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Tannic acid (TA) has antibacterial, antioxidant, and anti-inflammatory properties and acts as an adhesive,
hemostatic, and crosslinking agent in hydrogels. Matrix metalloproteinases (MMPs), a family of en-
dopeptidase enzymes, play important roles in tissue remodeling and wound healing. TA has been reported
to inhibit MMP-2/- 9 activities, thereby improving both tissue remodeling and wound healing. However, the
mechanism of interaction of TA with MMP-2 and MMP-9 has not been fully elucidated. In this study, the full
atomistic modeling approach was applied to explore the mechanisms and structures of TA binding with

K ds:
H‘;yd"rg;ef MMP-2 and MMP-9. Macromolecular models of the TA-MMP-2/- 9 complex were built by docking based on
Tannic acid experimentally resolved MMP structures, and further equilibrium processes were examined by molecular

dynamics (MD) simulations to investigate the binding mechanism and structural dynamics of the TA-MMP-
2/- 9 complexes. The molecular interactions between TA and MMPs, including H-bond formation and hy-
drophobic and electrostatic interactions, were analyzed and decoupled to elucidate the dominant factors in
TA-MMP binding. TA binds to MMPs mainly at two binding regions, residues 163-164 and 220-223 in
MMP-2 and residues 179-190 and 228-248 in MMP-9. Two arms of TA participate in binding MMP-2 with
3.61 hydrogen bonds. On the other hand, TA binds MMP-9 with a distinct configuration involving four arms
with 4.75 hydrogen bonds, resulting in a tighter binding conformation. Understanding the binding me-
chanism and structural dynamics of TA with these two MMPs provides crucial and fundamental knowledge

regarding the inhibitory and stabilizing effects of TA on MMPs.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction mechanical properties and limited functions. Among hydrogel-

forming materials, tannic acid (TA) is a natural, hydrolyzable, plant-

Hydrogels are water-swollen, cross-linked three-dimensional
polymer networks [1-4]. They are promising biomaterials for bio-
medical applications, such as drug delivery, wound dressing, tissue
engineering, and bioadhesives [1,4-7]. They exhibit desirable prop-
erties, such as forming different shapes, providing a moist environ-
ment, absorbing wound exudate, and preventing bacterial growth
[8,9]. Traditional hydrogels have the disadvantages of weak
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derived polyphenol compound with antibacterial, antioxidant, and
anti-inflammatory properties [10-13]. As a natural cross-linking
agent within biomaterials, it is used in dentine pretreatment to re-
duce the denaturation and perturbation of collagen [14,15]. TA is also
applied to improve the mechanical properties of the dentin matrix
[16,17]. Recently, there has been research on the ability of surface
modification with TA to enhance biomineralization at the collagen-
mineral interface [18]. In addition to its application in dentistry, TA
can improve the mechanical properties of natural and synthetic
hydrogels and act as an adhesive and hemostatic agent [10]. Because
of these excellent properties, tannic acid plays an important role in
multifunctional hydrogels for wound healing treatment [8]. The
chemical structure of TA consists of a glucose unit center surrounded
by ten gallic acid (GA) fragments [11]. It contains polyphenol
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functional groups that enable a variety of supramolecular interac-
tions with other biomolecules, such as hydrogen bonding and me-
tal-organic coordination bonds [12]. In addition, the benzene ring
structure in TA enables hydrophobic interactions with proteins [19].

Matrix metalloproteinases (MMPs) are a family of endopeptidase
enzymes with parallel sequence homology and sequence structure
[20] that are expressed in physiological and pathological conditions
involving inflammation [21]. Because their function is to cleave ex-
tracellular matrix (ECM) proteins, they play important roles in tissue
remodeling [20,22]. Twenty-three types of MMPs have been iden-
tified in humans thus far. Based on their substrates, MMPs can be
classified into collagenases, gelatinases, stromelysins, matrilysins,
membrane-type MMPs and other MMPs [23]. After injury, the
temporal and spatial regulation of MMPs is important for fast and
normal wound healing. When the balance between MMPs and tissue
inhibitors of metalloproteinases (TIMPs) is disrupted, excess MMPs
interfere with matrix remodeling and prevent cell migration, and
chronic or nonhealing ulcers may develop. Compared to normal
wounds, chronic wounds contain significantly elevated concentra-
tions of MMPs, such as MMP-2 and MMP-9 [24,25]. Thus, to improve
chronic wound healing, it is important to control MMP activity [24].
The expression of MMP-2 and MMP-9 in physiological processes is
also associated with many human diseases, such as cardiovascular
disease, neurodegenerative disease, diabetes mellitus, gynecologic
disease, and obstetric disease [25,26].

