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Abstract Glioblastoma (GBM), a malignant form of brain
tumor, has a high mortality rate. GRP78, one of the HSP70
protein family members, is overexpressed in GBM. GRP78 is
the key chaperone protein involved in the unfolded protein
response. Upregulated GRP78 expression in cancer cells in-
hibits apoptosis and promotes chemoresistance. GRP78 has
an ATPase domain, a substrate-binding domain, and a linker
region. ATP-competitive inhibitors such as EGCG and OSU-
03012 inhibit GRP78 activity and reduce its expression in
GBM. However, there is a lack of structural data on the bind-
ing modes of these inhibitors to GRP78 ATPase domain.
Further, the mode of selectivity of these inhibitors toward
GRP78 also is unknown. Toward this end, molecular docking
was performed with AutoDock Vina and confirmation obtain-
ed by docking using ROSIE. The stability and MM-PBSA
binding energy of GRP78-inhibitor complexes as well as en-
ergetic contribution of individual residues was analyzed by
50 ns molecular dynamics run with GROMACS. MSA by
ClustalW2 identified unique amino acid residues in the
ATPase domain of GRP78 which were different from the res-
idues present in other HSP70 proteins. Important and unique
amino acid residues of GRP78 such as Ile61, Glu293, Arg297,
and Arg367 played a major role in the intermolecular interac-
tions with these inhibitors. The interactions with unique resi-
dues of GRP78 as compared with those of HSP70-1A provid-
ed the basis for selectivity. It was found that the binding affin-
ity and specificity/selectivity of EGCG toward GRP78 was

higher than that toward HSP70-1A, and selectivity was even
better than OSU-03012. OSU-03012 was predicted to bind to
GRP78. Analyses from MD runs showed tight binding and
stability of complexes, and the highest number of hydrogen
bonds during the trajectory runs were comparable to those
found in the docking studies. Energetic contribution of indi-
vidual inhibitor-interacting residues showed that energy
values of Ile61 and Glu293 were among the most negative.
These studies are, to the best of our knowledge, the first stud-
ies characterizing EGCG and OSU-03012 interactions with
GRP78 on a structural basis and provide a significant insight
into their binding modes, selectivity, and structural stability.
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Introduction

Glioma is the tumor of glial cells in the brain and spinal cord.
Thirty percent of the central nervous system tumors are glio-
mas [1]. Depending on the type of the cell they originate from,
gliomas can be of several types: ependymomas which arise
from the ependymal cells, astrocytomas originating from the
astrocytes (glioblastomas), oligodendrogliomas arising from
the oligodendrocytes, brain stem glioma arising in the brain
stem region, and mixed gliomas.

About 80 % of gliomas are in malignant formwidely known
as the glioblastomas (GBMs). Central Brain Tumor Registry of
the United States (CBTRUS, 2012) estimates that less than 5 %
of the patients survive 5 years post diagnosis and declares it to
be the deadliest of all cancers. The exact cause and factors
involved in the development of the GBMs are not clearly
known, although a few factors have been delineated [2]. No
potent and effective cure or treatment for GBMs is known at
present. This, coupled with the fact that the blood–brain barrier
poses a major hindrance in targeted drug delivery to the brain,
makes GBMs less amenable to effective treatment [3].

Glioblastomas generally do not metastasize through blood
but spread through the cerebrospinal fluid to the spinal cord.
The symptoms usually include nausea, vomiting, seizures,
headaches, cranial nerve disorders, weakening of limbs, visual
loss, organ failure, and ultimately death.

Studies into the molecular mechanisms of GBMs have
established the role of several mutations in tumor suppressor
and regulatory genes. Some of these genes and gene products
such as ERCC1, ERCC2, XRCC1, isocitrate dehydrogenase 1
and 2 (IDH1 and IDH2), MGMT, p53, GRP78, and predicted
CSNK1A1 and Gli2 [4, 5] among others, play a prominent
role in GBM development and progression.

Glucose regulated protein 78 (GRP78), a stress-response
protein, has been shown to be overexpressed in the endoplas-
mic reticulum (ER) of GBM cells [6]. It is a stress-induced
protein involved in unfolded protein response (UPR) process
which corrects protein folding. GRP78, when overexpressed,
induces anti-apoptosis and chemo-resistance in the cancerous
cells and promotes their survival [7].

Unfolded protein response (UPR) and GRP78 in GBM
development

Every cell in our body has the natural ability to adapt to chang-
ing environmental conditions and be restored back to its orig-
inal state. Unfolded protein response (UPR) evolved as a pro-
cess in minimizing the errors in protein folding integrity. The
UPR consists of environmental-stress induced pathways in the
endoplasmic reticulum which get triggered by the accumula-
tion of misfolded or unfolded proteins. This misfolding of
proteins occurs primarily due to glucose starvation or oxidative
stress (hypoxia), thereby, disrupting normal cellular functions.

UPR serves three major purposes: first, it halts normal protein
translation in the stressed cell to help it return to its normal func-
tioning; second, it is involved in increase in translation of molec-
ular chaperones and stress-related gene products during stress;
and further, if the UPR process fails to correct the misfolded
proteins, it degrades them. If the stress continues to persistand
normal cellular functions cannot be restored, UPR induces
apoptosis in the respective cellafter a certain time period.

