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ABSTRACT: Alpha-enolase (ENO1) is a multifunctional protein
with oncogenic roles. First described as a glycolytic enzyme, the
protein performs different functions according to its cellular
localization, post-translational modifications, and binding partners.
Cell surface-localized ENO1 serves as a plasminogen-binding
receptor, and it has been detected in several cell types, including
various tumor cells. The plasminogen system plays a crucial role in
pathological events, such as tumor cell invasion and metastasis. We
have previously demonstrated that the interaction of ENO1 with
the multifunctional chaperone Hsp70 increases its surface
localization and the migratory and invasive capacity of breast
cancer cells, thus representing a novel potential target to
counteract the metastatic potential of tumors. Here, we have
used computational approaches to map the putative binding region of ENO1 to Hsp70 and predict the key anchoring amino acids,
also called hot spots. In vitro coimmunoprecipitation experiments were then used to validate the in silico prediction of the protein−
protein interaction. This work outcome will be further used as a guide for the design of potential ENO1/HSP70 inhibitors.

1. INTRODUCTION
Alpha-enolase (ENO1) is a glycolytic enzyme that reacts with
2-phosphoglycerate to form phosphoenolpyruvate in both
aerobic and anaerobic glycolysis. ENO1 enzymatic activity has
been known since the '30s,1 but more recent studies have
demonstrated that ENO1, in addition to being a cytoplasmic
glycolytic enzyme, is a moonlighting protein that participates
in a variety of key cellular activities, depending primarily on
different cellular localizations. Moonlighting proteins belong to
a class of multifunctional proteins that perform fully unrelated
cellular functions within one polypeptide chain. As a
moonlighting protein, ENO1 supports the ability to coordinate
and, in part, control multiple cellular functions, which are
frequently altered when the protein is overexpressed or
deregulated.2,3

ENO1 is commonly overexpressed across a wide range of
human tumors and is regarded as a significant cancer
biomarker with substantial prognostic and diagnostic poten-
tial.2 For instance, in breast cancer, ENO1 overexpression
correlates with larger tumor size and poor nodal status;4 in
lung carcinoma, heightened levels of ENO1 protein are linked
to unfavorable clinical outcomes;5 in the context of pancreatic
malignancies, the ENO1 expression level is positively
associated with clinical stage, lymph node metastasis, and
negative prognosis.6 In cancer cells, ENO1 overexpression
promotes oncogenic events such as the metabolic reprogram-

ming of the cells, activation of signaling pathways, resistance to
chemotherapy, regulation of proliferation, apoptosis, and
migration.2,3 It is well-known that altered glucose metabolism
is one of the preeminent types of metabolic reprogramming in
tumor cells, which adopt the glycolytic pathway for their
energy sources instead of the more efficient mitochondrial
oxidative phosphorylation pathway (Warburg effect). ENO1 is
a key enzyme in the control of glycolysis and energy
production, and its overexpression helps to sustain the
Warburg effect in cancer cells.2 In gastric cancer, it has been
demonstrated that ENO1 overexpression can be induced
through the activation of the Src and MEK/ERK signaling
pathways.7 In addition, overexpressed ENO1 regulates multi-
ple intracellular signaling pathways that control cell prolifer-
ation, migration, and apoptosis. It has been shown that ENO1
is a positive regulator of the PI3K/AKT,8 AMPK/mTOR,9,10

and Wnt/β-catenin pathways11 through mechanisms that
remain largely unknown, including the modulation of the
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phosphorylation status of upstream regulatory proteins like
FAK or AMPKα1 kinases.8,10

Other cellular functions are supported by MBP-1 (c-Myc
promoter-binding protein 1), an alternative translated form of
ENO1 that lacks the first 96 amino acids. Unlike full-length
ENO1, MBP-1 is a mainly nuclear protein acting as a
transcriptional repressor that regulates the expression of
oncogenes, including c-Myc, COX2, and ERBB2.12−17

ENO1 is also expressed on the cell surface of a wide variety
of cell types, including immune and neuronal cells as well as
several pathogenic microorganisms.2,3,18−22 On the cell surface,
ENO1 acts as a plasminogen receptor and, by inducing the
release of active plasmin to the pericellular space, acts as a
proteolytic factor stimulating cell migration in inflammatory
reactions, infection, and tumor invasion.23−26

For instance, monocytes use the degradation of the
extracellular matrix mediated by surface ENO1 during their
recruitment in inflammatory diseases such as pneumonia and
rheumatoid arthritis.18,19,27,28 Moreover, the surface expression
of ENO1 has been reported in different cancers, such as lung,
pancreatic, and breast cancer. The overexpression of surface
ENO1 was found to be related to lymph node metastasis of
breast, pancreatic, head, and neck cancer, as well as oral
squamous cell carcinoma.4,6,29−31

Cell surface expression, along with overexpression in cancer
cells, makes ENO1 a tumor-associated antigen that is easily
accessible for immunotherapeutic approaches or other
therapeutic treatments.

Despite surface ENO1’s established role in regulating cancer
cell migration and invasion and its potential as a therapeutic
target, its membrane topology and the intracellular mecha-
nisms underlying its surface localization remain largely elusive.
Enhanced levels of membrane-bound ENO1 in cancer cells
were observed after treatment with certain pro-inflammatory
molecules, such as lipopolysaccharide (LPS), transforming
growth factor-β1 (TGF-β1), and chemokine ligand 2 (CCL2)
as well as with other stimuli promoting tumor progression such
as epidermal growth factor (EGF).32,33

We have previously identified heat shock protein 70
(Hsp70), the product of the HSPA1A gene, as an additional
ENO1-interacting protein and demonstrated this chaperone’s
functional involvement in ENO1 surface localization and,
consequently, in cell invasiveness, whether in normal or in vitro
stimulated conditions.33 In normal physiological conditions,
Hsp70 functions as a molecular chaperone and shields cells

from potentially lethal damage induced by stress, ensuring the
proper folding of newly synthesized peptides, as well as the
sorting of proteins to the correct subcellular compartments,
and the assembling of protein complexes.34 Many studies have
shown that Hsp70, like ENO1, is a multifunctional protein that
is overexpressed in numerous human cancers. Overexpressed
Hsp70 is present mainly in the cytosol but also on the plasma
membrane in a tumor-specific manner, playing important roles
such as escaping apoptosis and promoting angiogenesis,
invasion, treatment resistance, and metastasis formation.34

Hsp70 affects a wide range of cancer cell behaviors through the
deregulation of multiple cancer-related signaling pathways,
such as the RTKs-RAS-RAF-MEK-ERK pathway and the
PI3K/AKT/mTOR pathway.35 In addition, Hsp70 hinders the
anticancer immune responses, thereby promoting the survival
of malignant cells, a function that makes it a promising target
for the development of anticancer drugs.36 ENO1 and Hsp70
have been extremely well-conserved during evolution; both
proteins individually play key roles in tumor biology, and their
interaction on the cell surface adds a further dimension to their
multifunctionality.

