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ABSTRACT: Maspin is known to regress tumors by inhibiting angiogenesis; however, its
roles have been reported to be context- and sequence-dependent. Various proteins and
cofactors bind to maspin, possibly explaining its conflicting roles. Moreover, polymorphic
forms of maspin have also been linked to tumor regression and survival; for instance,
maspin with Ser at 176 (maspin-S176) promotes tumors, while maspin with Pro at 176
(maspin-P176) has opposing roles in cancer pathogenesis. With the help of long molecular
dynamics simulations, a possible link between polymorphic forms and tumor progression
has been established. First, maspin is dynamically stable with either amino acid at the 176
position. Second, differential contacts have been observed among various regions; third,
these contacts have significantly altered the electrostatic energetics of various residues;
finally, these altered electrostatics of maspin-S176 and maspin-P176 rewire the polar contacts that abolished the allosteric control of
the protein. By combining these factors, the altered electrostatics substantially affect the localization and preference of maspin-
binding partners, thus culminating in a different maspin-protein(cofactor)-interaction landscape that may have been manifested in
previous conflicting reports. Here, the underlying reason has been highlighted and discussed, which may be helpful for better
therapeutic manipulation.

1. INTRODUCTION
Cancer growth can be prevented by multiple antitumor
proteins that, if activated during the early phase, trigger
apoptosis and hinder the accumulation of transformed cells.
Despite the large number of antitumor proteins, the prevalence
of cancer is increasing, and further studies are needed to
rationalize the tumor initiation mechanism. Among the known
factors for cancers, inactivation of antitumor proteins, over-
activation of protumor proteins, and evasion of immune
surveillance are notable. Once the tumor mass has been
established, cells invade and metastasize to other tissues, a
phenomenon known as epithelial-mesenchymal transition
(EMT). This process has been executed by different
transcription factors, such as Snail, Slug, Twist, and Zeb1/2,
during embryogenesis and in malignant tumor cells in various
combinations.1−4 EMT can be characterized by the loss of
adherens junctions and changes in cell morphology from a
polygonal/epithelial to a spindly/fibroblastic shape, increased
motility, activation of matrix-degrading enzymes, and resist-
ance to apoptosis. For instance, E-cadherin is a direct target of
various transcription factors that can deprive tumor cells of this
key suppressor of motility and invasiveness.5

Among the several tumor suppressors genes, maspin is a
class II tumor suppressor protein that stimulates apoptosis and
suppresses motility, invasion, and metastasis and was first
identified in 1994.6,7 Maspin is a non-inhibitory serpin and is
more closely related to clade B serpins owing to its reactive site
loop (RCL) that is shorter than those of inhibitory serpins.
Unlike multiple other serpins, maspin does not undergo a

stressed-relaxed conformational change to inhibit protease
activity. Despite the lack of protease inhibition, recent studies
provide evidence for its ability to regulate cell adhesion,
motility, apoptosis, and angiogenesis, making it an attractive
target for various forms of malignancies.8−11

Maspin expression has been reported in various cancers,
including gastric cancer,12−14 and its reactivation can suppress
breast tumors in xenograft models.15 It has been proposed as a
biomarker of colorectal cancer,16 lung cancer,17 oral cancer,18

and cervical lesions.19 The expression of maspin has been
evaluated in a wide range of cancers and found to be over- or
under-expressed depending on the type of cancer. Three
coding region polymorphic forms of maspin have been
reported, among which P176S (reference SNP cluster ID;
rs2289519) is linked to the promotion of gastric cancer20 and
V187L (rs2289520) is linked to oral cancer.21 Maspin-P176, in
conjunction with maspin-L187, decreases the risk of
esophageal squamous cell carcinoma, whereas maspin-S176
(with maspin-V187) exerts the opposite effect.22 Additionally,
the homozygous maspin-S176 has been linked with gallbladder
cancer.23 However, how a minor variation in the unstructured
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region can drastically alter the function of an antitumor protein
to protumor protein is still a mystery.
Structural biology has advanced our understanding of the