GRP78 is also known as binding immunoglobulin protein
(BIP) or heat shock 70 kDa protein 5 (HSPA5). GRP78 is
localized in the lumen of endoplasmic reticulum. In humans,
it is encoded byHSPA5 gene found on chromosome 9 and has a
length of 654 amino acid residues. Belonging to the HSP70
family of molecular chaperone proteins, and activated through
UPR process, GRP78 is involved in proper protein folding and
assembly, correcting misfolded proteins and targeting them for
degradation, ER Ca+2 binding, activating transmembrane ER
stress sensors, preventing apoptosis of the affected cell, and is
also involved in resolving inflammation by feeding anti-
inflammatory signals. When overexpressed, it enables the can-
cerous cells to survive by inducing anti-apoptotic and
chemoresistant properties, leading to cellular proliferation, sur-
vival and angiogenesis [8]. The importance of GRP78 stems
from the fact that it is thought to be a potential therapeutic target
universal to bacterial and viral infections such as Ebola, influ-
enza and hepatitis alongwith brain cancers and GBMs [9].

GRP78 protein structure is composed of three domains out
of which two are functional. It has a 44 kDa N-terminal nucle-
otide binding (ATPase) domain, a 20 kDa polypeptide
(substrate) binding domain, and a variable 10 kDa C-terminal
tail of unknown function and a linker for connecting the two
functional domains. The binding of ATP to the ATPase domain
of GRP78 facilitates the binding of the exposed hydrophobic
residues of the misfolded or unfolded protein to the
substrate binding domain of GRP78. Thereafter, protein
disulfide isomerase (PDI) carries on the rearrangement of the
protein folds to give the protein its proper conformation [10].

GRP78 & glioblastoma (GBM)

Research over the years has shown that in GBM cells, GRP78 is
aberrantly activated or overexpressed. Knockdown experiments
of GRP78 in human glioma cell lines have shown decreased
GBM cell proliferation [6]. Further, overexpression of GRP78
leads to its binding and inactivation of the UPR genes involved
in apoptosis. Continual suppression of the UPR genes by
GRP78 induces the cell to become anti-apoptotic and chemo-
resistant, decreasing caspase-7 activation and rendering the cells
resistant to etoposide- and cisplatin-induced apoptosis [11].
GRP78 is upregulated in hypoxia and glucose starvation, con-
ditions which are present in every tumor environment [12]. So,
in order to block the proliferation through apoptosis-induction in
GBM cells, GRP78 overexpression needs to be controlled and
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this could have essential therapeutic benefits. Studies are being
conducted to generate suitable inhibitors to overcome the aber-
rant activation of GRP78 in GBM cells as mentioned below.

Inhibitors against GRP78

Interest in the discovery of therapeutic interventions against
GRP78 has led to the design and development of some novel
inhibitors [13, 14]. Inhibitors against both the ATPase domain
and substrate-binding domain of GRP78 have been explored.
GRP78 isoform selectivity among HSP70 protein family is
expected to play a crucial role in design and development of
these inhibitors.

Among the several inhibitors, (−)-epigallocatechin gallate
(EGCG), through its binding to ATPase domain, and OSU-
03012, both ATP-competitive inhibitors (Fig. 1), have been
shown to inhibit GRP78 activity [9, 15, 16].

EGCG is a flavonoid present in green tea. Recent studies
have concluded that EGCG has binding affinity to the nucle-
otide binding (ATPase) domain of GRP78 and once bound,
EGCG inhibits GRP78 association with ATP by competitive
inhibition [15, 16]. Thus, it inhibits the ATPase activity of
GRP78. Upon EGCG binding to GRP78, the active monomer
form of GRP78 gets converted into the inactive dimer and
oligomer forms. Further, EGCG binding prevents the forma-
tion of the anti-apoptotic GRP78-caspase-7 complex in the
endoplasmic reticulum, and thus, helps in induction of apo-
ptosis in the cancer cells.

Sepharose 4B affinity chromatography experiments done
with a nested set of overlapping N-terminally (ATPase do-
main) deleted GRP78 protein showed direct binding of
EGCG to the ATPase domain of the GRP78 protein [15].
EGCG was found to induce apoptosis in human glioblastoma
cell lines, U-373 MG and U-87 MG [17].

OSU-03012, an ATP-competitive inhibitor, is a derivative
of Cox-2 inhibitor celecoxib, and does not inhibit Cox-2. It
has anti-cancerous and anti-microbial properties. OSU-03012

treatment in mice decreased the expression of GRP78 and
enhanced PERK activity [9]. Knockdown of GRP78 in all cell
lines had significantly enhanced OSU-03012 lethality. OSU-
03012 did not alter the mRNA stability of GRP78 rather it
decreased the protein stability, and treatment with it led to
primary GBM cell death in vitro and in vivo. OSU-03012
was shown to inhibit p21-activated kinase 1 (PAK1) activity
and compete with ATP binding. In addition, computer model-
ing predicted a docking site for OSU-03012 in the ATP bind-
ing motif of PAK1 [18]. Since it is an ATP-competitive inhib-
itor, we predict that it might be binding to GRP78 ATPase
domain as well. Further, another study [19] has also men-
tioned that OSU-03012 treatment reduced GRP78 expression
in GBM cells and that there is likelihood that OSU-03012
destabilizes GRP78 by binding to it. Like EGCG [20], OSU-
03012 readily crosses the blood–brain barrier [19].

There is currently a lack of detailed structural data on the
binding of EGCG to GRP78. Comparison studies with EGCG
binding and reproduction of similar binding modes and interac-
tions could further help us in our predictions of OSU-03012
binding. Experimental binding data in terms of IC50, Kd or Ki
values is also not known at present for both these inhibitors
binding to GRP78. Further, exploring the structural determi-
nants of inhibitor selectivity will play an important role in fur-
thering our understanding of selectivity between GRP78 and its
HSP70 familymembers. In the present study, we have attempted
to analyze in detail the structural basis, selectivity, and interac-
tions of these inhibitors in the inhibition of GRP78 through
molecular docking and molecular dynamics simulations.

