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Abstract

Matrix metalloproteinases (MMPs) are Zn(I1) dependent endopeptidases involved in the
degradation of collagen. Unbalanced collagen breakdown results in numerous pathological
conditions, including cardiovascular and neurodegenerative diseases and tumor growth and
invasion. Matrix metalloproteinase-1 (MMP-1) is a member of the MMPs family. The enzyme
contains catalytic and structural Zn(l1) ions. Despite many studies on the enzyme, there is little
known about the synergy between the two Zn(l11) metal ions and the enzyme and substrate
dynamics in MMP-1 structure-function relationships. We performed a computational study of the
MMP-Z1etriple-helical peptide (THP) enzymessubstrate complex to provide this missing insight.
Our results revealed Zn(l1) ions' importance in modulating the long-range correlated motions in
the MMP-1THP complex. Overall, our results reveal the importance of the catalytic Zn(ll) and
the role of the structural Zn(1l) ion in preserving the integrity of the enzyme active site and the
overall enzyme-substrate complex synergy with the dynamics of the enzyme and the substrate.
Notably, both Zn(ll) sites participate in diverse networks of long-range correlated motions that
involve the CAT and HPX domains and the THP substrate, thus exercising a complex role in

the stability and functionality of the MMP-1sTHP complex. Both the Zn(ll) ions have a distinct
impact on the structural stability and dynamics of the MMP-1sTHP complex. The study shifts the
paradigm from the "local role" of the Zn(ll) ions with knowledge about their essential role in the
long-range dynamics and stability of the overall enzymeesubstrate (ES) complex.

1. INTRODUCTION

Collagen, a major component in the extracellular matrix of connective tissues, is the
most abundant protein in the human body [1-9]. It adopts a triple-helical supersecondary
structure rich in the amino acids glycine (G) and proline (P) [10]. Essential features of
this unique structural protein include the ability to impart tensile strength and thermal
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stability to various tissues of tendons, ligaments, and skin [11-13]. The degradation of
collagen (collagenolysis) is an enzyme-catalyzed process involved in many biological
events such as tissue remodeling, wound healing, angiogenesis, and cellular differentiation
[14-15]. In turn, poorly regulated collagenolysis contributes to cardiovascular diseases,
neurodegenerative diseases, cancer, and arthritis [16-19]. Enzymes catalyzing collagen
hydrolysis include matrix metalloproteinases (MMPs). Interstitial (types I-111) collagen is
cleaved by collagenolytic MMPs at a specific site into % and ¥ fragments [20-21].

MMPs are multidomain Zn(I1) dependent endopeptidases [22]. There are 23 identified
human MMPs, the majority of which are characterized by an A-terminal catalytic domain
(CAT), C-terminal hemopexin-like (HPX) domain, and a proline-rich linker connecting the
domains (Fig. 1a) [23-24]. Effective degradation of collagen fibrils is executed only if
interdomain communication is possible via the linker, thus highlighting the necessity of both
domains [25-27]. The collagenolytic mechanism of matrix metalloproteinase-1 (MMP-1)
has been studied both experimentally and computationally [25-33]. MMP-1 efficiently
catalyzes the degradation of interstitial collagen utilizing both the CAT and HPX domains
[21]. Allosteric communications between the CAT and HPX domains have a pivotal role in
the activity and substrate recognition of the enzyme [25,30,34]. The MMP-1 HPX domain
consists of a four-blade B propeller with a Ca(ll) ion [28]. The HPX domain interacts with
triple-helical substrates via the hydrophobic Sy’ exosite of blade 1 and residues of blade 2
[26,28]. The interactions of the blade 1 exosite with the triple-helix initiate collagenolysis by
orienting the CAT domain for collagen scissile bond hydrolysis through the linker [25,27].

The highly conserved CAT domain contains two Zn(I1) and three Ca(ll) ions [22,35]. One
of the two Zn(ll) ions is located at the active site of the MMP-1 CAT domain and directly
participates in catalysis. The second Zn(ll) is also bound within the MMP-1 CAT domain,
but outside the active site and at 8-10 A distance from the catalytic Zn(ll). Little is known
about the role of the second Zn(l1) in catalysis, although its importance has been indicated
by studies showing that MMPs possess high affinities for structural Zn(Il) [36,37].