In the present study, we have investigated the ENO1-Hsp70
molecular recognition pattern by combining different compu-
tational approaches with coimmunoprecipitation experiments,
using ENO1 and Hsp70 deletion mutants, to validate
computational insights and guide the exploration of ENO1-
Hsp70 interactions. This newly investigated protein−protein
interaction may represent a viable anticancer target, and the
structural information we have gleaned may be useful for the
design of specific protein−protein interaction inhibitors as
potential antimetastatic agents.

2. RESULTS
2.1. Hsp70-Binding Domain Is Localized to an

Internal Region of ENO1. The interaction of the multifunc-
tional protein Hsp70 with ENO1 protein and the relevance of
the role of ENO1 in driving pathological conditions, including
tumor invasion and metastasis formation, prompted us to
characterize its interaction with Hsp70. Therefore, in the
attempt to determine which ENO1 region might be
responsible for contacting the Hsp70 protein, we coupled
computational and experimental ENO1 surface exploration.
For the in silico analysis, we used SiteMap,37,38 a tool designed
to identify and characterize potential binding sites according to

Figure 1. Predicted ENO1 region that putatively interacts with a protein partner. (A) SiteMap-predicted binding site region defined by white site
points. Red-colored areas highlight hydrogen-bond acceptor groups; blue-colored areas are for hydrogen-bond donor groups; and yellow-colored
portions stand for hydrophobic groups. (B) FTMap-predicted binding site region defined by green molecular probes.
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some parameters, such as site size and relative extent of solvent
exposure as main criteria, and also tightness of the site and
hydrophobic and hydrophilic character of the site. According
to the literature,38 SiteMap has been shown to report a good
success rate in top-ranking potential binding sites, even for
shallow sites involved in protein−protein interactions.
However, in order to get a more comprehensive study, another
computational tool, FTMap, was used.39 This tool employs
small molecular probes encompassing different sizes, shapes,
and polarities to map a protein surface, finding the most
energetically favorable protein regions accommodating differ-
ent probes. Then, the highest is the number and type of probes
binding a protein region, and the highest is the probability that
the area is a proper binding site. Therefore, the 3D structure of
ENO1 protein was retrieved from the Protein Data Bank,40

according to the best resolution,26,41 and both tools were set to
detect potential binding hotspots for protein−protein inter-
actions. Comparing the results, interestingly both SiteMap and
FTMap shared some ENO1 predicted binding sites. However,
we decided to focus our attention on a consensus region, that
was first-ranked by SiteMap with both the best SiteScore
(>0.80 threshold) and DScore (>0.98 threshold as a druggable
site). This predicted region includes amino acids from
positions 162 to 282, as depicted in Figure 1.

In parallel, the experimental analysis was performed using
expression plasmids encoding flag-tagged full-length ENO1 or
deletion mutants, as illustrated in Figure 2. The plasmids were

individually cotransfected with a vector expressing full-length
HA-tagged Hsp70 into human HEK 293T cells. At 48 h post-
transfection, aliquots of the total cell lysates were subjected to
Western blot analysis using anti-HA and anti-Flag antibodies to
check protein expression levels (input in Figure 2B). The
protein extracts were immunoprecipitated using anti-Flag or
control IgG antibody (IgG in Figure 2B), and coimmunopre-
cipitated Hsp70 protein was detected by Western blot analysis
with anti-HA antibody. No ENO1 coprecipitation was
observed when lysates from cells singly expressing HA-tagged
Hsp70 were incubated with anti-Flag antibodies, showing the
specificity of the interaction with flag-tagged ENO1 and the
absence of antibody cross-reactivity (Figure S1). The
intensities of the bands were quantified by densitometry, and
each coimmunoprecipitated protein signal was normalized
against the corresponding immunoprecipitation signal (CoIP/
IP). The deletion of the internal region between residues 244
and 279 resulted in the elimination of the interaction with
Hsp70, indicating that this portion of ENO1 contains the
interaction domain (Figure 2B,C lane f). These experimental
findings confirmed the computational predictions that had
identified a key ENO1 binding region within amino acids in
positions 162 to 282. Furthermore, some of the ENO1
deletion mutants containing the putative interaction domain
showed a greater binding capacity for Hsp70 compared to the
full-length protein (see mutants d, e, and g), suggesting a
different exposure of the amino acid residues involved in the

Figure 2. Mapping of the ENO1 domain involved in interaction with Hsp70. (A) Schematic representation of the flag-tagged ENO1 (a) and
deletion mutants (b−g) used in coimmunoprecipitation experiments with the full-length HA-tagged Hsp70 construct (below). ENO1 and Hsp70
functional domains are shown. The first and last amino acid and molecular weight (kDa) of each mutant are indicated. (B) Cell lysates from HEK
293T cotransfected with HA-tagged full-length Hsp70 and flag-tagged full-length ENO1 (a) or deletion mutants (b−g) were immunoprecipitated
with anti-Flag antibody or a preimmune isotype-matched antibody (IgG; NC stands for negative control) and analyzed by immunoblotting (IB)
with the indicated antibodies (anti-HA in the top panel; anti-Flag in the bottom panel). HA-tagged Hsp70 band size was 70 kDa and flag-tagged
ENO mutant band sizes ranged from 20 to 55 kDa. Asterisk indicates bands corresponding to immunoglobulin light chains. Full-length blots are
presented in Figure S3. (C) Immunoprecipitated and coimmunoprecipitated proteins were quantified by densitometric analysis, and coprecipitated
Hsp70 was normalized with respect to the corresponding precipitated ENO polypeptide (a−-g). Input represents 4% of the cell extract used for
each IP sample. Results are expressed relative to the coprecipitated Hsp70 obtained with the precipitated full-length ENO (a), set at 1. Error bars
represent standard deviation of three independent experiments, and p values (*P < 0.05, **P < 0.01, ***P < 0.001) indicate statistical significance.
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binding. To validate the findings and exclude any potential
interference from the epitopes utilized, the same experiment
outlined in Figure 2 was performed using a coding vector
yielding the Hsp70 protein fused in frame with a different
epitope (Figure S2). This experiment confirms that the
observed interactions are independent of the epitopes used,
thus validating the reproducibility and robustness of the
findings and demonstrating that the results are not affected by
any structural influence of the epitopes.
2.2. Analysis of Hsp70 Binding Regions to ENO1: NBD

Region Appears Not Interacting with ENO1 Key
Residues. The experimental evidence described above
provided crucial insights to confirm the region of ENO1
protein responsible for contacting Hsp70 by narrowing the
sequence length previously predicted by SiteMap and FTMap
to residues in positions 244 to 279. Figure 3 depicts the ENO1
structure, with a close-up of the above-mentioned key amino
acids.