Materials and methods

Retrieval of sequences and structures

Full length protein and the ATPase domain sequences of the
human GRP78 and other human HSP70 proteins were

Fig. 1 2D structures of
inhibitors. a EGCG and
b OSU-03012
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downloaded from Research Collaboratory for Structural
Bioinformatics Protein Data Bank (RCSB PDB) (http://
www.rcsb.org/pdb/home/home.do) in FASTA format. Three
dimensional structures of the same were also obtained from
PDB. We used the ATP-bound form of GRP78 for our studies
as our work involves ATP-competitive inhibitors. For this, we
used the structure with PDB ID: 3LDL as there are nomultiple
crystal structures of ATP-bound forms [13]. 3LDL denotes
structure of the ATPase domain of human GRP78, bound to
ATP. The PDB IDs for the other human HSP70 proteins, the
sequences of which were used for multiple sequence align-
ment, were: 2E8A, 3LOF, 3GDQ, 3I33, 3FE1, 3FZF, and
4KBO for HSP70-1A, HSP70-1B, HSP70-1L, HSP70-2,
HSP70-6, HSP70-8, and HSP70-9, respectively. The three
dimensional structure of HSP70-1Awith PDB ID 2E8A (res-
olution 1.7 Å) was used for molecular docking studies. These
structures were selected for their resolution, Homo sapiens
species origin and for being bound to specific ligands/inhibi-
tors. All the downloaded structures were in .pdb format.
Heteroatoms (HETATM) and the water molecules in the
PDB files used in docking studies were removed manually
and only one chain of a particular PDB structure was used
for these proteins.

The three dimensional structures of the two inhibitors,
EGCG and OSU-03012, were downloaded from NCBI
PubChem database. The downloaded structures were in .sdf
format. The .sdf files were converted to .pdb format using
OpenBabel (http://openbabel.org/wiki/Main_Page) as
AutoDock Vina docking tool requires .pdb format of files
for performing docking calculations.

Multiple sequence alignment

Using the FASTA-formatted sequences of full length proteins
as well as of their ATPase domains, multiple sequence align-
ment of GRP78 and other HSP70 proteins, was carried out
with the help of ClustalW2 (http://www.ebi.ac.uk/Tools/msa/
clustalw2/) with default parameters and the corresponding
results were saved. This alignment was performed to find
out the percentage of conserved residues as well as residues
unique to GRP78.

Molecular docking with AutoDock Vina

As the studies conducted include ATP-competitive inhibitors
binding to ATPase domain, we have used ATPase domains of
GRP78 and HSP70-1A proteins. HSP70-1Awas chosen as a

comparison case, as it is widespread in nature and also ex-
hibits a high level of homology with GRP78. Energy minimi-
zations of the ATPase domains of GRP78 and HSP70-1A
were done using Swiss PDB Viewer (DeepView) to lower
the molecules’ energy and strain, without causing any signif-
icant distortion to the binding pockets.

Molecular docking studies with energy minimized protein
models and ATP, ANP, EGCG, and OSU-03012 were done
using AutoDock Vina, implemented within the PyRx 0.8 vir-
tual screening tool, using the default parameters. AutoDock
Vina is a molecular docking tool, believed to be faster and
more accurate than AutoDock, and is used to predict drugs
or substrates/ligands binding to proteins. The free-energy
scoring function in AutoDock Vina is different from
AutoDock 4.2 and combines information from both
knowledge-based potentials and empirical scoring functions.
Further, it uses Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm for local optimization and iterated local search op-
timizer for global optimization field [21]. ATPase domain of
GRP78 (as AutoDock protein) and ATP, ANP, EGCG, and
OSU-03012 (as AutoDock ligands) were fed as inputs and
the program was run wi th the defaul t se t t ings .
Benchmarking was done through analysis of docked struc-
tures of ATPase domain of GRP78 with ATP and ANP (from
3LDL and 3LDO). Docking parameters were selected by com-
paring these docked structures to the original crystallographic

Fig. 3 Conformation of active site and unique residues of the two proteins:
a in GRP78 (Ile61, Glu293, Arg 297, Arg367) and b their counterparts in
HSP70-1A protein (Thr37, Glu268, Arg272, Arg342). Residue numbers
are partly hidden as per their position in the alpha-helix

�Fig. 2 MSA of the ATPase domains of GRP78 (residue no. 26–406; in
ClustalW2MSA, numbering starts from 1) and other HSP70 proteins; red
boxes mark the residue within ∼4.5 Å of ligand different in GRP78 from
the other HSP70 proteins; blue boxes represent residues different in
position in 3D-space
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structures obtained from PDB. Using the same default
docking parameters, the inhibitors, EGCG and OSU-03012,
were docked within the ATPase domain of GRP78.

The result obtained with the lowest binding energy was
saved in each case and viewed in Discovery Studio. Another
important criterion for selection of the best docked structure
was higher number of hydrogen bonds. As there are
virtually nil crystallographic structures of EGCG or
OSU-03012 bound to any protein with a high homology
to GRP78 or other HSP70 proteins, with which docked
orientations of our inhibitor molecules could be compared, we
relied on the above-mentioned two criteria to select our
docked structures.

This whole process was repeated in the case of the ATPase
domain of HSP70-1Awith ANP, EGCG, and OSU-03012.

