covalent bond between the target residues (lysine-56 and cysteine-17) and the inhibitor was
within 3 Å of each other. The inhibitor binding mode that did not meet this condition to allow the
bond to be formed was rejected. The Schrödinger Maestro [36] was used to create the covalent bond
between the inhibitor and the residues (lysine-56 and cysteine-17). The best covalent complex pose
was then selected.
The protein preparation wizard in Maestro Schrödinger was used to optimize the protonation
state of the complex, adjust hydrogen atoms, cap acetyl, and methylamide neutral residues. An initial
vacuum minimization was performed to resolve any steric clashes and restore normal bond lengths.
The prepared receptor and covalent ligand were saved separately and taken for parameterization using
the preparatory program. The APO system was run based on our previously reported protocol for
non-covalent simulations [37,38].
2.3. Covalent Molecular Dynamic Simulation
The two covalent systems were exposed to an all-atom classical covalent molecular dynamics
simulation (MD) using the PMEMD package in Amber 14 [39]. The Antechamber module in the Amber
14 was used to provide atom types and atomic ligand partial charges using the FF14SB forcefield [40].
The LEaP program was used to generate a library defining the ligand residue topology. The final
system was built, neutralized, and solvated with two Na+ counter-ions using the Dabble program [41].
Before starting the simulation process, the studied covalent complexes were placed within a box
of TIP3P water molecules with 10 Å distance from the protein [42]. Particle mesh Ewald (PME)
method was implemented within Amber14, with direct space and Van der Waals cut-off of 12 Å,
to obtain long-range electrostatic interaction. To further relax the complex and remove potential steric
clashes, each system was energy minimized for a total of 7500 steps (2500 steps of steepest descent
and 5000 conjugate gradient steps) with a 10 kcal/mol/Å2 restraint conditions applied. The systems
were heated for 30 ps from 0 to 300 K with an additional 7-ns equilibration performed at a 4-fs
integration time step. MD simulation production runs of 250 ns were performed for each system during
which the SHAKE algorithm was used to constrict all atomic hydrogen bonds at a 4-fs integration
time step [43]. The computational methodology concerning the covalent systems was based on our
previously reported [44]. The CPPTRAJ and PTRAJ modules [45] of AMBER14 package were used to
analyze resulting trajectories for root mean square deviation (RMSD), root mean square fluctuation
(RMSF), solvent accessible surface area (SASA), and secondary structure analysis. The data were
expressed in mean ± standard deviation. The obtained data were plotted using Microcal Origin
tools [46] and Maestro Schrödinger software [36].
2.4. Clustering and Principal Component Analysis
A principal component analysis (PCA) was performed to describe the internal motion of the
complexes using the Bio3D package in R. The process involves the initial construction of the covariance
matrix (C) from (x,y,z) coordinate positions of the C-atoms as representatives of residues (N), generating
a large matrix of dimension 3N_3N. The covariance matrix was further diagonalized to obtain
eigenvectors based on related eigenvalues. This was then projected on the first three eigenvectors (PC1,
PC2, and PC3).
3. Result and Discussion
To understand the molecular behavior associated with the preferential binding mechanism of
8-N-benzyladenosine to Lys-56 over Cys-17 at HPS72-NBD, covalent molecular dynamics simulation
was employed to study the structural and dynamical changes of the above two covalent binding models.
Post molecular dynamics analyses were carried out covering different aspects, including dynamic
conformational stability (RMSD, RMSF), dynamic system variations (SASA, secondary structure
analysis, PCA).
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3.3. Conformational Clustering and Principal Component Analysis
3.3. Conformational Clustering and Principal Component Analysis
Principal component analysis and clustering were performed for Cys-17-HSP72 and Lys-56-HSP72
Principal component analysis and clustering were performed for Cys-17-HSP72 and Lys-568-N-benzyladenosine covalent complexes to observe the overall concerted motion of HSP72-NBD
HSP72 8-N-benzyladenosine covalent complexes to observe the overall concerted motion of HSP72protein.
The PCA provides insight into the conformational changes of macromolecules, such as
NBD protein. The PCA provides insight into the conformational changes of macromolecules, such as
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3.4. Understanding Structural Dynamics upon 8-N-Benzyladenosine Coupling to Lysine and Cysteine of
3.4. Understanding Structural Dynamics upon 8-N-benzyladenosine Coupling to Lysine and
HSP72-NBD α-Helices
Cysteine of HSP72-NBD α-helices.