However, the Hsp70 region in contact with ENO1 is still
unknown since its complex structure has yet to be solved and
deposited in the Protein Data Bank (PDB).40,41 Therefore,
based on the above-reported findings, we pursued a computa-
tional exploration to predict and investigate putative ENO1-
Hsp70 contact points.

As extensively reported in the literature, Hsp70 consists of
an N-terminal, 45 kDa, nucleotide-binding domain (NBD) and
a C-terminal, 35 kDa, substrate-binding domain (SBD) bound
to each other through a short hydrophobic linker.42 Unlike the

NBD region, the C-terminal portion has been shown to exhibit
a certain rate of promiscuity when binding substrates,
especially those involving hydrophobic regions, including
extended accessible short peptide segments43,44 and partially
folded proteins.45,46 This promiscuity is responsible for
involving Hsp70 in many interactions to maintain the global
proteostasis network.42 In this context, it was crucial to analyze
the solvent-exposed side chains of ENO1 amino acids in
positions 244 to 279. Indeed, the analysis of the surface
highlighted two hydrophobic patches (red circles in Figure 4A)
and a partial folding of this region, including loops and a short
β-strand (red circles in Figure 4B).

As extensively reported in the literature, the above-
mentioned Hsp70 promiscuity has been associated with an
intrinsically disordered region (IDR) that, as a matter of fact,
falls within the C-terminal portion.47 Generally, the IDRs are
characterized by conformational plasticity due to specific
amino acid composition including a low number of bulky
hydrophobic residues and, on the contrary, consisting of
several amino acids with charged side chains and hydrophilic
nature.48 Furthermore, the IDRs usually contain functional
sites, even called molecular recognition features (MoRFs), that
are responsible for interactions with structured partner
proteins. According to the literature, MoRFs often can undergo
a disorder-to-order transition by adopting conformational
changes to α-helix, β-strand, or a combination of both.49 For
a more comprehensive analysis, the web-based implementation
ANCHOR250 was used to analyze the Hsp70 sequence.
Indeed, this web tool is able to recognize protein binding
regions disordered in isolation and predict whether they can
undergo a disorder-to-order transition upon binding. This tool
calculates a probability score for each protein residue, where
amino acids with values over 0.5 should belong to disordered
regions able to interact with protein partners.51 Thus, the
analysis of the resulting graph (see Figure S4) highlighted two
key segments in the C-terminus, one from residues 605 to 625
with values between 0.51 and 0.57, and another one in
positions 632 to 641 with values between 0.51 and 0.82. These
results suggest that these two intrinsically disordered segments
should be interested in interactions with protein partners and,
as above-mentioned, these segments might exhibit conforma-
tional rearrangement upon binding.
2.3. ENO1-Binding Domain Is Localized to the C-

Terminal Region of Hsp70. The above-reported consid-

Figure 3. Close-up of the ENO1 region involving residues 244 to 279
(orange portion of the protein structure).

Figure 4. Analysis of ENO1 244 to 279 region. (A) Surface analysis of ENO1 244 to 279 amino acids side chains; green patches are hydrophobic,
blue are positive portions, and red are negative areas. (B) The red circle highlights a partial folding of ENO1 portion 244−279, consisting of loops
and a short β-strand.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c10808
ACS Omega 2025, 10, 5036−5046

5039

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c10808/suppl_file/ao4c10808_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c10808/suppl_file/ao4c10808_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10808?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10808?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10808?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10808?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10808?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10808?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10808?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10808?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


erations and computational analysis guided the experimental
follow-up on the Hsp70 binding region to ENO1. For this
purpose, expression plasmids encoding Hsp70 C-terminal
deletion mutants were generated as shown in Figure 5A. We
previously generated a HEK 293T cell clone stably expressing
high levels of recombinant ENO1 protein with a Flag epitope
at the N-terminus and a V5 epitope plus six histidine residue
tags at the C-terminus (see Figure 5A, lower part).52 HA-
tagged full-length Hsp70 and mutants were transiently
expressed in the cells stably expressing full-length multiple-
epitope-tagged ENO1 and, at 48 h post-transfection, lysates
were subjected to immunoprecipitation with anti ENO1
monoclonal antibody or control IgG antibody (Figure 5B).
The immunoprecipitated complexes and aliquots of the total
cell lysates (input) were subjected to Western blot using anti-
HA or anti-ENO1 antibodies, recognizing exogenous and
endogenous ENO1 (exo. and end., in Figure 5B). The
intensities of the bands were quantified by densitometry, and
each coimmunoprecipitated protein signal was normalized
against the corresponding immunoprecipitation signal. The
deletion mutant HA-Hsp70 1−545, missing the last 96 amino
acid residues, did not show detectable binding to ENO1,
confirming the previously reported analysis, i.e., the C-terminal
region of the Hsp70 protein contains the sequence required for
interaction with ENO1. Furthermore, the C-terminal deletion
mutants HA-Hsp70 1−633, 1−628, and 1−616, spanning the
last 25 C-terminal residues, showed a comparable residual

binding capacity compared with the full-length protein (Figure
5C). Based on these findings, it is likely that Hsp70 residues
within positions 545 to 616 should mediate key contacts with
ENO1, whereas Hsp70 amino acids from 617 to 641 might
lend stability to the protein−protein complex even though they
are not responsible and/or essential for ENO1-HSP70
interaction.

These results seem to be in accordance with the computa-
tional prediction where the N-terminal portion of Hsp70 did
not report contacts with ENO1 key amino acids, thus
suggesting that the extreme C-terminal region of Hsp70
contains sequence information required for optimal binding to
ENO1.
2.4. Prediction of Putative Contacts between ENO1

Key Amino Acids and the Hsp70 SBD Region. In the
attempt to provide a more comprehensive study on the ENO1-
Hsp70 interaction, a computational protein−protein docking
was run through Glide (Schrödinger) to define a putative
protein−protein complex involving the ENO1 region 244−279
and the Hsp70 C-terminal portion. However, the PDB Hsp70
SBD structures lack some portions of the C-terminus, and the
absence of the NBD portion might wrongly affect computa-
tional docking predictions by generating misleading ENO1-
Hsp70 complexes. Thus, a full-length model of the Hsp70
protein was downloaded from the AlphaFold repository53 and
it was employed for the subsequent steps of this work. Thanks
to the previous experimental findings, it was possible to define