Molecular docking with ROSIE

To confirm the docking analysis performed with
AutoDock Vina, the docking results were cross-
checked using another online docking tool called the
Rosetta Online Server That Includes Everyone
(ROSIE) (http://rosie.rosettacommons.org/) [22]. ROSIE
was selected for cross-checking because it employs a
Monte Carlo minimization procedure different from
AutoDock Vina. In this minimization procedure, there
is simultaneous optimization of the rigid body position
as well as orientation of the ligand/small molecule and
the protein side-chain conformations. The energy func-
tion incorporates van der Waals and electrostatic

interaction models, along with a model of implicit sol-
vation and an explicit orientation hydrogen bonding po-
tential. Here, the energy minimized structures of the
protein (in .pdb format) and the ligand (in .sdf format)
were uploaded and the geometric center (average of X,
Y, Z co-ordinates of the ligand atoms) from the original
ATP-bound structure of GRP78 was fed into the server
and the docking program was run. Benchmarking was
also performed prior to using inhibitors for ROSIE run
with the same complex structures used in AutoDock
Vina.

Molecular dynamics (MD) simulations

The whole simulation process as well as trajectory anal-
yses were done using GROMACS 4.6.3 MD simulation
package [23] installed on a Linux cluster with
GROMOS96 43a1 force field parameters and SPC water
model. The crystal structure of GRP78 protein and
docked structures of GRP78 with EGCG and OSU-
03012 were fed as starting points. The same simulation
procedures were followed for protein and protein-
inhibitor complex. Solvation was done in a cubic box
using a solute-box distance of 1.0 nm. Ligand topology
file was generated using PRODRG2 server and was
checked for charges. The total charge of the system
was neutralized with 3Na+ counterions. Energy minimi-
zation was performed with 1000 steps of steepest de-
scent energy minimization. After applying position re-
straints on protein and inhibitors, NVT equilibration
was done at 300 K and 100 ps of run followed by
NPT equilibration of 100 ps with Parrinello-Rahman
barostat at reference pressure of 1 bar. After equilibra-
tion, production MD run was performed after releasing
the solute position restraints for sufficiently long 50 ns
run. A constant temperature of 300 K and constant pres-
sure of 1 bar with integration time step of 2 fs was
used. All bond lengths were constrained using LINCS
algorithm. Particle-mesh Ewald algorithm was used for
long range electrostatic interactions, and short-range
electrostatics and short-range van der Waals cutoffs
were set at 1.4 nm.

Binding energy calculation using MM-PBSA method
and energetic contribution of individual residues

Binding energy withMM-PBSAmethod was calculated using
g_mmpbsa tool [24] with default settings. The last 5 ns of
production run in the simulation was used and snapshots were
extracted every 10 ps and energetic terms calculated. Results
are in terms of average and standard deviations for all
energetic components. This tool does not calculate en-
tropic terms. It was also used to calculate the energy

Fig. 4 Superimposed structures of crystallographic ATP (blue, obtained
from 3LDL) and AutoDock Vina-docked ATP (yellow)
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contribution of individual residues to the overall binding
energy with bootstrapping (number of bootstraps=2000),
and results assessed in terms of average energy with
standard error.

Visualization and general analysis

The docked structures were visualized with the help of
Accelrys’ Discovery Studio 4.0 (Dassault Systemes).
Discovery Studio Visualizer is a widely used bioinformatics

Table 1 Binding energies (in kcal mol−1) predicted by AutoDock Vina
and the number of hydrogen bonds after docking of inhibitors with the
two proteins

Inhibitor Protein Binding
energy (kcal mol−1)

No. of
H-bonds

EGCG GRP78 −8.4 9

EGCG HSP70-1A −7.5 5

OSU-03012 GRP78 −6 5

OSU-03012 HSP70-1A −8.4 4

Fig. 5 Interactions between GRP78 (purple) and EGCG: a Hydrogen bonds (green and white dotted lines) and b Non-bonded interactions like
electrostatic bonds (orange dotted lines) and hydrophobic bonds (pink dotted lines) with EGCG
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tool used for molecular visualization and analysis of the three
dimensional structures of molecules. Graphic visualization of
the three dimensional structures of the docked complexes was
performed. Comparison of the conformations and orien-
tations of the ligands in the docked complexes were
done. Intermolecular hydrogen bonding patterns and
non-bonded contacts were observed in Discovery
Studio 4.0 using intermolecular hydrogen bonds and
non-bond interactions tabs from Structure menu.
Analyses of MD simulation trajectories were done using

GROMACS analysis tools, XMGRACE plotting tool, and
VMD 1.9.2 [25].

Results and discussion

Multiple sequence alignment

Multiple sequence alignments (MSA) of full length sequences
and ATPase domains of GRP78 and other HSP70 proteins

Fig. 6 Interactions between HSP70-1A (yellow) and EGCG: a Hydrogen bonds (green and white dotted lines) and b Non-bonded interactions like
electrostatic bonds (orange dotted lines) and hydrophobic bonds (pink dotted lines) with EGCG
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(HSP70-1 L, HSP70-1A, HSP70-1B, HSP70-2, HSP70-6,
HSP70-8, HSP70-9) were carried out with ClustalW2 tool,
to ascertain the conservation of residues and to find the resi-
dues unique to GRP78. The unique residues can play a role in
specificity and selectivity of inhibitors toward GRP78.

The alignment between full-length sequences indicated that
percent sequence identity between sequence of GRP78 with
other HSP70 proteins was 64 %.