To further elucidate the structural basis of the preferential covalent coupling of
To further elucidate the structural basis of the preferential covalent coupling of 8-N8-N-benzyladenosine with Lys-56 over Cys-17, we compared the subdomain helix dynamic motions
benzyladenosine with Lys-56 over Cys-17, we compared the subdomain helix dynamic motions
throughout the simulation. The observed structural changes in the helix motion show a different
throughout the simulation. The observed structural changes in the helix motion show a different
mechanism of the NBD characterized by an opened conformation and a closed conformation of the IIB
mechanism of the NBD characterized by an opened conformation and a closed conformation of the
IIB and IIA subdomains for Cys-17 HSP72 complex and Lys-56 HSP72 complex, respectively (Figure
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Further analysis
ofand
the IIA
8-N-benzyladenosine
reveals a salt-bridge interaction between Lys-56 and Glu-268 in the Lys-56-HSP72-NBD complex
(Figure 10A), which is absent in the Cys-17-HSP72-NBD complex (Figure 10B). The observed
Lys-56-8-N-benzyladenosine interaction and the closed conformation is nearly identical to the closed
conformation of ADP/Pi bound to HSP72-NDB [51]. In Cys-17 inhibitor coupling, the bulk of the
inhibitor is sandwiched between Glu-268 and Lys-56 of the two helices, which prevent the possible
formation of the Glu-268 and Lys-56 salt bridge inducing an open conformation (Figure 10B).

Figure 9. Distance between C- α residues involving THR265, and ASN57 α-helices of the NBD. The
average distances were found to be 9.24 Å and 26.14 Å , respectively, for Lys-NBD and Cys-NBD
conformations.

The inhibition of HSP72-NBD via lysine-56 decreased the inter-residue distance between two
opposite IIB and IIA subdomain helix residues Thr-265 and Asn-57 with an average distance of 9.24
Å . However, a distance of 26.14 Å was observed between residues Thr-265 and Asn-57 via the
cysteine-17 inhibition model (Figure 9). The coupling of 8-N-benzyladenosine to Lys-56 over Cys-17
Molecules 2020,
25, 4239
11 of 15
residue
strengthens
the interaction affinity of 8-N-benzyladenosine and induced a closed
conformation of the IIB and IIA nucleotide-binding subdomain.
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results
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irreversible binding of 8-N-benzyladenosine to lysine-56 over cysteine-17 in HSP72-NBD represents
the most stable conformation with minimal intrinsic dynamics. Clustering and PCA showed that the
first three principal components accounted for 67.8% and 53.2% of the total variance for Cys-17HSP72 and Lys-56-HSP72 covalent complexes, respectively. The magnitude of principal component
1 (PC1) was observed to be the highest for the Cys-17-HSP72 complex (51.2%); however, a relatively
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of 8-N-benzyladenosine to lysine-56 over cysteine-17 in HSP72-NBD represents the most stable
conformation with minimal intrinsic dynamics. Clustering and PCA showed that the first three
principal components accounted for 67.8% and 53.2% of the total variance for Cys-17-HSP72 and
Lys-56-HSP72 covalent complexes, respectively. The magnitude of principal component 1 (PC1) was
observed to be the highest for the Cys-17-HSP72 complex (51.2%); however, a relatively lower PC1 of
30.8% was observed for Lys-56-HSP72 covalent complex.
The conformational dynamics analysis further reveals what the experimental study could
not capture and explain, that the coupling of 8-N-benzyladenosine to Lysine-56 induces a closed
conformation of the IIB and IIA α-helices of the nucleotide-binding subdomain. In contrast, an open
conformation was observed in coupling to Cysteine-17 residue. Interestingly, the close conformation
maintained the crucial salt-bridge between Glu-268 and Lys-56 residues, which strengthens the
interaction affinity of 8-N-benzyladenosine nearly identical to ADP/Pi bound to the HSP72-NBD. It is
rare for non-catalytic lysine residues to form a covalent bond with an inhibitor. The recent unexpected
covalent formation between lysine-56 and 8-N-benzyladenosiness would assist with the design of
more potent and highly selective covalent inhibitors for HSP72 with the potential to overcome drug
resistance challenges and represent a novel therapeutic approach for inhibiting HSP72 oncoprotein.
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