Figure 5. Mapping of the Hsp70 domain involved in the interaction with ENO1. (A) Schematic representation of the full-length HA-tagged Hsp70
(a) and deletion mutants (b−e) used in coimmunoprecipitation experiments with full-length flag-tagged (below) and endogenous ENO1. Hsp70
and ENO1 functional domains are shown. First and last amino acid and molecular weight (kDa) of each mutant are indicated. (B) HEK 293T cells
stably expressing full-length Flag-V5-tagged ENO1 were transfected with the HA-tagged full-length Hsp70 (a) or deletion mutants (b−e) shown in
A. Cell lysates were immunoprecipitated with monoclonal anti-ENO1 antibody or a preimmune isotype-matched antibody (IgG; NC stands for
negative control) and analyzed by immunoblotting with the indicated antibodies (anti-HA in the top panel; anti-ENO1 in the bottom panel).
Exogenous (exo.) and endogenous (end.) ENO are indicated. HA-tagged Hsp70 mutant band sizes ranged from 60 to 70 kDa, and endogenous and
exogenous ENO bands were 48 and 55 kDa, respectively. Asterisks indicate bands corresponding to immunoglobulin heavy and light chains. Full-
length blots are presented in Figure S3. (C) Immunoprecipitated and coimmunoprecipitated proteins were quantified by densitometric analysis,
and each coprecipitated full-length Hsp70 or deletion mutant (a−e) was normalized with respect to the corresponding precipitated ENO (exo. and
end.). Results are expressed relative to the coprecipitated full-length Hsp70 obtained with the precipitate ENO (a), set at 1. Error bars represent
standard deviation of three independent experiments, and p values (*P < 0.05, **P < 0.01, ***P < 0.001) indicate statistical significance.
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attraction restraints set on both of the key regions of ENO1
and Hsp70, involving amino acids 244 to 279 and 545 to 616,
respectively. The output analysis sheds light on some
interesting top-ranked docking poses, where the Hsp70 C-
term fits the ENO1 244−279 region. In order to choose the
most suitable docking pose, MM-GBSA calculations were run
to identify the energetically most favorable docked pose. Thus,
pose 17 was selected reporting the lowest ΔGbinding value
(−70.28 kcal/mol) (see Figure 6 for the glide docked pose).

Furthermore, in order to explore the stability of the complex
and the frequency of contacts, molecular dynamics (MD)
simulations of 200 ns were run in triplicate.

The trajectory stability of the three MD simulations was
analyzed through the RMSD plots reported in Table S1.
Furthermore, to investigate the relevance of the contacts
between ENO1 and Hsp70, the MD frames were then
clustered (five clusters for each simulation) according to the
RMSD variation. The related cluster centroids were analyzed
to retrieve the key contacts between amino acids of both
protein partners and, finally, the stability of the observed
contacts was analyzed by plotting the occurrence frequency
during the entire simulation time. Tables S2−S4 report the
plots of the stable contacts between ENO1 and Hsp70 amino
acids during the three MD simulations. Finally, Table 1 below
lists ENO1 and Hsp70 amino acid key contacts according to
stability analysis performed on the three MD simulations. As it

can be observed, some amino acids among the experimentally
identified residues for both proteins are listed in Table 1;
however, the reported contacts seem to have a concerted effect
involving also a few amino acids from regions external to the
key ones experimentally identified.

In light of this computational analysis, in our opinion, the
collected data provide crucial insights that may guide future
steps of this work. Indeed, predicting the binding mode of
Hsp70 to ENO1 and, consequently, identifying the anchoring
points on both proteins should allow us to perform a
supervised virtual screening campaign to select putative
modulators of the ENO1-Hsp70 interaction.

3. DISCUSSION
Upon oncogenic or inflammatory stimulation, the expression
of surface ENO1 as a plasminogen receptor increases in tumor
cells, enhancing their migratory and invasive potential. Thus,
targeting surface ENO1 represents a powerful therapeutic
strategy for metastatic cancer treatment. In the highly
aggressive pancreatic ductal adenocarcinoma (PDAC), it has
been shown that antibodies against surface ENO1 inhibit the
plasminogen-dependent invasion in vitro, and the formation of
lung and bone metastasis in vivo.23,54 Cappello developed a
DNA vaccine capable of inducing anti-ENO1 antibody
production, thus significantly reducing tumor progression in
preclinical models of PDAC.55,56

In the past decade, significant research efforts have resulted
in the design and development of small-molecule inhibitors of
ENO1 to treat cancer as well as inflammatory diseases and
other pathological conditions.57−60 However, none of the small
molecules directed against ENO1 have been designed to
selectively inhibit the activity of the surface-localized protein.
Several studies have shown that ENO1 interacts with protein
partners, such as uPA, uPAR, annexin 2, caveolin-1, B7−H3,
granulin A, integrins, and cytoskeletal proteins, that seem to
contribute to regulating its cell-surface translocation and
functioning. These proteins may be part of one or more
protein complexes containing ENO1 involved in cell adhesion,
migration, and proliferation.22,32,61

We have previously established Hsp70 as an additional
ENO1 interactor.33 Although it is commonly known as a
cytosolic molecular chaperone, Hsp70, like ENO1, is a
multifunctional oncoprotein with different cell localizations,
and it is overexpressed in human malignancies.62 Hsp70 is
present on the plasma membrane of a wide variety of solid
tumors but not on corresponding normal tissues, and it is
involved in the control of important cellular functions such as
tumor immunosurveillance.62 We have already demonstrated
the functional involvement of Hsp70 in the ENO1 surface
localization, showing that the silencing of Hsp70 expression in
cancer cells results in a specific downregulation of the surface
ENO1 steady-state level, as well as in the inhibition of EGF-
and LPS-mediated ENO1 surface translocation.33 In this study,
we used computational and experimental methods to identify
putative key amino acids of the domains responsible for the
interaction between ENO1 and Hsp70 proteins. According to
our computational mapping on the ENO1 surface and the
results obtained from coimmunoprecipitation experiments with
a panel of ENO1 deletion mutants, we first determined the
domain mediating the interaction with Hsp70 in the ENO1
internal region between residues 244 and 279. Subsequently,
multiple computational studies were performed to predict the
Hsp70 portion responsible for contacting the established

Figure 6. Docking pose of ENO1 (light blue chain) in complex with
Hsp70 (orange chain) selected according to MM-GBSA values.