MSA analysis of the ATPase domains of GRP78 and
HSP70-1A protein is shown in Fig. 2. Between GRP78 and

Fig. 7 Interactions between GRP78 (purple) and OSU-03012: a Hydrogen bonds (green and white dotted lines) and b Non-bonded interactions like
electrostatic bonds (orange dotted lines) and hydrophobic bonds (pink dotted lines) with OSU-03012
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other HSP70 proteins, the ligand-binding site residue unique
to GRP78 was found to be Ile61 within ∼4.5 Å radius of the
ligand (Macias et al. [13] and our study) which was substituted
by Thr residue in other HSP70 proteins, with Thr37 in
HSP70-1A protein. Further, mention is made of amino acid
residues Glu293, Arg297, and Arg367 in GRP78, which are
highly conserved in our MSA results. Structurally, however,
these are slightly different in position within 4 Å of ligand in
GRP78 active site, according to the above mentioned paper, as
compared to their counterparts, Glu268, Arg272, and Arg342

in HSP70-1A. These residues, because of difference in posi-
tion in 3D space, may either interact or not at all, thereby
resulting in inhibitor specificity or selectivity.

ATPase domains of GRP78 and HSP70-1A: structural
aspects

GRP78 and other HSP70 family members are structurally
similar due to the presence of amino acids conserved through-
out evolution. GRP78 is thought to be the least conserved

Fig. 8 Interactions between HSP70-1A (yellow) and OSU-03012: aHydrogen bonds (green and white dotted lines) and bNon-bonded interactions like
electrostatic bonds (orange dotted lines) and hydrophobic bonds (pink dotted lines) with OSU-03012
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member of the HSP70 family. Both GRP78 and other HSP70
proteins possess a nucleotide binding (ATPase) domain and a
substrate (protein) binding domain connected via a link-
er peptide. ATP hydrolysis in both is connected to pro-
tein binding and its release from the substrate binding
domain. The ATP-bound state has low substrate affinity while
the ADP-bound state has high substrate affinity in both cases.

The ATPase domain structures of these isoforms showed
that they possess the same secondary structural fold and a
highly conserved binding site. The major difference between
GRP78 and other HSP70 protein family members was in the
residues in the region surrounding the active site. The ATP
binding regions of both GRP78 and other HSP70 proteins are

deep inside the cavity which makes access to the binding sites
difficult. The structural differences in the ATP binding sites of
both the proteins are shown in Fig. 3a, b. The ATP binding site
of GRP78 appears to be a little broad and open while that of
HSP70-1A is narrow and extended. The slight opening in
GRP78 observed is due to the rotation of subdomain IIB
[26]. The helices and the beta sheets of both proteins are dif-
ferent in orientation at some places, more specifically at the
upper right portion with the longer alpha-helix at the opening
end of the active site in the figures.

The active site residues of GRP78 bound to ATP comprise:
Gly36, Thr37, Thr38, Tyr39, Gly226, Gly227, Gly228,
Thr229, Gly255, Glu256, Glu293, Lys296, Arg297, Ser300,

Fig. 10 RMSD vs. time plot of
the backbone atoms of GRP78
alone (black), GRP78-EGCG
complex (red), and GRP78-
OSU03012 (green) relative to
energy minimized crystal
structure and docked structures
for 50 ns simulation. RMSD plots
of inhibitors (all atoms) relative to
initial energy minimized
structures are also shown, EGCG
(blue) and OSU-03012 (yellow)

Fig. 9 Superimposed structures
of GRP78-docked inhibitors
using AutoDock Vina (yellow)
and ROSIE (red): a EGCG
b OSU-03012
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Gly363, Gly364, Ser365, Arg367, Ile368, and Asp391. Most
of these amino acid residues are hydrogen bonded to the ATP
molecule.

The active site residues of HSP70-1A bound to ANP are:
Gly12, Thr13, Thr14, Tyr15, Asn57, Ala60, Leu61, Gly201,
Gly202, Gly230, Arg258, Glu268, Lys271, Arg272, Ser275,
Gly338, Gly339, Ser340, Arg342, Ile343, and Asp366.

The amino acid residues that are different between both
the proteins are thought to be of primary importance in
imparting differences in binding modes and interactions,
thereby, resulting in inhibitor selectivity. From the Macias
et al. [13] study and from Fig. 3a and b, one can deduce that

these residues are: a) Ile61 of GRP78 located within ∼4.5 Å
radius of the ligand in ligand bound structures, not present in
HSP70-1A which has Thr37 in the same position of our
MSA results. b) Glu293, Arg297, and Arg367 are slightly
different in position in GRP78, residing in subdomain IIB
[26], as compared to Glu268, Arg272 and Arg342 in
HSP70-1A.

Molecular docking

The molecular docking of GRP78 and HSP70-1A with the
two inhibitors was done to explore the structural determinants

Fig. 11 RMSF of the whole
residues in GRP78 alone (black),
GRP78-EGCG complex (red),
and GRP78-OSU03012 (green).
Residues in complex appear to
fluctuate less than free protein.
Specifically, the region
comprising active site residues,
region 200–400 (marked in gray
boxes), shows less fluctuation of
residues in the case of GRP78-
inhibitor complexes as compared
to GRP78 alone

Fig. 12 Total number of intermolecular hydrogen bond interactions as a function of time in MD trajectory. a Between GRP78 and EGCG, b Between
GRP78 and OSU-03012
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of inhibitor binding and selectivity. The two inhibitors used in
this study were EGCG and OSU-03012 (Fig. 1) as no crystal
structure data of GRP78 bound to these potent and selective
inhibitors is available, their structural details remain to be
explored.