three-dimensional structures of different proteins; however, the
lack of a dynamic picture of these proteins hinders their
functional aspects. The detailed analysis and resolution offered
by molecular dynamics simulations (MDS) bridge the gap
between structural biology and the dynamic nature of
proteins.24 In this study, we analyzed proteomics data from
80 early onset gastric cancers and found that maspin was
overexpressed in most of the samples. Furthermore, long MDS
were performed for two polymorphic forms, maspin-P176 and
maspin-S176, and extensive energetics analysis was carried out.
It was observed that although the residual contacts are altered
to a small scale, the per-residue and paired-residue energetics
are significantly perturbed. The rearrangement of the polar
network and disturbance of allosteric signals are evident, which
makes maspin with small structural differences interact with
different partners and result in opposing effects.

2. MATERIALS AND METHODS
2.1. Maspin Modeling. The three-dimensional coordi-

nates for the maspin protein were downloaded from the RCSB
Protein Data Bank [PDB ID:1WZ9, higher resolution (2.1 Å)
but lacks the loop region],25 and the missing loop residues
(amino acids 331−342) were built using the Swiss-Model
online webserver.26 After construction of the model, it was
compared with 1XQG (low-resolution 3.1 Å but complete),27

and the loop was in agreement with the crystal structure. As
the protein structure was of moderate quality, the hydrogen
atoms have been added based on the force-field definition, and
most of the His residues are ε-protonated (in the HIE state),
while H320, H352, and H360 are δ-protonated (in the HID
state). For maspin-P176, the serine was mutated in Chimera
v1.1.328 using the Dunbrack 201029 rotamer library with
subsequent 500 steps of steepest descent energy minimization
with a 0.002 Å step size and an update of 100 conjugate
gradient of the same step size with none of the atoms fixed
during minimization.

2.2. MD Simulations. All MDS were performed in
GROMACS v2019.630 using the AMBER99SB-ILDN force
field31 with a dodecahedron box filled with the rigid TIP3P
water model.32 Periodic boundary conditions were applied in
all directions. The system was neutralized, and the NaCl
concentration was adjusted to 0.1 M (48 Na+, 41 Cl−). The
system was energy-minimized to 500 kJ/mol/nm using the
steepest descent algorithm, and two-step equilibrations were
performed. Initially, the temperature was adjusted to 310 K for
1 ns using the V-Rescale method33 with 0.1 ps time constant,
and isotropic pressure (1 bar and 2.0 ps time constant) was
then applied to the system following the Parrinello−Rahman
algorithm.34 During equilibration, position restraints were
applied to avoid structural distortions. Particle mesh Ewald35

was used to treat long-range electrostatic interactions with
cubic interpolation, and a 10 Å cutoff was used for short-range
Coulomb and van der Waals interactions. For each system, five
independent production simulations were performed for a
length of 1 μs starting from a different random seed with only
bonds involving hydrogen atom constraints using the Library
of Integrated Network-Based Cellular Signatures (LINCS),36

and a trajectory snapshot was saved at 10 ps. Therefore, a total
of 10 μs simulation was conducted, and most of the analysis

was conducted for the last 500 ns with a 100 ps gap, making a
total of 25,000 snapshots for each analysis.

2.3. Calculation of Nonbonded Interaction Energies.
The residual and paired-residue nonbonded interaction
energies were calculated between maspin-P176 and maspin-
S176 as follows; the differential residual average nonbonded
energy of residue i is

E E Ei i i
Maspin P176 Maspin S176=

where ΔEi refers to the change in nonbonded interaction
energy between residue “i” of maspin-P176 (EiMaspin‑P176) and
maspin-S176 (EiMaspin‑S176). The differential residual average
nonbonded energy of residue “i” with water is as follows:

E E Ei i i
water water,Maspin P176 water,Maspin S176=

Here, the ⟨Eiwater,Maspin‑P176⟩ indicates the average contribution
of nonbonded energy from water toward the residue “i” for
each indicated system. The paired-residue interaction energies
for residues i and j in maspin-P176 and maspin-S176 were
calculated as follows:

E E Eij ij ij
Maspin P176 Maspin S176=

The symbols ⟨⟩ indicate the ensemble average for the
respective energy terms[electrostatic (EElect) and van der Waals
(Vdw, EVdw)] between the residues “i” and “j”; however, the
Vdw energy terms are negligible compared to electrostatic
interactions. Therefore, primarily EElect has been discussed in
detail.