Table 1. ENO1 and Hsp70 Are Key Amino Acids Involved
in Interactions According to MD Simulation Analysis

ENO1 residues Hsp70 residues interaction type

Lys54 Glu588 H-bond + salt bridge
Lys162 Gly132 H-bond + salt bridge
Leu218, Glu219 Gly136 H-bond
Glu250 Arg596 H-bond
Arg253 Asn548 H-bond
Lys262 Glu530, Arg533, Glu534 H-bond + salt bridge
Tyr270 Ser544 H-bond
Asp278 Lys628, Ser631 H-bond + salt bridge
Lys281 Gly621, Gly623 H-bond
Tyr287 Ser633 H-bond
Asp297 Asn604 H-bond
Gln298 Glu600 H-bond
Asp299 Asn604, Ser608, Gln612 H-bond
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ENO1 interaction domain. This computational prediction of
the Hsp70 binding region to ENO1 was experimentally
explored; finally, MD simulations were performed and the
analysis of the trajectories shed light on residues from both
proteins putatively responsible for the protein−protein
complex formation.

To date, a binding motif within the ENO1 sequence, i.e.,
between amino acid residues 296 and 304 has been identified
only for its interaction with caveolin-1.63 This caveolin binding
motif does not overlap with the site we identify here for Hsp70
interaction; however, the two sequences are close to each other
in a region of the protein that is not enveloped deep inside the
protein core but, in contrast, is well exposed on the surface of
the protein (Figure 3). The plasminogen binding activity of
ENO1 has been mapped to the extreme C-terminal portion of
the protein, but another putative plasminogen binding site has
been located at N-250-FFRSGK-256-C.26 The Hsp70-binding
domain identified here could therefore be part of a highly
accessible and available region of the ENO1 protein that
mediates the interaction with different protein partners.

Our data contribute to unraveling the molecular mecha-
nisms that regulate the different activities and localization of
the multifunctional proteins ENO1 and Hsp70. In addition,
the protein−protein interaction mapped in this study could be
considered as a novel therapeutic target for metastatic cancer
management, and its molecular definition will provide the basis
for the design of specific inhibitors as potential antimetastatic
agents.

4. METHODS
4.1. Cell Lines and Culture Conditions. Embryonic

Kidney 293T (HEK 293T) from laboratory stocks were
originally obtained from American Type Culture Collection
(ATCC, Rockville, MD, USA), and 293-T/Flag-Eno-V5 cells,
stably expressing the recombinant multiple-epitope-tagged
ENO1, have been previously described.52 Cells were cultured
in Dulbecco’s modified Eagle medium (DMEM; Sigma-
Aldrich) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Sigma-Aldrich), 4 mM glutamine (Euroclone), 1
mM sodium pyruvate (Sigma−Aldrich), and 100 μg/mL
penicillin/streptomycin (Sigma-Aldrich) in a 5% CO2
atmosphere.
4.2. Plasmid Construction and Transfection. The

ENO1 cDNA was obtained by polymerase chain reaction
(PCR) amplification using an expression vector coding for the
full-length protein12 as a template and PSA-2/SP6 primers.
The PSA-2 primer introduced a HindIII restriction site into
PCR-amplified cDNA. pFlag-ENO expression vector was
obtained by cloning full-length ENO1 cDNA into the
mammalian expression vector pFLAG-CMV-2 (Sigma-Al-
drich) using HindIII and XbaI restriction sites. The resulting
construct expresses the entire ENO1 protein with a Flag tag at
the N terminus. For the construction of Flag-MBP-1, Flag-
ENO 165−434, and Flag-ENO 244−434 vectors, the cDNAs
were amplified from the pFlag-ENO vector by PCR. The PCR
reaction was performed with PSA-97, PSA-165, and PSA-244
as 5′-primers and CMV24 as 3′-primers. The PCR products
were HindIII/XbaI digested, and the purified fragments were
cloned in the pFLAG-CMV-2 vector digested with the same
enzymes. For the construction of the Flag-ENO 2−279 vector,
mutagenesis by the quick-change kit (Stratagene, La Jolla, CA,
USA) was performed on the Flag-ENO plasmid template
changing codon 280 (tyrosine) into a stop codon (TAA). For

construction of the Flag-ENO 97−279 vector, mutagenesis was
performed on the Flag-MBP1 plasmid template changing
codon 280 into a stop codon. For the construction of the Flag-
ENO 2−243 vector, the cDNA coding amino acids 2 to 243 of
ENO1 was amplified from Flag-ENO 2−279 vector by PCR
with Flag ENO1 and Flag Anti 243 primers and inserted into
the HindIII/XbaI site of the pFlag-CMV-2 mammalian
expression vector. HA-Hsp70 vector, coding for N-terminal
HA-tagged full-length Hsp70, was purchased from Sino
Biological Inc. (Cat.N. HG11660-NY). For the construction
of the HA-Hsp70 1−545 vector, the cDNA coding amino acids
1 to 545 of Hsp70 was amplified from the HA-Hsp70 vector by
PCR with sense-HA and antisense-HA1 primers and inserted
into the HA-Hsp70 backbone vector double digested by the
HindIII/XbaI restriction enzymes and gel-purified. The HA-
Hsp70 1−633, 1−628, and 1−616 expression vectors were
constructed in the same way as the HA-Hsp70 1−545 using
the sense HA and antisense primers HA2, HA3, and HA4,
respectively. Myc-Hsp70 vector, coding for N-terminal Myc-
tagged full-length Hsp70, was purchased from Sino Biological
Inc. (Cat.N. HG11660-NM). All of the construct sequences
were confirmed by DNA sequencing analysis. Primers for
plasmid construction are listed in the Supporting Information
(Table S5). Cells were transfected with the indicated plasmid
DNAs using Lipofectamine 2000 reagents (ThermoFisher
Scientific) according to the manufacturer’s instructions. The
generation of stably transfected HEK 293T cells expressing a
multiple-epitope-tagged full-length ENO1 was described
previously52.
4.3. Cell Lysis and Coimmunoprecipitation. At 48 h

post-transfection, cells were resuspended in lysis buffer (20
mM Tris−HCl pH 7.6, 100 mM NaCl, 1% NonidetP40, 2 mM
EDTA, 60 mM Octyl-β-D-glucopyranoside) supplemented
with protease and phosphatase inhibitor cocktails (Sigma-
Aldrich) incubated on ice for 40 min and cleared by
centrifugation at 8000 xg for 10 min at 4 C. Protein content
was determined using the Bradford protein assay (Bio-Rad
Laboratories). For immunoprecipitation, 100 μg of cell lysates
in 200 μL of lysis buffer were incubated for 2 h with 2 μg of
either mouse monoclonal anti-FLAG M2 (Sigma-Aldrich, Cat.
A2220) or anti ENO1 (Santa Cruz Biotechnology, Cat. sc-
100812) monoclonal antibody previously linked to Protein A/
G agarose beads (Santa Cruz Biotechnology, Cat. no. sc-2003).
The immune complexes were spun down and washed three
times with lysis buffer. The specificity of the precipitated
immunocomplexes was assessed using IgG isotype controls
(Santa Cruz Biotechnology, Cat. SC3877). Bound proteins
were eluted in sample buffer for SDS-PAGE supplemented
with 5% 2-mercaptoethanol incubating at 100 °C for 5 min.
4.4. Western Blot Analysis. Proteins from cell lysates