Recent literature has described the effectiveness of TA hydrogels
for wound healing because of their antioxidative properties
[13,27-29]. Previous studies have also reported that phenolic com-
pounds may inhibit the activity of proteolytic enzymes [19]. In ad-
dition, gelatin zymography experiments have shown that TA can
inhibit MMP-2 and MMP-9 activity [30]. However, few of these lit-
erature reports have discussed the mechanism of interaction of TA
with MMP-2 and MMP-9 due to the difficulty of experimental op-
eration and observation. Compared to the in vitro method, the in
silico method benefits from high spatial and temporal resolution and
further provides insights into the molecular interactions between TA
and MMP-2 and MMP-9.

In this study, a full atomistic modeling approach, including mo-
lecular docking and molecular dynamics simulation, was applied to
study the interaction mechanism of TA with MMP-2 and MMP-9 at
the atomic scale. We explored the mechanism and structural dy-
namics of the binding of TA with MMP-2 and MMP-9 and shed new
light on opportunities to use this new multifunctional hydrogel
design for tissue remodeling and wound healing.

2. Methods
2.1. Molecular structures of MMPs and TA

The structures of TA, MMP-2, and MMP-9 are shown in Fig. 1. TA
(Fig. 1a) is a star-shaped polymer with five digallic acid arms [31].
One TA molecule contains five pyrogallol groups in exterior positions
and five catechol groups in interior positions [G]. The TA molecular
structure (Molid 721259) optimized by the quantum mechanics
method was obtained from Automated Topology Builder [32]. The TA
molecular structure is shown in Fig. 1(b). Fig. 1(c) and (d) show the
X-ray crystallography structures of MMP-2 (PDB ID: 1QIB) [33] and
MMP-9 (PDB ID: 5112) [34] from the RCSB Protein Data Bank (PDB).
Both secondary structures are labeled according to the PDB files.
MMP-2 and MMP-9 contain three alpha helices (hA, hB, and hC) and
five beta strands (s, slI, sIII, sIV, and sV). Common loops are named
according to the neighboring secondary structures, for instance, the
loop between sl and hA is labeled as LsI-hA. One of two zinc ions is
the catalytic zinc ion (Zn501 for MMP-2 and Zn301 for MMP-9)
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[33,34]. The main sequence differences between the catalytic do-
mains of MMP-2 and MMP-9 are S1’ specificity loops that form the
S1’ pocket [35].

2.2. Molecular docking simulations

Molecular docking simulations were performed using AutoDock
Vina 1.1.2 [36]. The two-step approach, the blind docking procedure
and the pocket search method were described in a previous study
[37]. The PDB files of TA, MMP-2, and MMP-9 were converted to
PDBQT files by AutoDockTool 1.5.7 [38]. For TA, Gasteiger partial
charges were added [39]. For MMP-2 and MMP-9, water and ligands
were removed [40], polar hydrogens were added, and Kollman
charges were assigned [39].

2.3. Molecular dynamics simulations

The pocket search results with the strongest binding affinity
were selected as the initial structures for molecular dynamics si-
mulations. These two models were called the TA-MMP-2 and
TA-MMP-9 complexes. Two additional models without TA were
called Free MMP-2 and Free MMP-9. Molecular dynamics (MD) si-
mulations were performed with NAMD 2.12 [41] software using
CHARMM36 force fields [42]. The topology of the TA was generated
using a CHARMM-GUI ligand reader and modeler [43]. Each model
was solvated in a cubic box with a side length of 90 A and neu-
tralized with 0.15M NaCl by the VMD plugin. The models were en-
ergy minimized and equilibrated for 100 ns at 300K and 1 atm with
a time step of 2 fs. The average value and standard deviation of the
measurement were calculated for the last 10 ns of the simulation.

2.4. Calculation of molecular interactions

Hydrogen bonds were calculated when the distance between the
donor and acceptor was less than 3.5A and the donor-hydrogen-
acceptor angle was less than 30 degrees [44,45]. Metal-organic co-
ordination bonds between catalytic zinc ions and oxygen atoms of
TA were calculated when the bond distance was less than 2.7 A [40].