2.4. Differential Contact Map. The contact between two
residues was defined as the distance between heavy atoms less
than 4.5 Å with four residues apart.37 The contacts were
calculated for the last 500 ns of each trajectory (total frames of
25,000), and the interatomic contact fraction was defined as f ij
= nij/N, where nij is the number of frame contacts between
atom_i and atom_j and N is the total number of frames.
However, for the residue, the individual contacts were
summed; thus, a value of more than 1 is possible.

2.5. Allosteric Coupling Intensity Analysis. The
allostery among the residues was calculated using Ohm,
which employs the concept of perturbation propagation to
determine the allostery in proteins.38 Because the allosteric
communications depend on the interatomic contacts, a contact
distance of 4.5 Å was used, with the probability of perturbation
from one residue to another set to 0.05 and the number of
perturbation rounds set to 10,000. The value of α was set to
0.5 to capture the possible allosteric probability. The remaining
parameters were maintained at default values, as provided by
the algorithm.

2.6. Analysis. Most of the analyses were performed using
tools provided with GROMACS v2019.6 and the Amber
trajectory processing tool (CPPTRAJ).39 The 3D protein
figures were generated using Chimera v1.1.3, and plots were
generated using MS Excel and the Matplotlib library.40

2.7. Statistical Test. For the statistical test, the data were
binned into 25 sets, and an average of each set was then used
to assess the significance (p-value < 0.05) using a two-tailed
Student’s t test in SciPy with default parameters.41

3. RESULTS
3.1. Maspin Is Stable during MD Simulation. From the

gastric cancer dataset of 80 patients, maspin was upregulated in
55 (69%) and downregulated in 8 (10%), while it was not
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detected/significant in 17 (21%) samples (Figure S1).
Normally, maspin-P176 acts as a tumor suppressor; however,
the substitution of P176S can alter its functions, making it a
protumor protein, prompting this study to reveal the functional
aspects of these polymorphic forms (Figure 1A). From protein
modeling, both forms are nearly identical [the root-mean-
square deviation (RMSD) between Cα is 0.16 Å over 375
atom pairs while 0.37 Å over 5916 atom pairs excluding the
176th position as the number of atoms is different between Pro
and Ser]; however, substantial differences were noted in the
analysis of the inter-residue contacts (Figure 1B), indicating
side-chain rearrangements in maspin-S176 and maspin-P176.
Therefore, to further study the impact of side-chain rearrange-
ment, each polymorphic form, i.e., maspin-P176 and maspin-
S176, was subjected to five independent 1 μs long all-atom
MDS.
As the polymorphic forms differed in a single amino acid

(Ser or Pro at 176) in a loop region, none of the proteins
underwent any conformational change (Figure S2). After the
initial adjustment for approximately 300 ns (the RMSD change
was approximately 0.25 nm), the RMSD of each protein
remained stable for the remaining simulation length (approx-
imately 0.1 nm) (Figure S2A). Other structural measures, such
as solvent-accessible surface area (SASA), were also consistent
(Figure S2B). The average number of intra-protein hydrogen
bonds was higher in maspin-S176 (290.4 vs 286.4 in maspin-
P176); however, the total number of hydrogen bonds was

substantially lower than that of the crystal structure (i.e.,
412).25 The hydrogen bonds between the protein and water
were not significantly different (Student’s t test p-value = 0.6)
(Figure S2C,D), indicating that internal reordering of the
bonding network is plausible.
The number of water molecules in the first and second shells