(input) or from immunopurified protein samples (IP) were
separated on 9% or 11% polyacrylamide gels and then
transferred onto a nitrocellulose membrane. Membranes were
blocked and incubated for 1 h with primary antibody (HA
monoclonal antibody, HA-7 clone, Sigma-Aldrich, 1:10000;
FLAG M2, Sigma-Aldrich, 1:10000; ENO1 monoclonal
antibody, Santa Cruz Biotechnology, 1:1000; Myc mouse
monoclonal antibody, 9E10 clone, Santa Cruz Biotechnology,
1:1000), diluted in Blocking Buffer Li-Cor Biosciences, and
then washed 3 × 10 min in TBS (137 mM NaCl, 20 mM Tris/
HCl, pH 7.6) supplemented with 0.05% Tween-20 (Sigma-
Aldrich). Membranes were incubated with secondary antibody
conjugated to IRDye 800CW (LI-COR), diluted 1:10000 in
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Blocking Reagent (LI-COR, Cat. 927−60001) for 1 h, and
then washed 3 × 10 min in TBS with 0.05% Tween-20. Bands
were visualized using the Odyssey infrared imaging system (LI-
COR Biosciences) according to the manufacturer’s instruc-
tions.
4.5. Statistical Analyses. All data are presented as means

± standard deviation of at least three experiments. The
statistical significance of the results was assessed by paired,
one-sided Student’s t test; statistical differences are presented
at probability levels of *P < 0.05, **P < 0.01, ***P < 0.001.
4.6. Preparation of the Hsp70 NBD and SBD Regions

and the ENO1 Protein for Computational Analysis. The
crystal structure of ENO1 protein was retrieved from the
Protein Data Bank40 according to the best resolution (PDB id
3B9726,41), while the full-length model of Hsp70 was
downloaded from AlphaFold repository.53 The protein
structures were prepared and optimized through the
Schrödinger suite (Schrödinger, LLC, New York, NY, software
release v2021−3).64 Known HET groups from the Chemical
Component Dictionary were employed to assign bond orders
to untemplated residues. Water molecules beyond 5.0 Å from
any of the HET groups, including ions, were deleted.
Hydrogens were added to the structure, zero-order bonds
between metals and nearby atoms were added, and formal
charges to metals and neighboring atoms were adjusted.
Disulfide bonds were created according to possible geometries.
Epik65,66 was used to generate protonation and metal charge
states for the ligands and cofactors at pH 7.4 ± 0.2. Finally,
PROPKA67 was run under pH 7.4 to optimize hydroxyl groups
and Asn, Gln, and His states.
4.7. Computational Mapping on the ENO1 Protein

Surface. Two computational tools were used to map the
ENO1 surface and identify putative binding sites. The first tool
was SiteMap.37,38 For this purpose, the PDB structure
3B9726,41 previously prepared was used, and to define a
putative binding site at least 15 site points were required. Up
to 10 sites were reported, and the hydrophobicity of the
binding site was defined as more restrictive. The grid used was
standard, and the site maps were cropped at 4 Å from the
nearest site points. Finally, shallow binding sites were also
investigated. According to these settings, two scores were
mainly retrieved, the SiteScore and the DScore, according to
eqs 1 and 2, respectively.

n e psite score 0.0733 0.6688 0.201/2= + (1)

D n e pscore 0.094 0.60 0.3241/2= + (2)

where n stands for the number of site points included in the
predicted site, capped at 100, e is the degree of enclosure of the
site, and p is the hydrophilic score calculated for the predicted
site.
4.8. Protein−Protein Docking between ENO1 and

Hsp70. To predict the putative complex structure of the
ENO1-Hsp70 NBD region, the prepared structures of both
proteins were used to run a protein−protein docking. For this
purpose, chain A of PDB 3B9741 was considered, while the
other chains were neglected and deleted. For this purpose,
BioLuminate from the Schrödinger suite (BioLuminate,
Schrödinger, New York, NY, software release v2021−3) was
used. ENO1 was defined as the receptor and HSP70 as the
ligand. A standard search algorithm was set based on up to
70,000 ligand rotations to probe, and the 1000 top-scoring
rotations were then clustered based on the binding site RMSD.

The maximum number of docking structures to return was set
by 30 for each solution. Finally, attractive restraints were
included on ENO1 amino acids 244−279 and Hsp70 residues
545−616, and the output structures were refined.
4.9. Molecular Dynamics Simulation of ENO1 in

Complex with the Hsp70 NBD Region in Triplicate. In
this work, three MD simulations of 200 ns per each were
performed using Desmond68 on the complex ENO1-Hsp70
NBD region retrieved Schrödinger docking results. For all
three trajectories, MD simulations were computed by applying
the same settings below described. The systems were created
using TIP3P69 as a solvent model, an orthorhombic shape box
(10 Å as side distance), and an OLPS4 force field.69 The
resulting systems were neutralized by adding Na+ ions. The
thermostat method employed was the Nose−́Hoover chain
with a relaxation time of 1.0 ps and a temperature of 310 K.
The barostat method applied was Martyna−Tobias−Krein,
with a relaxation time of 2.0 ps and an isotropic coupling style.
The time step for numerical integration was 2.0 fs for bonded
interactions, 2.0 fs for nonbonded-near (van der Waals and
short-range electrostatic interactions), and 6.0 fs for non-
bonded-far (long-range electrostatic interactions). For Cou-
lombic interactions, a cutoff radius of 9.0 Å was tuned as a
short-range method. Pressure and temperature were set at
1.01325 bar and 310 K, respectively. Finally, the systems were
relaxed before beginning the simulations according to the
following steps: (1) a minimization with the solute restrained
and another minimization without restraints; (2) 12 ps in the
NVT ensemble with a Berendsen thermostat, temperature of
10 K, a fast temperature relaxation constant, velocity
resampling every 1 ps, and non-hydrogen solute atoms
restrained; (3) 12 ps in the NPT ensemble in a Berendsen
thermostat and barostat, temperature equal to 10 K and a
pressure of 1 atm, a fast temperature relaxation constant, a slow
pressure relaxation constant, velocity resampling every 1 ps,
and nonhydrogen solute atoms restrained; (4) 24 ps in the
NPT ensemble with a Berendsen thermostat and barostat,
temperature of 300 K and a pressure of 1 atm, a fast
temperature relaxation constant, a slow pressure relaxation
constant, velocity resampling every 1 ps, and non-hydrogen
solute atoms restrained; (5) a final step of 24 ps of relaxation
in the NPT ensemble using a Berendsen thermostat and
barostat, a temperature of 300 K and a pressure of 1 atm, a fast
temperature relaxation constant, and a normal pressure
relaxation constant.
4.10. MD Trajectory Frame Clustering. The trajectories