2.5. The calculation of total nonbonded energy and decomposition of
nonbonded energy

The total nonbonded energies and decomposition of nonbonded
energies between the two MMPs and TA were calculated according
to the nonbonded terms of the potential energy functions of
CHARMM force fields [46] using the VMD plugin. The nonbonded
energy was decomposed into van der Waals and electrostatic en-
ergies. We further categorized the nonbonded energy of residues
and ion components in MMPs into three types of interaction: hy-
drogen bonds, hydrophobic interaction and metal-organic co-
ordination bonding.

3. Results and discussion
3.1. Binding interactions of TA-MMP-2 and TA-MMP-9

The molecular docking binding affinities for the TA-MMP-2 and
TA-MMP-9 complexes are -8.2 and - 8.6 kcal/mol, respectively,
which are both in reasonable ranges for most of the macromolecular
docking results [47]. We first analyzed the intermolecular hydrogen
bonds between TA and the two MMPs. The number of hydrogen
bonds for the TA-MMP-2 and TA-MMP-9 complexes were
3.61 £ 1.09 and 4.75 * 1.23, respectively. There were more hydrogen
bonds between TA and MMP-9 than between TA and MMP-2,
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Fig. 1. (a) Chemical structure of TA. The red dotted line represents the boundary between the glucose unit and the digallic acid arm, the blue shade represents the pyrogallol
group, and the green shade represents the catechol group. (b) Molecular structure of TA. Carbon, oxygen, and hydrogen are represented by green, red, and white, respectively. (c)
Crystal structure of the catalytic domain of MMP-2 (PDB ID: 1QIB). (d) Crystal structure of the catalytic domain of MMP-9 (PDB ID: 5112). Beta strands, alpha helices, coils, S1"
specificity loops, zinc ions, and calcium ions are represented by green, red, white, orange, black, and cyan, respectively.

indicating that the TA-MMP-9 complex had stronger hydrogen
bonding interactions than the TA-MMP-2 complex. The detailed
analysis of intermolecular hydrogen bonds between the functional
groups of the five digallic acid arms of TA and MMP-2 and MMP-9 is
shown in Fig. 2(a) and (b). The results showed that two of the five
digallic acid arms of TA had more than 0.5 hydrogen bonds with
MMP-2, and four of the five digallic acid arms of TA had more than
0.5 hydrogen bonds with MMP-9. These results were consistent with
the total number of hydrogen bonds. There were almost no hydrogen
bonds between the glucose units of TA and the two MMPs. Both the
pyrogallol groups and the catechol groups of TA had the ability to
bind with MMP-2 and MMP-9. The number of hydrogen bonds of TA
carbonyl or ether groups with the two MMPs was lower. The results
indicated that the pyrogallol groups and catechol groups of TA were
the major functional groups that formed hydrogen bonds with the
two MMPs. Detailed information on the individual intermolecular
hydrogen bonds between TA and the two MMPs is also listed in
Tables S1 and S2.

Fig. 3 shows the hydrogen bonds and the metal-organic co-
ordination bonds in 2D interaction plots and the equilibrated
binding structures in the MD simulation for the TA-MMP-2 complex
and the TA-MMP-9 complex. The hydrogen bonds between TA and
the two MMPs and the metal-organic coordination bonds between
TA and the catalytic zinc ions are highlighted in red and blue, re-
spectively, in the figure. For the hydrogen bonding interaction, the
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2D interaction plots in Fig. 3(a) show the corresponding chemical
structures of TA and the residues of MMP-2. In Fig. 3(b), the mole-
cular structures of the TA-MMP-2 complex showed that only two
arms of TA interacted with MMP-2, and the other arms were stret-
ched away from the MMP-2 molecule. In Fig. 3(c) and (d), TA was
bound closely to MMP-9, and the four arms of TA interacted tightly
with the residues of MMP-9. We further analyzed the binding sites
and the bond distances of metal-organic coordination bonds for
catalytic zinc ions. Fig. 3(a) and (b) show that one of the oxygen
atoms of TA in the catechol group bound with zinc ions with a bond
length of 2.34 + 0.11 in the TA-MMP-2 complex. Fig. 3(c) and (d)
show that one of the oxygen atoms of TA in the carbonyl group
bound with zinc ions with a bond length of 2.11 + 0.07 in the
TA-MMP-9 complex. The high occupancy of metal-organic co-
ordination bonds of TA with MMP-2 and MMP-9 indicated stable
metal-organic coordination bonds. However, in this study, TA bound
with the zinc catalytic ions of two MMPs, indicating that the se-
lectivity between different types of MMPs may not meet the re-
quirements for an ideal selective inhibitor of MMPs [23].