around maspin-P176 (1379.3 ± 25 and 2200 ± 34.5) and
maspin-S176 (1370.9 ± 26 and 2191.1 ± 38.3) is in a close
range. Similarly, the fraction of native contacts (Q) indicated
that the proteins were in an intermediate-active state,
preserving approximately 0.43 of the native contacts in both
cases (Figure S2E).42 It has been shown that these proteins can
fold to a metastable conformation before folding into a stable
conformation, which assists in their functions. Moreover,
maspin-S176 exhibited a lower packing density with a higher
number of cavities, indicating that it is less compact (Figure
S3A,B).
Recently, maspin residues 87 to 114 have been proposed to

harbor nuclear localization signals, and their exposure impacts
maspin localization.43 When the exposure was calculated for
the entire length, maspin-S176 showed slightly higher solvent
accessibility than maspin-P176. However, solvent exposure for
maspin-S176 was significantly higher for 87−94 (s2A; 2nd
strand in β-sheet A), referring to the higher possibility of this
variant being nuclear-localized (Figure S4).

3.2. Differential Contact Map Highlights the Pivotal
Difference in P176S. Despite the conformational stability,

Figure 1. Structure and contact analysis of maspin. (A) 3D structure of maspin (P176 is represented in light blue and S176 in brown). The
prominent secondary structural elements are also labeled. (B) Differential contact map analysis of maspin-P176 and maspin-S176 from the energy-
minimized structures. C/N-ter, C/N terminal; RCL, reactive center loop.

Figure 2. RMSF and differential contact frequency map. (A) Average RMSF for both systems for the last 500 ns of each trajectory. (B) Contacts
among heavy atoms only have been calculated with a cutoff of 4.5 Å and contacts measured for only residues with 4 residues apart. The maximum
fractional change was found to be 6.4; however, for matrix representation, the color was anchored at 4 for better visualization, as only 0.39%
contacts are beyond this range.
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the per-residue fluctuation is different between maspin-P176
and maspin-S176. As per root-mean-square fluctuation
(RMSF), most of the residues fluctuated proportionally to
each other; however, the non-structured region showed higher
fluctuations, such as residues 61−83 (loop between hC-hD
and hD), 102−113 (hE and proceeding loop), the loop
between hF and s3A (138−150; s3A refers to the 3rd strand of
β-sheet A), the loop between s3B and hG (234−242), and the
prominent RCL region 334−345 (Figure 2A). These
fluctuations can initiate inter-residue signaling that could
influence the dynamic behavior of the protein.
Next, the residue contact map was analyzed as the residue

communication occurs through residual contacts that exert
influence over neighboring residues. Due to the dynamic
nature of proteins, these contacts are formed and break
dynamically over time. This provides an intuitive way to
analyze the close collaboration and allosteric influence of
various residues. In Figure 2B, the blue and red dots represent
the higher fraction of contacts in maspin-S176 and maspin-
P176, respectively, with a maximum change of approximately
30% in contact frequency (Table S1). The change in contact
and close proximity refer to the rewiring of contacts and
allosteric communication. For instance, the difference in
contact between residues S40-F70 (−27.2, hB-hD, can
influence collagen binding), K268-H344 (−24.8, influences
RCL mobility), Y84-K170 (−23.1, helps expose Y84 and
phosphorylation), M172-S333 (−19.7, in the vicinity of the
mutated site and base of RCL), and Y84-F167 (−18.3,
influences hydrophobic packing) was increased in maspin-
S176, whereas Y84-H225 (29.9, protects the shutter region),
E218−F229 (28.9, β-sheet B, core hydrophobic region), F60−
F70 (23.6 hC and hD, may alter collagen binding), E289−
K294 (19.8, solvent-accessible), and T241-P353 (17.1,
influences hG movement) were decreased. Similarly, the base
of the RCL showed substantial contact with the region around
176 in maspin-S176, highlighting the mobile side-chain
interactions.