The IUPAC name of EGCG is (2R,3R)-5,7-dihydroxy-
2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3-
yl 3,4,5-trihydroxybenzoate with a molecular weight of
458.37 g mol−1. The structure consists of three benzene rings
and a cyclohexane ring with an oxygen atom and has many
polar hydroxyl group substituents.

OSU-03012 has an IUPAC name of 2-amino-N-[4-[5-
phenanthren-2-yl -3- ( t r i f luoromethyl ) -pyrazol -1-
yl]phenyl]acetamide and has a molecular weight of 460.45 g
mol−1. The structure consists of three benzene rings and an
imidazole ring and has three fluorides attached to it as polar
substituents.

Initially, the docking of ATP and ANP molecules with the
ATPase domains of GRP78 and HSP70-1A proteins, respec-
tively, were done with default docking parameters. This pro-
vided a benchmark in reproducing the binding mode and
interactions observed in the crystallographic structures ob-
tained from PDB and to select the parameters for docking.
The docked structures of ATP and ANP with both the pro-
teins were compared with the original crystallographic struc-
tures. The same ligand orientations and the same amino acid
interactions with the ligand were observed in the docked
structures when compared to the crystal structures as seen
after structural superimposition of the docked and crystal
structures (Fig. 4). This lent further credence that the
docking parameters chosen for our work with EGCG and
OSU-03012 are reliable. Hence, the default docking param-
eters of AutoDock Vina were further utilized for docking
EGCG and OSU-03012 to the ATPase domains of GRP78
and HSP70-1A.

Docking with EGCG

EGCG bound to GRP78 at the same location where ATP
binds, with a binding energy of −8.4 kcal mol−1 for the lowest
energy bound structure (Fig. 5), and hence, with com-
paratively higher affinity than with HSP70-1A (Table 1).
Several active site residues formed hydrogen bonds with
EGCG, namely, Asp224, Gly227, Gly255, Lys296,
Gly364 (2 H-bonds), Ser365, Arg367, and Asp391. Other
residues were involved in non-bonded contacts with the inhib-
itor. It was observed that number of hydrogen bonds were
more in the case of GRP78-EGCG complex than with
HSP70-1A-EGCG complex, which again shows higher
affinity of EGCG to GRP78 and consequently, tighter binding
(Table 1).

The lowest energy structure of EGCG obtained after
docking to HSP70-1A, had a binding energy of −7.5 kcal
mol−1 (Table 1). Five of the active site residues formed hydro-
gen bonds with EGCG, namely, Asp69, His227,
Glu231, Asp232, and Arg261 (Fig. 6). Other residues
are involved in non-bonded contacts with the inhibitor.
EGCG binds in the same cavity where original ANP was
bound to the protein.

EGCG interacted with the unique residue of GRP78, Ile61,
and did not interact with its counterpart in the HSP70-1A. The
cyclohexane ring of EGCG participates in a hydrophobic in-
teraction with Ile61. Its counterpart, Thr37, in HSP70-1A, has
a polar hydroxyl group and so, is unable to form hydrophobic
interactions with these moieties. In addition, we also observed
residues interacting with EGCG that are different in position
betweenGRP78 and HSP70 due to a shift of the structural part
comprising these residues. Glu293 is involved in electrostatic
interactions with the benzene ring of EGCG. The carboxyl
side chain of Glu293 interacts with the π-electron cloud of
the benzene ring through π-anion electrostatic interactions.

Table 3 Residues of the two proteins involved in hydrogen, electrostatic, and hydrophobic interactions with OSU-03012, residues unique to GRP78
are in bold letters, residues in italics are HSP70-1A residues positionally different from their counterparts in GRP78

Protein H-bonds Electrostatic interactions Hydrophobic interactions

GRP78 Glu256, Glu293, Lys296 Asp259, Glu293, Asp391 Tyr39, Ile61, Arg297

HSP70-1A Arg36, Ser275, Gly339, Arg342 Asp53, Arg272, Arg342 Arg36, Arg272

Table 2 Residues of the two proteins involved in hydrogen, electrostatic, and hydrophobic interactions with EGCG, residues unique to GRP78 are in
bold letters

Protein H-bonds Electrostatic interactions Hydrophobic interactions

GRP78 Asp224, Gly227, Gly255, Lys296,
Gly364, Ser365, Arg367, Asp391

Glu293 Tyr39, Ile61, Arg297, Gly364,
Ser365, Arg367

HSP70-1A Asp69, His227, Glu231, Asp232, Arg261 Asp69, Asp232 –
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Its counterpart, Glu268, in HSP70-1A, did not interact at all.
Arg297 and Arg367 of GRP78 made hydrophobic bonds with
EGCG due to the presence of the guanidium side chain while
their counterparts Arg272 and Arg342 in HSP70-1A did not
interact. Further, Ermakova et al. [15] suggested that the gal-
late moiety of EGCG might be critical for interacting with
GRP78. We have also found in our studies that the gallate
moiety of EGCG participates in the pi-alkyl hydrophobic in-
teractions with Arg297 and Arg367, thus our docking stud-
ies provide near-conclusive evidence to the previous
studies of Ermakova et al. It is obvious that the posi-
tional shift of GRP78 as compared to HSP70-1A, as
observed in this and other studies, plays a role in differential
interactions with the inhibitor, further lending inhibitor
specificity.