The catalytic Zn(Il) is bound by three histidines (H199, H203, H209) in a conserved
HEXGHXXGXXH motif (Fig. 1b) [22]. Close to the catalytic Zn(Il) site, MMPs possess
several other binding sites (subsites) that vary in size, charge, and hydrophobicity, which can
interact with the substrate and a variety of inhibitors. Subsites are denoted as Sy, Sy, Ss,

Sn if they are on the left side of the catalytic Zn(Il) ion and Sq', S,', S3', Sy, respectively

if they are on the right side of the Zn(lIl) ion. The interactions with these subsites are
important for substrate binding and can be utilized in MMP-selective inhibitor design. The
respective interacting substrate residues on the A-terminal side of the scissile bond are
designated P4, Py, P3, while the residues of the C-terminal side are designated P4', Py’ P3'
respectively [38-40]. The carbonyl group of the substrate P glycine residue coordinates to
the catalytic Zn(ll) for instigating hydrolysis [22]. Thus, the catalytic Zn(ll) ion plays a
key role in the cleavage mechanism, [41-43], and the Sy subsite is essential for substrate
selectivity [44]. The enzyme's R195 occludes the S;' subsite (pocket), influencing the size
of substrate entering the pocket [45-46]. This pocket contains mainly hydrophobic residues
and is comprised of a characteristic Q loop, which includes the S;' specificity loop linking
a-helices 2 and 3 (Fig. 2) [47]. The loop holds hydrophobic methionine M217, part of the
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highly conserved 1,4-B-turn referred to as the "Met-turn" (Fig. 2). M217 is actively engaged
in maintaining the structural integrity of the active site by forming a hydrophobic sheath
below the catalytic Zn(I1) [48-50].

The structural Zn(11) ion is tetrahedrally coordinated to three histidine residues (H149,
H164, H177) and an aspartic acid (D151) (Fig. 1c) [51,52]. The structural Zn(ll) preserves
the secondary and tertiary structure of the enzyme and is surrounded by three B-strands
(Bl BIV, and BV) [53]. The fifth B-strand connects to a-helix 2 via the V-B loop
(183RWTNNFREY91) (Fig. 2), which is integral for the expression of collagenolytic
activity [54]. A long S-shaped loop called the S-loop connects the antiparallel B-strands 111
and 1V (Fig. 2) [53,42], stretching into a cleft-sided 'bulge’ and continues into the B-strand
IV. The bulge segment and the second half of the S-loop form the upper rim of the catalytic
site [53]. The S-loop is positioned above the catalytic site and is stabilized by the structural
Zn(11) and Ca(ll) in the CAT domain [55].

Earlier studies on MMP-2 and MMP-3 reported the impact of metal ions on the back
opening of the S;' pocket and the conversion of a-helix to B-sheet structures [41,55].
Subsequent spectroscopic studies of MMP-1 and a series of mutants aimed to probe the

role of the Zn(lIl) ions on the enzyme structure and catalysis [56]. In these studies, MMP-1
mutant forms were designed only to bind the catalytic or structural Zn(Il) but not both at
the same time. The studies revealed that the structural Zn(Il) plays a role in preserving the
enzyme's secondary and tertiary structure. The studies also show that its presence influences
the coordination number of the catalytic Zn(l1). The removal of the catalytic Zn(Il) ion
influenced the secondary and tertiary structure of the CAT domain and decreased the rate of
catalytic turnover. However, a THP substrate was not examined in these studies. Therefore,
the effect of the Zn(I1) ions on the dynamics of the enzymessubstrate complex between
MMP-1 and collagen, a native macromolecular substrate, was not explored. In particular,

it is not known how each of the Zn(l1) ions influence the dynamics of the local sites, the
binding of triple-helical substrates, and crucial interactions of CAT and HPX domains as
well as the overall dynamics of the MMP-1sTHP complex. Furthermore, the distinct effect
of the individual Zn(I1) ions on the long-range correlated motions in MMP-1¢THP has not
been explored.

Interactions between distant regions in an enzyme can have a significant impact on

substrate binding, the active site structure, and the interactions stabilizing the transition

state of the catalyzed reaction and enabling product release [57,58]. Experimental and
computational mutagenesis studies have demonstrated the stimulating effects of such remote
interactions on catalysis in MMP-1 [28,32]. However, the role of the Zn(ll) ions on these
long-range interactions in MMP-1 is entirely unexplored. To understand the remote long-
range interactions in MMP-1 and the effect of Zn(ll) ions on them, one needs to explore the
inherent conformational flexibility of the MMP-1sTHP complex. The dynamics will provide
an understanding not only about the local flexibility of the substrate binding site, the CAT
and HPX domains, and the linker region but crucially on the long-range correlated motions
and domain-domain interactions that drive MMP-1 functionality and regulation. Knowledge
about the influence of both Zn(ll) ions on the long-range dynamics and substrate binding
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in the MMP-1+THP initial complex is important for understanding the Zn(ll) ion's role in
MMP-1 catalytic mechanism.