3.3. Rewiring of Electrostatic Interactions Is Evident
in P176S. As it is evident that there are alterations in inter-
residue contacts and all nonbonded interactions arise from
these contacts, it is reasonable to argue that the nonbonded
interactions have also been perturbed (Figure 3). The
nonbonded interaction energies [electrostatic (EElect) and
Vdw (EVdw)] were calculated for each residue and between
the protein and water. The total nonbonded interaction energy
(ETotal = EElect + EVdw and ⟨ΔETotal⟩ = ⟨Maspin-P176Elect + Vdw⟩
- ⟨Maspin-S176Elect + Vdw⟩) is heavily influenced by the change
in electrostatic energy, whereas ΔEVdw is nominal (mostly <2
kcal/mol). Because ΔETotal is proportional to ΔEElect, it is
rational to focus on ΔEElect.
The residues with significantly perturbed electrostatic energy

were scattered across the protein, including the mutated
position 176 (15.98 kcal/mol). In Figure 3, positive and
negative values indicate favorable and unfavorable ΔEElect,
respectively, in maspin-S176. Among these residues, E61
(−43.2 kcal/mol) and K64 (−48.7 kcal/mol) showed the
highest unfavorable energy for maspin-S176 and are present on
the hC−hD loop, far from the mutation site. Moreover, E335,
E340, and E347 are present on or around the RCL, whereas
E335, which is closer to residue 176, can participate in altering
the dynamics of the RCL. R91, K109, and R110 are part of the
positive residue clusters that severely alter their ΔEElect, which
is known to bind cofactors and proteins in many maspins.43−45

Here, only R91 has unfavorable electrostatic energy in maspin-
S176. ΔEElect in this region is also critical as it acts as a nuclear
localization signal and altered electrostatic interactions can
mask or unmask this region.43 E218 and R359 are located on
β-sheet B, which could significantly alter the inter-residue
distance and compactness of the protein (Figure S3). Similarly,
the overall distance between the acidic (D and E) and basic
residues (K, R, and H) is significantly higher in maspin-S176
(Student’s t test p < 0.01, 95% CI in mean; −0.202 to −0.212,
Figure S5), indicating that electrostatic energies can alter the
physical state of the protein. Concerning the ΔEVdw interaction
energies, P67, K109, and K234 showed favorable ΔEVdw in
maspin-S176, while E61, K64, T74, and S176 showed
unfavorable ΔEVdw in maspin-S176.
The residual interaction energy between protein residues

and water was also dominated by ΔEElect. Most of the residues
are polar and show favorable ΔEElect in maspin-S176 with
water, which is rational and provides solvent-mediated dipole
orientation to fine-tune protein solubility and functions.46 In
the case of the ΔEVdw, only Y112 and S176 are prominent
(Figure S6). Y112, with a phenol side chain, can be
phosphorylated, resulting in altered functions.

3.4. Propagation of Electrostatic Perturbation in
P176S Maspin. As it is now known that mutation causes
significant changes in electrostatic interactions, it is important
to know how these perturbations travel across the protein. For
this, the pairwise residue interaction (ΔEijElect = ⟨Eij⟩P176 −
⟨Eij⟩S176) was calculated for all interacting pairs (Figure 4,
Figure S7; the numerical values of |ΔEij| > 4 kcal/mol are given
in Table S2). The interacting residues were drawn as a network
to visualize how the signal traveled from the mutated site
(Figure 5).

Figure 3. Per-residue energy perturbation in maspin. The average
energy change has been calculated from 5000 snapshots of each
trajectory. The total interaction energy is the sum of nonbonded
electrostatic and van der Waals energy terms.
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The paired residue-wise electrostatic interaction energies
were substantially different for various residue pairs. For
instance, D14-H59 (5.7 kcal/mol) and K90-E115 (16.2 kcal/
mol) form salt bridges, and it is seen that both show favorable
electrostatic interactions in maspin-S176. These pairs are far
from the mutation site; however, they display a substantial
electrostatic influence. Moreover, salt-bridge formation be-
tween K90-E115 and D14-H59 is energetically expansive and
generally destabilizes the protein structure. Such electrostatic
interactions can play a role in determining the specificity of
various protein-mediated interactions.47−49 Similarly, E201-
K345 (8.4 kcal/mol) displayed a favorable interaction that may
assist the RCL terminal region to get the anchor. The effect of
mutation was unfavorable in its vicinity, E179-K181 (−9.3
kcal/mol), where a polar substitution (P176S) might create
charge repulsion. Comparably, E289-K294 (−11.6 kcal/mol)
and E247-K371 (−8.1 kcal/mol) also exhibit the unfavorable
interactions.