3.2. Total nonbonded and decomposition of nonbonded energy
To understand the binding ability of TA for the two MMPs, the total

nonbonded energies and decomposition of nonbonded energies be-
tween TA and the two MMPs were calculated. The results showed that
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Fig. 2. Detailed analysis of intermolecular hydrogen bonds between glucose units and functional groups of five digallic acid arms of TA and (a) MMP-2 and (b) MMP-9.

the total nonbonded energy for MMP-9 was - 182.54 + 10.53 kcal/mol,
which was lower than the energy of -163.96 + 11.68 kcal/mol for
MMP-2, indicating that the binding affinity of TA for MMP-9 was
stronger than that for MMP-2. The nonbonded energy was further
decomposed into van der Waals and electrostatic energies. The results
showed that the electrostatic and van der Waals energies for MMP-2
were —87.94 + 11.75kcal/mol and -76.02 + 4.52 kcal/mol, respec-
tively, and the electrostatic and van der Waals energies for MMP-9
were - 98.49 * 9.74 kcal/mol and - 84.04 + 5.33, respectively. Both the
van der Waals and electrostatic energies for MMP-2 and MMP-9 were
strong, indicating that van der Waals and electrostatic energies were
both important for binding. The results of the nonbonded energy cal-
culation were consistent with the results of hydrogen bond analysis,
showing that the TA-MMP-9 complex had a more stable molecular
structure than the TA-MMP-2 complex.

To obtain the detailed contribution of the nonbonded energy,
decomposition of the nonbonded energy was carried out to search
for key sites in two MMPs. Sites with nonbonded energies lower
than - 5 kcal/mol were considered important binding sites. Tables S3
and S4 show the detailed decomposition of the nonbonded energy
between TA, zinc ions and residues of the two MMPs. The results
showed that the nonbonded energy between catalytic zinc ions and
TAwas - 51.26 + 9.90 and - 65.14 + 9.51 kcal/mol for the TA-MMP-2
and TA-MMP-9 complexes, respectively. The catalytic zinc ions
contributed substantially to the nonbonded energy owing to their
strong metal-organic coordination bonds. The nonbonded energy
contribution of catalytic zinc ions for the TA-MMP-9 complex was
larger than that of TA-MMP-2, which was consistent with the total
nonbonded energy results. The hydrophobic interactions for the
molecular structures of the TA-MMP-2 and TA-MMP-9 complexes
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are visualized in Fig. 4. Table S3 shows one ion contributing to
metal-organic coordination bonding, three residues contributing to
hydrogen bonding, and three residues contributing to hydrophobic
interactions in the TA-MMP-2 complex. Table S4 shows one ion
contributing to metal-organic coordination bonding, five residues
contributing to hydrogen bonding, and seven residues contributing
to hydrophobic interactions in the TA-MMP-9 complex. The
TA-MMP-9 complex had more residues contributing to hydrogen
bonding and hydrophobic interactions than the TA-MMP-2 complex.
These results were consistent with the total nonbonded energy
calculations. The bar chart representations of Tables S3 and S4 are
shown in Fig. 5. The above key sites may provide guidance for ra-
tional design to discover potential multifunctional TA hydrogels.