retrieved from the MD simulations performed on the ENO1-
Hsp70 complexes were used to perform clustering. For the MD
simulations, the same settings herein reported were employed.
The RMSD matrix calculation was set using the protein
backbone as a reference, the frequency of frames analysis was
set to 10, and the hierarchical cluster linkage method was
average. Finally, for both MD trajectories, five clusters were
generated.
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Absence of cross-reactivity of anti-Flag monoclonal
antibody with HA-Hsp70 protein (Figure S1); deletion
of the ENO1 internal region 244−279 abolishes the
interaction with Hsp70 regardless of the epitopes used
(Figure S2); images of the full blots, with visible edges,
that are shown cropped in Figures 2 and 6 (Figure S3);
ANCHOR2 graph on Hsp70 sequence (Figure S4);
RMSD plots of three MD simulations performed on
ENO1 protein complexed with Hsp70 protein retrieved
from protein−protein docking (Table S1); plots of
occurrence frequency of stable contacts between ENO1
and Hsp70 proteins during the first MD simulation
(Table S2); plots of occurrence frequency of stable
contacts between ENO1 and Hsp70 proteins during the
second MD simulation (Table S3); plots of occurrence
frequency of stable contacts between ENO1 and Hsp70
proteins during the third MD simulation (Table S4);
primers used for expression plasmid construction (Table
S5) (PDF)
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(43) Rüdiger, S.; Buchberger, A.; Bukau, B. Interaction of Hsp70
chaperones with substrates. Review Nat. Struct Biol. 1997, 4 (5), 342−
9.

(44) Clerico, E. M.; Tilitsky, J. M.; Meng, W.; Gierasch, L. M. How
hsp70 molecular machines interact with their substrates to mediate
diverse physiological functions. J. Mol. Biol. 2015, 427 (7), 1575−88.

(45) Hartl, F. U.; Bracher, A.; Hayer-Hartl, M. Molecular
chaperones in protein folding and proteostasis. Nature 2011, 475
(7356), 324−32.

(46) Mayer, M. P. Gymnastics of molecular chaperones. Mol. Cell
2010, 39 (3), 321−31.

(47) Smock, R. G.; Blackburn, M. E.; Gierasch, L. M. Conserved,
disordered C terminus of DnaK enhances cellular survival upon stress
and DnaK in vitro chaperone activity. J. Biol. Chem. 2011, 9;286 (36),
31821.

(48) Perovic, V.; Sumonja, N.; Marsh, L. A.; Radovanovic, S.;
Vukicevic, M.; Roberts, S. G. E.; Veljkovic, N. IDPpi: Protein-Protein
Interaction Analyses of Human Intrinsically Disordered Proteins.
Sci.Rep. 2018, 12;8 (1), 10563.

(49) Sharma, R.; Sharma, A.; Patil, A.; Tsunoda, T. Discovering
MoRFs by trisecting intrinsically disordered protein sequence into
terminals and middle regions. BMC Bioinformatics 2019, 4;19 (Suppl
13), 378.

(50) IUPred. IUPred Web Server. Available online: https://iupred.
elte.hu/ (accessed November 2024).

(51) Dosztányi, Z.; Mészáros, B.; Simon, I. ANCHOR: web server
for predicting protein binding regions in disordered proteins.
Bioinformatics 2009, 15;25 (20), 2745−6.

(52) Maranto, C.; et al. Cellular stress induces cap-independent
alpha-enolase/MBP-1 translation. FEBS Lett. 2015, 589 (16), 2110−
6.

(53) AlphaFold. AlphaFold Protein Structure Database. Available
online: https://alphafold.ebi.ac.uk/entry/P0DMV8 (accessed No-
vember 2024).

(54) Principe, M.; et al. Targeting of surface alpha-enolase inhibits
the invasiveness of pancreatic cancer cells. Oncotarget. 2015, 6 (13),
11098−113.

(55) Cappello, P.; et al. Vaccination with ENO1 DNA prolongs
survival of genetically engineered mice with pancreatic cancer.
Gastroenterology 2013, 144 (5), 1098−106.

(56) Cappello, P.; et al. Next generation immunotherapy for
pancreatic cancer: DNA vaccination is seeking new combo partners.
Cancers (Basel) 2018, 10 (2), 51.

(57) Jung, D. W.; et al. A unique small molecule inhibitor of enolase
clarifies its role in fundamental biological processes. ACS Chem. Biol.
2013, 8 (6), 1271−82.

(58) Cho, H.; Um, J.; Lee, J. H.; Kim, W. H.; Kang, W. S.; Kim, S.
H.; Ha, H. H.; Kim, Y. C.; Ahn, Y. K.; Jung, D. W.; Williams, D. R.;
et al. ENOblock, a unique small molecule inhibitor of the non-
glycolytic functions of enolase, alleviates the symptoms of type 2
diabetes. Sci. Rep. 2017, 7, 44186.

(59) Haque, A.; Capone, M.; Matzelle, D.; Cox, A.; Banik, N. L.
Targeting Enolase in Reducing Secondary Damage in Acute Spinal
Cord Injury in Rats. Neurochem. Res. 2017, 42 (10), 2777−2787.

(60) Polcyn, R.; et al. Enolase inhibition alters metabolic hormones
and inflammatory factors to promote neuroprotection in spinal cord
injury. Neurochem. Int. 2020, 139, No. 104788.

(61) Zuo, J.; et al. The type 1 transmembrane glycoprotein B7-H3
interacts with the glycolytic enzyme ENO1 to promote malignancy
and glycolysis in HeLa cells. FEBS Lett. 2018, 592 (14), 2476−2488.

(62) Shevtsov, M.; et al. Membrane-Associated Heat Shock Proteins
in Oncology: From Basic Research to New Theranostic Targets. Cells.
2020, 9 (5), 1263.