The mutation from Pro to Ser causes a local electrostatic
disruption that triggers perturbation of neighboring residues,
such as 173, 179, and E201. Residue 173 interacts with residue
335 (the base of RCL), which then propagates the signal
through β-sheet C and RCL to the stretch of residues ranging
from K234, D235, E237 D238, and E239, which can alter the
electrostatic potential (Figure 5). Similarly, hG is in close
proximity that has been reported to move, resulting in an open
conformation in the crystallographic structure. It has been
implicated in collagen binding, altering the overall kinetics of
protein−protein interactions and acting as a conformational
switch.25 Moreover, E218 is in s2B, which can significantly
change the inner core potential and alter the interaction
between the T259-R364 residue pair, which is directly
connected to hA. From β-sheet A, only a few residues, such
as K90, R91, D115, and E117, are affected, indicating that the
inter-residue ΔEElect alteration can propagate the signal to a
longer distance.
Concerning the Vdw interaction energy, only a small stretch

of protein exhibits drastic changes; for example, D351-H352
was highly stable in maspin-S176, while H352-P353 was stable
in maspin-P176 (Figure S7). These residue positions were in
close proximity to the mutation site, which could cause the
polar or nonpolar energetic differences to be the highest.
Similarly, H360 showed substantial stability with T363 and
D76. Moreover, N163-H320 was buried in the core, which was
also more stable in maspin-S176.

3.5. P176S Substitution Alters the Ionic Bonding
Network. The substitution of P176S causes significant
alteration in electrostatic interactions, and since almost all of
these residues are polar, they are capable of forming ionic
bonds (salt bridges and hydrogen bonds) with each other.
Consequently, it is intuitive to evaluate the frequency of ionic
interactions between the residues. The representative polar
contacts are shown in Figure 6. It should be noted that these
contacts are dynamic and can exist in different forms in
different conformations.
In Figure 7, the probability distribution of the minimum

distance of the side chains and the differential hydrogen bond
(HB) frequencies (HbondP176−HbondS176) are shown. The
overall pattern is similar for most of the pairs, albeit the
intensity varies; thus, the HB frequencies (negative values
indicate the higher presence of HB in maspin-S176). For
instance, the residue pairs K90-E115, D14-H59, E247-K371,
E289-K294, and K158-E299 exhibit a strong single peak at 0.2
nm that indicates ionic interaction (salt bridge or HB). K90-
E115, D14-H59, and K158-E299 were more stable in maspin-
S176, whereas E247-K371 (hG and s5B) and E289-K294 (hH
and proceeding loop) were unstable. D76-K362, E201-K345,
and D238-K245 all showed two or more peaks, with D76-K362
and E201-K345 being more stable in maspin-S176. There is a
single pair that has a non-overlapping population shift, D235-
E237, with maspin-P176 having a stable interaction and higher
HB propensity than maspin-S176. Finally, no hydrogen bond
was found between R340 and K345 mainly due to the
disordered nature of RCL. These population shifts of polar
ionic bonds can change the inter-residue distance, electrostatic
interactions, allosteric signaling and communication, and
continuity of charges that significantly modulate the protein
binding mode.
Salt bridge formation between K90-E115 and D14-H59 has

been reported in a crystal structure with Ser at position 176;25

however, in the case of P176, these salt bridges were

Figure 4. Pair residue ΔEElect interaction energy. The ΔEElect is
substantial between P176 and S176 (only residue pairs with > ±4
kcal/mol are shown).