We hypothesize that both of the Zn(Il) ions in the MMP-1 CAT domain could directly
influence the structure and the dynamics of the CAT domain, THP binding, HPX

domain, and ultimately MMP-1 function by introducing perturbations in the active site

and conformational changes and long-range correlated motions in the overall structure.

We presently performed 1-microsecond Molecular Dynamics (MD) simulations on various
forms of the MMP-1THP complex: the native MMP-1sTHP complex (that contains both
the catalytic and structural Zn(I1)); MMP-1sTHP complex without the structural Zn(1l);
MMP-1eTHP complex without the catalytic Zn(11); and MMP-1sTHP complex without both
Zn(1l) ions. MD simulations have allowed us to investigate the effect of the Zn(ll) ions on
substrate binding and long-range interactions and correlated motions between distal regions
of the enzyme.

2. METHODOLOGY

2.1. System Preparation

Initial coordinates for modeling were taken from the X-ray crystallographic structure of
MMP-1 complexed with a THP (PBD ID code: 4AUO) [28]. The THP numbering for the
MMP-1-THP complexes in the present study was assigned based on the sequence within
the triple-helical region of type Il collagen, whereby the scissile bond is found at residues
G775-L776. The three strands within the THP are referred to as leading (L), middle (M),
and trailing (T). This numbering is consistent with our prior MD studies [31]. Missing atoms
were added using Swiss PDB Viewer [59]. The active form of the enzyme was prepared by
substituting A200 with E200. The protonation states of Zn(Il) coordinated histidines were
predicted using Propka [60]. Hydrogen atoms were added using the leap module of amber
18. Amber's primary protein model, ff14SB [61] force field, was used for all simulations.
The parameters of structural Zn(Il) coordinated to three histidines and aspartic acid was
taken directly from Zinc Amber Force Field (ZAFF) developed by Peters et al. [62] The
parameters for a bonded model of catalytic Zn(l11) bound by three histidines were prepared
using python-based Metal Centre Parameter Builder MCPB.py v3.0 [63]. Force constants
were calculated using the Seminario method [64], and the charges of amino acids were
derived from Restricted Electrostatic Potential (RESP) [65] fits.

In addition to the two Zn(ll) ions, the crystal structure of the enzymessubstrate complex
contained three Ca(ll) ions in the CAT domain and one Ca(ll) ion in the HPX domain

of MMP-1 (Fig. 2). These Ca(ll) ions were present in all of the MD simulations (Fig.

S2). The systems for MD simulations were as follows: i) the native MMP-1sTHP complex
(that contains both the catalytic and structural Zn(I1) (MMP1 Zn4 Zny)); ii) MMP-1eTHP
complex without the structural Zn(I1) (MMP1 Zny); iii) MMP-1¢THP complex without the
catalytic Zn(Il) (MMP1 Zn,) and MMP-1THP complex without both Zn(Il) ions (MMP1
no Zn).
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2.2. Molecular Dynamics

MD simulations were carried out on the various system configurations using Amber 18
[66]. The Periodic Boundary conditions were applied to all systems. The enzymeesubstrate
complex was neutralized by adding CI~ counter ions. The protein was solvated with TIP3P
[67] water molecules in a rectangular box at an approximate distance of 10 A farther from
the protein. Energy minimization was performed in 2 steps, with the solvent molecules
minimized, restraining the solute particles, followed by the minimization of the entire
system. Both steps were performed using the steepest descent in the initial 5000 steps and
conjugate gradient in the final 5000 steps. The system was then slowly heated from 0 K