3.3. Structural analysis of the TA-MMP-2 and TA-MMP-9 complexes

To investigate the binding-induced structural changes of the two
MMPs, the root mean square deviation (RMSD) and radius of gyra-
tion (Rg) for backbone atoms of proteins were calculated during the
trajectories of MD simulations. RMSD is the measurement method
for comparing the similarity between two superimposed atomic
coordinates [48], and Rg is the measurement method for protein
compactness [49]. Fig. 6(a) and (b) show the RMSD and Rg results for
both free MMPs and both TA-MMP complexes. The RMSD values for
the free MMP-2 and the TA-MMP-2 complex were 1.85 + 0.18 and
1.94 £ 0.15, respectively, and those for the free MMP-9 and the
TA-MMP-9 complex were 1.49 + 0.11 and 1.80 + 0.08, respectively.
The Rg values for the free MMP-2 and the TA-MMP-2 complex were
14.87 £ 0.08 and 15.07 + 0.07, respectively, and those for the free
MMP-9 and the TA-MMP-9 complex were 14.58 + 0.05 and
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Fig. 3. (a) 2D interaction plots of the TA-MMP-2 complex. (b) Equilibrated binding structures in the MD simulation of the TA-MMP-2 complex. (c) Equilibrated binding structures
in the MD simulation of the TA-MMP-9 complex. (d) 2D interaction plots of the TA-MMP-9 complex. Hydrogen bonds between TA and both MMPs with occupancies higher than
40% and metal-organic coordination bonds between TA and catalytic zinc ions are highlighted. Red lines represent intermolecular hydrogen bonds. Blue lines represent meta-
l-organic coordination bonds. Individual occupancies for hydrogen bonds and metal-organic coordination bonds are also labeled in (a) and (d). In (b) and (c), carbon, oxygen,
nitrogen, hydrogen, and zinc atoms are plotted in cyan, red, blue, white, and black, respectively.

14.73 + 0.05, respectively. TA binding with both MMPs caused RMSD structure of the scaffold [50]. However, our results indicated that the
and Rg to increase only slightly, indicating that binding may not binding of TA did not cause an obvious conformational change in
cause large structural changes. The above fluctuations in RMSD and either MMP. Detailed secondary structure comparison in Fig. S1 also
Rg values were low, indicating that the protein structures of both showed no large secondary structure change between the two free
MMPs were stable during the MD simulation. A structural compar- MMPs and the two TA-MMP complexes.

ison of the free MMP and the two TA-MMP complexes is shown in Fig. 7(a) and (b) show the root mean square fluctuations (RMSF)
Fig. 6(c) and (d). The molecular structure of the two TA-MMP of Ca atoms as a function of residue number for both MMPs to
complexes shared a high similarity with the structures of the two analyze protein flexibility [51]. All residue numbers were re-
free MMPs. Previous experimental studies have shown that the numbered from 1 for two reasons. 1. The residue Gly190A was in-
binding of TA on scaffolds made from collagen and MMPs helps serted after Lys190, and residues 224-226 were removed in 1QIB
transform the random coil into a p-sheet and thereby stabilize the [33]. 2. We aligned 1QIB and 5I12 for clarity. As expected, the large
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Fig. 4. Molecular structure of the (a) TA-MMP-2 complex and (b) TA-MMP-9 complex with the hydrophobic interactions highlighted. TA is represented in cyan, and residues are
represented in purple. Hydrophobic interactions are represented by a surface with the same color as the TA or the residues.

fluctuations were located in loop structures. Important binding sites
from Tables S3 and S4 are labeled. Most of these binding sites had
lower RMSF values than other regions, indicating that TA binds with
both MMPs at the rigid regions. Thus, TA bound stably to both MMPs.
Overall, TA mainly bound to the MMPs at two regions: residues
163-164 and 134-137 for MMP-2 and residues 179-190 and 126-136
for MMP-9.

We compared the binding locations of residues between the two
MMPs. The results are shown in Table S5. For hydrogen bonding
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residues, TA bound with both MMPs at the same residue locations,
such as Leu164 and Ala220 for MMP-2 and Leu188 and Tyr245 for
MMP-9. MMP-2 had one different binding residue, Pro221, and
MMP-9 had three different binding residues, Asp182, Gly186, and
Ser238. TA formed hydrophobic interactions with both MMPs at the
same residue locations, such as Leu163, [le222, and Tyr223 for MMP-
2 and Leul187, Met247, and Tyr248 for MMP-9. MMP-2 had no ad-
ditional binding residues, and MMP-9 had four additional binding
residues, Tyr179, His190, Leu243, and Pro246. MMP-9 had more

Fig. 5. (a) Total nonbonded energy for both TA-MMP complexes. Decomposition of nonbonded energy for the (b) TA-MMP-2 complex and (c) TA-MMP-9 complex.
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Fig. 6. (a) RMSD values of both free MMPs and TA-MMP complexes. (b) Rg values of both free MMPs and TA-MMP complexes. (c) Structure comparison of free MMP-2 and the
TA-MMP-2 complex. (d) Structure comparison of free MMP-9 and the TA-MMP-9 complex. The structures of the free MMPs and TA-MMP complexes are shown in blue and red,

respectively.