Figure 5. Network view of paired-residue interaction energy. The
network view of the paired-residue ΔEElect interaction energy with
only residue pair with > ± 4 kcal/mol is shown. The black dotted
lines represent |ΔEElect| > 10 kcal/mol, blue denotes the |ΔEElect| > 6
kcal/mol, and red denotes |ΔEElect| > 4 kcal/mol. The residues with
favorable interactions in maspin-S176 are represented in orange, while
those with unfavorable interactions are represented in gray.
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dramatically reduced. This indicates that the electrostatic
interactions can have a ripple effect. Moreover, it can be

inferred that the stronger polar interactions between these
residues should stabilize the protein, as has already been
reported for various thermophiles.50

3.6. P176S Causes the Loss of Allosteric Coordination
in Maspin. Mutation caused the electrostatic interactions and
bonding network to shift dramatically, and the next question is
whether these rearrangements can have any impact on
allosteric interactions within proteins. As allostery is pivotal
in protein functioning, improper signaling can heavily influence
functional capability.
The mutation P176S caused a dramatic decrease in allosteric

coupling intensity (ACI, a measure of the allosteric influence
from one residue to another) (Figure 8A, numerical values
with |ΔACI| > 600 are provided in Table S3).38 In the case of
maspin-S176, almost all the residues showed a substantial drop
in ACI values. The reduction is prominent for residues 175,
185, 186, 197, 198, 204, 206, 271, 273, and 353, where the
ΔACI > 200. Most of these residues were located in the
vicinity of the mutation. The pathways followed by signal
propagation had lower weights in maspin-S176 than in maspin-
P176, and the paths were mostly similar (Figure 8B,C, Table
S4). The signaling path is only divergent from residue 360; in
maspin-P176, it mostly goes to residue 363, whereas in
maspin-S176, residue 365 is the prominent candidate. From
363/365, different routes were followed to reach the target
residue (K64).

Figure 6. Representative snapshots of residues with polar contacts.
These contacts are dynamic and represent ensemble average. The
contacting residues are in stick representation with heteroatoms
colored, and hydrogen is hidden for clarity. The remaining protein is
made transparent to highlight the contacting residues.

Figure 7. Paired residue distance distribution and hydrogen bond occupancy. The minimum distance between residue pairs has been calculated for
the last 5000 snapshots of each trajectory and plotted as the distribution graph for only pairs with |ΔEElect| > 5 kcal/mol. The change in HB
occupancy (maspin-P176HB−maspin-S176HB) has been given as well (except R340-K345 as only single HB was observed). The presence of polar
contacts such as salt-bridge or HB can be analyzed by the peak at 0.2 nm.
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4. DISCUSSION
The purpose of this study was to identify the critical elements
that govern the differential role of maspins in spatiotemporal
contexts using long-unbiased MDS. In MDS, the non-
inhibitory maspin is stable and in an active state conformation
that exhibits inter-residue and paired-residue electrostatic
perturbation in response to mutation. These electrostatic
perturbations reduce the allosteric coupling within the protein,
altering the entire maspin-interaction landscape and resulting
in altered interacting partner preference,51 cellular localization
and stability,52,53 and posttranslational modification propensity
(as reviewed in refs 54, 55). To further explore the protein−
protein interactions (molecular docking simulations) that
consider the significant changes in electrostatic interactions,
further studies are required.
The localization and cellular environment of maspin largely

dictate its pro- or antitumor functions.56−61 Recently, it has
been reported that maspin can translocate to the nucleus by
active and passive mechanisms, and it also harbors nuclear
localization signals spanning from 87 to 114 (s2A and hE).43