(63) Zakrzewicz, D.; et al. The interaction of enolase-1 with
caveolae-associated proteins regulates its subcellular localization.
Biochem. J. 2014, 460 (2), 295−307.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c10808
ACS Omega 2025, 10, 5036−5046

5045

https://doi.org/10.3390/brainsci8020033
https://doi.org/10.3390/brainsci8020033
https://doi.org/10.3390/brainsci8020033
https://doi.org/10.3390/ijms241310436
https://doi.org/10.3390/ijms241310436
https://doi.org/10.3389/fgene.2020.614726
https://doi.org/10.3389/fgene.2020.614726
https://doi.org/10.1371/journal.pone.0069354
https://doi.org/10.1371/journal.pone.0069354
https://doi.org/10.1371/journal.pone.0069354
https://doi.org/10.1021/bi00220a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00220a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00220a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1432-1033.1995.tb20403.x
https://doi.org/10.1111/j.1432-1033.1995.tb20403.x
https://doi.org/10.1107/S0907444908008561
https://doi.org/10.1107/S0907444908008561
https://doi.org/10.1038/srep24064
https://doi.org/10.1038/srep24064
https://doi.org/10.1038/srep24064
https://doi.org/10.1038/srep24064
https://doi.org/10.1155/2012/156795
https://doi.org/10.1155/2012/156795
https://doi.org/10.1016/j.ejca.2010.03.018
https://doi.org/10.1016/j.ejca.2010.03.018
https://doi.org/10.1016/j.ejca.2010.03.018
https://doi.org/10.1023/A:1015515119300
https://doi.org/10.1023/A:1015515119300
https://doi.org/10.1023/A:1015515119300
https://doi.org/10.3390/ijms232112777
https://doi.org/10.3390/ijms232112777
https://doi.org/10.1074/jbc.M114.598425
https://doi.org/10.1074/jbc.M114.598425
https://doi.org/10.1038/s41598-017-04185-8
https://doi.org/10.1038/s41598-017-04185-8
https://doi.org/10.1038/s41598-017-04185-8
https://doi.org/10.3390/ijms20184507
https://doi.org/10.3390/ijms20184507
https://doi.org/10.3390/ijms20184507
https://doi.org/10.3390/biom13040601
https://doi.org/10.3390/biom13040601
https://doi.org/10.1016/j.intimp.2023.110492
https://doi.org/10.1016/j.intimp.2023.110492
https://doi.org/10.1016/j.intimp.2023.110492
https://doi.org/10.1111/j.1747-0285.2007.00483.x
https://doi.org/10.1111/j.1747-0285.2007.00483.x
https://doi.org/10.1021/ci800324m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci800324m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nprot.2015.043
https://doi.org/10.1038/nprot.2015.043
https://doi.org/10.1038/nprot.2015.043
https://doi.org/10.1093/nar/28.1.235
https://www.rcsb.org/structure/3B97
https://www.rcsb.org/structure/3B97
https://doi.org/10.2174/1568026616666160413140911
https://doi.org/10.2174/1568026616666160413140911
https://doi.org/10.1038/nsb0597-342
https://doi.org/10.1038/nsb0597-342
https://doi.org/10.1016/j.jmb.2015.02.004
https://doi.org/10.1016/j.jmb.2015.02.004
https://doi.org/10.1016/j.jmb.2015.02.004
https://doi.org/10.1038/nature10317
https://doi.org/10.1038/nature10317
https://doi.org/10.1016/j.molcel.2010.07.012
https://doi.org/10.1074/jbc.M111.265835
https://doi.org/10.1074/jbc.M111.265835
https://doi.org/10.1074/jbc.M111.265835
https://doi.org/10.1038/s41598-018-28815-x
https://doi.org/10.1038/s41598-018-28815-x
https://doi.org/10.1186/s12859-018-2396-7
https://doi.org/10.1186/s12859-018-2396-7
https://doi.org/10.1186/s12859-018-2396-7
https://iupred.elte.hu/
https://iupred.elte.hu/
https://doi.org/10.1093/bioinformatics/btp518
https://doi.org/10.1093/bioinformatics/btp518
https://doi.org/10.1016/j.febslet.2015.06.030
https://doi.org/10.1016/j.febslet.2015.06.030
https://alphafold.ebi.ac.uk/entry/P0DMV8
https://doi.org/10.18632/oncotarget.3572
https://doi.org/10.18632/oncotarget.3572
https://doi.org/10.1053/j.gastro.2013.01.020
https://doi.org/10.1053/j.gastro.2013.01.020
https://doi.org/10.3390/cancers10020051
https://doi.org/10.3390/cancers10020051
https://doi.org/10.1021/cb300687k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb300687k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep44186
https://doi.org/10.1038/srep44186
https://doi.org/10.1038/srep44186
https://doi.org/10.1007/s11064-017-2291-z
https://doi.org/10.1007/s11064-017-2291-z
https://doi.org/10.1016/j.neuint.2020.104788
https://doi.org/10.1016/j.neuint.2020.104788
https://doi.org/10.1016/j.neuint.2020.104788
https://doi.org/10.1002/1873-3468.13164
https://doi.org/10.1002/1873-3468.13164
https://doi.org/10.1002/1873-3468.13164
https://doi.org/10.3390/cells9051263
https://doi.org/10.3390/cells9051263
https://doi.org/10.1042/BJ20130945
https://doi.org/10.1042/BJ20130945
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(64) Madhavi Sastry, G.; Adzhigirey, M.; Day, T.; Annabhimoju, R.;
Sherman, W. Protein and ligand preparation: parameters, protocols,
and influence on virtual screening enrichments. J. Comput. Aided Mol.
Des. 2013, 27 (3), 221−234.

(65) Shelley, J. C.; et al. Epik: a software program for pK(a)
prediction and protonation state generation for drug-like molecules. J.
Comput. Aided Mol. Des. 2007, 21 (12), 681−91.

(66) Greenwood, J. R.; Calkins, D.; Sullivan, A. P.; Shelley, J. C.
Towards the comprehensive, rapid, and accurate prediction of the
favorable tautomeric states of drug-like molecules in aqueous solution.
Comput. Aided Mol. Des. 2010, 24 (6−7), 591−604.

(67) Jacobson, M. P.; Friesner, R. A.; Xiang, Z.; Honig, B. On the
role of the crystal environment in determining protein side-chain
conformations. J. Mol. Biol. 2002, 320 (3), 597−608.

(68) Bowers, K. J.et al.Scalable Algorithms for Molecular Dynamics
Simulations on Commodity Clusters; Proceedings of the ACM/IEEE
Conference on Supercomputing (SC06) 2006.

(69) Lu, C.; et al. OPLS4: Improving Force Field Accuracy on
Challenging Regimes of Chemical Space. J. Chem. Theory Comput.
2021, 17 (7), 4291−4300.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c10808
ACS Omega 2025, 10, 5036−5046

5046

https://doi.org/10.1007/s10822-013-9644-8
https://doi.org/10.1007/s10822-013-9644-8
https://doi.org/10.1007/s10822-007-9133-z
https://doi.org/10.1007/s10822-007-9133-z
https://doi.org/10.1007/s10822-010-9349-1
https://doi.org/10.1007/s10822-010-9349-1
https://doi.org/10.1016/S0022-2836(02)00470-9
https://doi.org/10.1016/S0022-2836(02)00470-9
https://doi.org/10.1016/S0022-2836(02)00470-9
https://doi.org/10.1021/acs.jctc.1c00302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