hydrogen bonding and hydrophobic residues than MMP-2, in-
dicating that MMP-9 interacted more strongly than MMP-2 with TA.
Our docking results regarding the binding site of TA are compatible
with those of a previous study on other MMP inhibitors (MMPIs),
such as GA [30] and zinc-binding groups (ZBGs) [52]. Moreover,
specific residues of MMPs that form H-bonds with TA, such as
Leu164 and Pro221 for MMP-2 and Leu188 for MMP-9, also form H-
bonds with some other MMPIs [30,52]. This finding sheds further
light on selective inhibitors, showing that they should not only in-
teract with zinc but also bind to a number of specific residues.

In Fig. 7(a), some regions had larger differences in RMSF values
between the TA-MMP-2 complex and free MMP-2, such as LsV-hB,
LhB-hC, and hC, indicating that binding may increase the flexibility
of these regions. In Fig. 7(b), only the LsV-hB region had a larger
RMSF value difference between the TA-MMP-9 complex and free
MMP-9.

The enzymatic inhibition of MMP-2/-9 with TA has been con-
firmed by zymography assay but is not yet understood on a mole-
cular level [30]. The hypothesis is that the gallate residue plays a key
role in the interaction of TA with MMP [30], and in our simulations,
this suggestion is confirmed - strong hydrogen bonds form between
the digallic acid arm and MMP-2/-9. We further compared the
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molecular interactions of TA and gallic acid (GA), both relatively
small phenolic chemicals, with MMP-2 and MMP-9. A previous study
showed that GA inhibited the proteolytic activity of MMP-2 and
MMP-9 [53]. In their docking simulations, two GA molecules were
considered, and the results showed that the GA molecules formed
hydrogen bonds with MMP-2 and MMP-9. Two GA molecules can be
treated as two pyrogallol groups in the two digallic acid arms of TA.
Thus, our results are consistent with previous results [53] in
showing that the binding mode involved multiple digallic acid arms
in both MMP-2 and MMP-9. Because of its five digallic acid arms, TA
exhibits additional possible binding sites that could strengthen its
interactions with MMPs.

Our results show differences in binding interactions and me-
chanisms between the TA-MMP-2 and TA-MMP-9 complexes. These
differences might lead to a stronger inhibitory effect of TA on MMP-9
protein and further have a more prolonged effect on the inhibition of
MMP-9 activity and the related biological functions; for example,
MMP-9 is involved in keratinocyte migration and granulation tissue
remodeling [22]. Our study provides a deeper understanding of the
molecular structures and interactions of TA with these two MMPs,
which could potentially be extended to the design of a multi-
functional TA-based hydrogel.
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Fig. 7. (a) RMSF of free MMP-2 and the TA-MMP-2 complex. (b) RMSF of free MMP-9 and the TA-MMP-9 complex. Key residues obtained from Tables S3 and S4 and secondary
structures obtained from PDB files are also labeled in the figure. Residues related to hydrogen bonding and hydrophobic interactions are colored in red and purple, respectively.

4. Conclusions

The present study examined the binding mechanism and binding
structures of TA-MMP-2 and TA-MMP-9 complexes through full
atomistic simulations. The molecular binding structures of the
TA-MMP-2 and TA-MMP-9 complexes were obtained from mole-
cular docking and molecular dynamics simulations. TA mainly bound
to the MMPs at two regions (residues 134-137 and 163-164 for
MMP-2 and residues 126-136 and 179-190 for MMP-9) through
hydrogen bonds, metal-organic coordination bonds and hydro-
phobic interactions. TA formed hydrogen bonds with MMP-2
through two digallic acid arms and with MMP-9 through four di-
gallic acid arms, resulting in stronger nonbonded interactions in the
TA-MMP-9 complex than in the TA-MMP-2 complex. Furthermore,
RMSF analysis revealed that most of the binding sites were in rigid
regions, indicating stable binding of the TA-MMP-2 and TA-MMP-9
complexes. A fundamental understanding of the binding mechanism
of TA-MMP complexes at the molecular scale could potentially be
applied in the development of new biomaterials and biomedicine.
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