Docking with OSU-03012

The next inhibitor, OSU-03012, was also successfully docked
into the active site of the two proteins, using the same default
docking parameters and the structures with the lowest binding
energy were selected. The binding energy value of OSU-
03012 complex with GRP78 was −6 kcal mol−1 and with
HSP70-1Awas −8.4 kcal mol−1. This reflects the tighter bind-
ing of OSU-03012 with HSP70-1A. In GRP78, three residues
are hydrogen bonded to the inhibitor, which are Glu256
(three H-bonds), Glu293, and Lys296. The other residues in-
teract through non-bonded interactions (Fig. 7).

Among the active site residues of HSP70-1A, Arg36,
Ser275, Gly339, and Arg342, are involved in hydrogen bond-
ing with the inhibitor (Fig. 8). The other residues are involved
in non-bonded interactions with the inhibitor. The number of
hydrogen bonds in GRP78 complexed with OSU-03012 is
more than that of HSP70-1A (Table 1).

OSU-03012 like EGCG, is also seen to be involved in
interactions with the unique residue of GRP78, Ile61. Thr37
in HSP70-1A, the counterpart of Ile61 of GRP78, does not
interact with the inhibitor here. Ile61 has hydrophobic inter-
actions with one of the benzene rings of OSU-03012. OSU-
03012 further interacts with Glu293 of GRP78which is absent

in the case of its counterpart Glu268 in HSP70-1A. Glu293
has an electrostatic bond and also a hydrogen bondwith one of
the benzene ring of OSU-03012. Arg297 in GRP78 makes a
hydrophobic bond with OSU-03012 while its counterpart
Arg272 in HSP70-1A makes both electrostatic and hydropho-
bic bonds. Arg367 in GRP78 does not interact while its coun-
terpart, Arg342, in HSP70-1A makes electrostatic bonds with
OSU-03012. These differences can also be explained on the
basis of positional differences between residues as has been
mentioned above.

Our docking results were confirmed through docking
of EGCG and OSU-03012 with the ATPase domain of
GRP78 using ROSIE online docking tool. The
superimposed docked structures of both EGCG and
OSU-03012 showed that there was around 85–90 %
similarity between the docked poses generated by AutoDock
Vina and ROSIE (Fig. 9a, b). The gallate moiety of
EGCG appears to be a bit displaced in ROSIE-docked
structures, however, what is conclusive is that this does not
abolish its important interactions with Arg297 and Arg367, as
explained above.

Molecular dynamics simulations

Fifty ns MD simulations were carried out for GRP78 protein
alone, GRP78-EGCG and GRP78-OSU03012 complexes.
RMSD of final structure relative to energy minimized crystal
structure and docked structures was calculated for backbone
atoms, in order to monitor structural changes, if any. It is seen
from the plot generated (Fig. 10) that the systems attained a
stable RMSD value of 0.2–0.25 nm after 30 ns simulation
time for both the protein-inhibitor complexes. This means that
there are no large conformational changes even when the in-
hibitor is bound and when the protein is flexible. Both the
inhibitors remained bound within the active-site, and their
all-atom RMSD values remained constant throughout the en-
tire simulation at 0.1 nm (Fig. 10). RMSF plots vs. protein
residue number were also generated in each case (Fig. 11) in
order to analyze the mobility of residues before and after the
inhibitor is bound. It is observed that compared to protein
alone, residues in protein-inhibitor complexes had lower mo-
bility. Most of the active site residues (mostly residues within
200–400 range) of protein-inhibitor complex, had RMSF
values less than 0.25 nm in each case, compared to free pro-
tein. This shows that the binding of inhibitors reduced the
flexibility of active site residues, thus making the complex
more stable. The number of inter-molecular hydrogen bonds
as a function of time, was calculated by g_hbond utility of
Gromacs. In hydrogen bond profiles shown in Fig. 12,
EGCG formed 8–9 (highest) hydrogen bonds (one con-
figuration even made ten hydrogen bonds) as compared
to OSU-03012 which formed 5–6 (highest) hydrogen bonds
during the trajectory period. The highest numbers of hydrogen

Table 4 Binding energy and its components’ values (average±
standard deviations in kcal mol−1) for GRP78-inhibitor complexes de-
rived using MM-PBSA method

Energetic terms EGCG-bound OSU-03012-bound

van der Waals energy −64.608±16.211 −72.253±3.943
Electrostatic energy −27.157±7.886 −166.337±15.237
Polar solvation energy 45.153±12.830 137.201±8.784

Non-polar solvation energy −5.054±1.237 −5.887±0.218
Binding energy −51.795±13.915 −107.277±8.983
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bonds in MD simulations are comparable to the total number
of hydrogen bonds assessed during the docking studies
(Tables 2 and 3).

Binding energy calculations were done using MM-PBSA
method implemented in g_mmpbsa tool. Average values for
the last 5 ns of simulations with snapshots generated every
10 ps are reported in Table 4. Results show that EGCG has
less negative binding energy than OSU-03012. In EGCG-
bound complex, van der Waals energetic term contributes
the most toward binding energy while in OSU-03012-bound
complex, electrostatic energy term predominates. SASA non-
polar solvation energetic terms were more or less similar in
both cases, and were favorable to binding while polar solva-
tion energies were unfavorable. Analyses were further done to
assess the energetic contribution of individual residues
forming hydrogen bonds as well as other non-bonded contacts
with the inhibitors. In EGCG-bound complex, Glu293, one of
the unique residues and in electrostatic interactions with the
inhibitor, was one of the highest contributors toward the bind-
ing energy with negative energy values, along with Tyr39 and
Gly364. All of the other residues in hydrogen bonded contacts
and hydrophobic interactions too contributed to the binding
energy except Lys296, Arg297, Arg367, and Asp391. In
OSU-03012-bound complex, Glu293 again is one of the most
negative energy contributors as well as the residues Glu256
and Asp259. All of the other residues in hydrogen bonded and
other non-bonded contacts had negative value of total energy,
except Lys296 and Arg297.