This region holds a strong salt bridge, K90-E115, in maspin,
which can help mask/unmask this region and regulate nuclear
localization. In our analysis, maspin-S176 was slightly more
exposed (Figure S4A,B), which should favor nuclear local-
ization; however, for antitumor activity, more than one variable
may be involved. Furthermore, maspin cellular localization is
regulated by cellular confluency and epidermal growth factor
receptor-related pathways, implicating their role in maspin
function.62 Nuclear-localized maspin inhibits breast cancer
proliferation.13 Similarly, Dzinic et al. reported that nuclear-
localized maspin effectively inhibits HDAC1 functions and
suppresses the growth of multiple cancer cell lines, including

lung and prostate, and that nuclear localization is favored by
mutations around the RCL region (maspin-D346E).59 Both
these residues are negatively charged and should not alter the
isoelectric point; however, a longer side chain of glutamate
could offer more interacting opportunities.
Maspin interacts with various proteins, including interferon

regulatory factor 6,63 type I and III collagen,64 urokinase-type
plasminogen activator and its receptor,65 β1-integrin,66
heparin,44 heat shock protein (HSP) 70, HSP90, glutathione
S-transferase,67 and Bax (an apoptosis-related protein).68

Electrostatic interactions have been shown to play a role in
ternary complex formation in the transcriptional adaptor zinc-
binding domain 1 protein, illustrating vital electrostatic control
in protein binding and localization.69 Furthermore, in maspin-
S176, the favorable ΔEijElect interaction increased for surface
residues that could modulate solvent interaction and hence
stability and alter the binding partner preference (Figure 5,
Table S2).52 In addition, the altered charge distribution in
proteins attracts new partners such as fatty acid-binding
protein 5 (FABP5), which forces the basic residues to align
and create a docking site for importin binding that
subsequently translocates FABP5 to the nucleus.70 In maspin,
a similar alignment can be achieved by altering the inter-
residue interactions.43

In maspin, residues from hD, hE, and hG form a negative
patch that binds with collagen, an integral cellular component
that is critical for angiogenesis, sharing a similar binding
interface with other serpin family members such as pigment
epithelium-derived factors.25,64,71 Among these residues, E61
and D238 exhibit unfavorable ΔEElect and hG harboring
electrostatically repulsive pairs that may substantially affect
collagen binding (Figures 5 and 6). Similarly, RCL has been

Figure 8. Allosteric coupling intensity (ACI). (A) ACI values have been calculated using a perturbation propagation algorithm that analyzes the
probability of propagating the signal from the allosteric site (in this case, 176th residue) to the target site (here 64 chosen as the active residue as it
shows the highest ΔEElect). The residues with positive values represent decrease, while residues with negative values represent increase in ACI in
maspin-S176. Few residues have been labeled for reference. (B) Distribution of weights from the highest probable paths from the allosteric site to
the target site using 25,000 snapshots (Kolmogorov−Smirnov p-value ≪ 0.001). (C) Prominent pathways connecting the residues are shown. The
path indicated by black dotted lines is common among all the paths, while the remaining color scheme is given in Table S4 along with the residue
numbers and frequency of frames where the given path has been identified.
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reported to promote cell adhesion,59,61 and mutations in this
region may hamper its activity. Due to its solvent-exposed and
disordered nature, there were a few residues with significantly
perturbed energetics, such as E335, R340, and possibly E347.
The mutation of R340 is suggestive of loss of cell adhesion,
and R340 exhibits unfavorable ΔEElect whose energy is partly
compensated by interacting with K345 in maspin-S176.
Therefore, altered electrostatics may hamper interactions
with other proteins and cofactors (Figures 5 and 6).
Allosteric regulation is known to regulate a variety of protein

functions such as protein binding,72 and complex formation,73

and single nucleotide polymorphisms (SNPs) affect allostery74

and allosteric polymorphism. The role of these mutations has
been extensively studied in tailored medicine;75,76 however,
classifying P176S as a cancer driver requires further study.
In conclusion, the P176S mutation in maspin altered

residual electrostatic energetics and created an altered paired-
residue interaction pattern. These altered electrostatic charges
can substantially change the binding partner preference, mode,
localization, and stability, which can influence the overall
functions of the protein in the cellular environment.
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