EGCG and OSU-03012 binding to GRP78: some
mechanistic insights

Differential scanning calorimetry experiments indicate that
EGCG binds to unfolded form of GRP78 NBD [16]. These
authors mention in their paper, BIt is likely that, by analogy
with HSP-70 (Liu et al., 2010), an intrinsic mobility of the
GRP78 N-terminal domain unfolds it sufficiently to facilitate
access of EGCG or HNK under prolonged incubation condi-
tions of a few hours or more^. This is significant in view of the
fact that the simulations for EGCG binding to GRP78 from
initial time to over 30 ns register an increase of RMSD value
from 0.3 to 0.35 nm. After 30 ns, the value of RMSD lowers to
0.2–0.25 nm, in contrast to the free protein which continues to
exhibit high RMSD value throughout the simulation course.
This may well show unfolding of GRP78 ATPase domain
over time, and EGCG binding to an unfolded form.
Lowering of RMSD after 30 ns may imply that this unfolded
form is being converted into a folded form subsequent to the
binding of EGCG. Our MD simulations further predict that
OSU-03012 binding seems to convert GRP78 unfolded form
immediately to a folded form with RMSD at a constant value
of 0.2–0.25 nm throughout. This is possibly due to very
strong electrostatic interactions calculated by MM-PBSA

method as reported in Table 4. We speculate that the
slightly unfolded form of GRP78 may be the native
form needed for it to perform its functions. As EGCG
binds to the unfolded form but later allows it to fold,
and OSU-03012 binding quickly folds the protein leading to a
possible dysfunctional state, this may be one of the
mechanisms through which the protein may be inhibited by
these inhibitors.

As observed from the molecular docking and MD results,
both EGCG and OSU-03012 bind selectively and stably to
GRP78. Docking studies indicate that EGCG has more nega-
tive binding energy in bound form with GRP78 than OSU-
03012, but MM-PBSA studies show otherwise. The protein-
inhibitor complexes are very stable in water, the mobility of
active site residues decreases after the binding of inhibitors;
and the systems reach equilibrium conformation after 30 ns as
seen from RMSF and RMSD analyses of MD trajectories,
respectively. On the basis of our results, we predict EGCG
to be a better inhibitor for GRP78 than OSU-03012, due to
greater number of hydrogen bonded interactions, more num-
ber of unique amino acids involved in the interactions thereby
imparting selectivity, as well as its ability to lower the protein
flexibility. Even thoughMM-PBSA predicts OSU-03012with
higher binding energy to be a higher affinity binder than
EGCG, a high affinity with the intended target does not al-
ways translate into a good inhibitory response in vitro or
in vivo, e.g., drug rolipram [27], while a compound with mod-
erate affinity can be a better inhibitor, e.g., drug PU3 [28].
Moreover, we predict that OSU-03012 binds to GRP78 as
observed from its binding mode similarity to EGCG binding
mode and interactions with unique residues of GRP78 in a
manner similar to EGCG. However, it does not appear to be
very specific toward GRP78 as observed from its interactions
with HSP70-1A residues which are the counterparts of unique
residues of GRP78. MD simulations also predict that OSU-
03012 binding to GRP78 does not cause large conformational
changes as seen from the stable RMSD value after 30 ns
throughout the simulation course and RMSF lower than that
of free protein in active site regions. Since in GBMs, GRP78 is
overexpressed, so, EGCG may predominantly bind to
the GRP78 protein and may have a lesser degree of
interaction with HSP70-1A. Specific interactions of EGCG
and OSU-03012 with the unique residues of GRP78 provide
further selectivity and structural basis toward inhibition of
GRP78 protein.

Conclusions

GRP78 is overexpressed in GBM and needs to be inhibited or
downregulated, keeping in view its conservation in the HSP70
protein family. Despite the discovery of several inhibitors
binding to or interacting with GRP78, the structural basis of
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binding and selectivity has not been elucidated for some of
these. The docking studies of the two inhibitors, EGCG and
OSU-03012, with the ATPase domains of GRP78 and HSP70-
1A as well as molecular dynamics simulations were per-
formed to study their interactions and selectivity. From the
results obtained, it can be predicted that EGCG and OSU-
03012 have good binding affinity with the ATPase domain
of GRP78 as can be observed by the number of hydrogen
bonds and other non-bonded interactions and binding energy.
The unique residues of GRP78 interacted with both EGCG
and OSU-03012, lending a high degree of selectivity over
HSP70-1A in the case of EGCG and a lesser degree in the
case of OSU-03012. MD simulations predicted tight binding
and stability of complexes, and the results complemented
some of the results in docking studies. EGCG binds initially
to unfolded form of GRP78 which later gets converted into a
folded form. OSU-03012 binding appears to immediately fold
the protein. EGCG might prove to be a better inhibitor of the
ATPase activity of GRP78 due to its specificity and selectivity
over HSP70-1A, and greater number of hydrogen bond inter-
actions as well as lowering of the protein’s flexibility.
Following the in silico analyses, in vitro and in vivo
studies can be done to validate the binding modes of these
inhibitors with GRP78 and consequent downregulation of its
expression in GBM.
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