to 300 K with solute molecules restrained for 100 ps with a harmonic potential of 4.0
kcal/mol/A in the NVT canonical ensemble. The temperature was controlled by Langevin
dynamics [68] using a 1.0 ps~2 collision frequency. SHAKE Algorithm [69] was applied
to constrain all X—H bonds. Heating was followed by equilibrating the system at 300 K
without restraint for 3 ns in the NPT ensemble. Pressure set at 1 bar was maintained by
Brendson barostat [70]. The production MD was performed in GPU version of Amber 18
code from the equilibrated structure for 1 ps with a time step of 2 fs in NPT ensemble.
Long-range electrostatic interactions in the periodic system were evaluated by Particle Mesh
Ewald (PME) method [71] with a 10 A cut- off considering the Vander Waals interactions.
Hydrogen bond interactions were analyzed with the CPPTRAJ module of AMBER [72].
Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), and Radius
of Gyration (RoG) were performed on the C-a atoms of the enzymessubstrate complex
using CPPTRAJ [72]. The RoG is a measure of the compactness of the simulated system
and is calculated using the formula:

2_ 1 2
Rg =57 2imi (ri = Ro)

where M s the total mass of the protein, /m;is the mass of the atom /, R is the mass center,
and r;is the distance between atom 7and R, [73].

Dynamic Cross-Correlation Analysis (DCCA) and Principal Component Analysis (PCA)
were done on the C-a atoms of the protein using the final 500 ns MD trajectory with

the R package Bio3D [74]. The Dynamic Cross-Correlation Analysis (DCCA) provides
information about the collective correlated and anticorrelated motions between remote parts
of the simulated system. The cross-correlation between the positions of the th and jth
atoms were represented graphically using the Cj;matrix. All the a carbon atoms of the
enzymeesubstrate complex was included to create the Cjymatrix. The elements of the matrix
Cjjcan vary between C(7,/) = =1.0 (for completely anticorrelated motions) to C(7/) = 1.0
(for completely correlated motions) [75]. Complicated motions can also be analyzed by
PCA. PCA reduces the dimensionality of motions by extracting only the most important
motions from a few principal components (PCs) [73]. The method uses the eigenvalues of
a covariance matrix that describe the covariances of the positions of the C-a. atoms. In this
study, we calculated PC1 and plotted it on the molecular structure using Bio3D tool.
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3. RESULTS AND DISCUSSION

3.1. Overall Dynamics

The trajectory of MD simulation was analyzed to gain direct insight into the structural
dynamics of the enzyme. The results manifest that all systems equilibrated at around 600
ns with an average RMSD of 2.0, 2.3, 2.7, and 2.9 A for (MMP1 Zn; Zn,), (MMP1 Zn,),
(MMP1 Zny), and (MMP1 no Zn), respectively (Fig. 3a). The gradual increase of RMSD
values with the elimination of Zn(ll) ions indicated an influence on the overall stability.

It prompted us to investigate the impact of eliminating the metal ions in the catalytic and
structural sites. Analysis of the distance between the center of mass of catalytic Zn(Il) and
structural Zn(11) coordinated residues revealed that an average distance of 14.39 A and
14.38 A exists for (MMP1 Znq Zn,) and (MMP1 Zn,), respectively (Fig. 3b), representing
stable structures. However, an increase to average distances of 16.04 A and 15.41 A were
observed with the removal of structural Zn(I1) and both Zn(I1) ions, respectively, from the
enzymeesubstrate complex with rapid fluctuations destabilizing the system without Zn(ll)
ions (Fig. 3b). The examination of average distance between the center of mass of the CAT
and HPX domains in the enzymessubstrate complexes showed that the domains are at a
distance of 38.94 A in (MMP1 Zn; Zn,) (Fig. 3c). Though some fluctuations were observed
during the initial period of the trajectory, equilibration was observed at around 400 ns. The
removal of each of the Zn(I1) ions led to minor changes in the interdomain distance, 38.70
A for (MMP1 Zn;) and 39.03 A for (MMP1 Zn,) (Fig 3c), while the simultaneous removal
of the both Zn(11) ions had slightly stronger effect (39.52 A). The stability of the systems
was also explored by measuring the distance between the center of mass of the catalytic
site to the center of mass of the scissile bond (Fig. 3d). The distance in (MMP1 Zn; Znj)
was stable throughout the simulation and averaged at 8.52 A. An average distance of 8.56
A was observed when the catalytic Zn(I1) was removed, but with higher fluctuations. The
system reached equilibrium after 600 ns with Zn(11) removed from the structural site and
displayed an average distance of 9.23 A. Large fluctuations were observed when the system
was devoid of metal ions, with an averaged distance of 8.64 A. (Fig. 3d).

We further explored the effects of the Zn(lIl) ions on the conformation of the linker region.
Radius of Gyration (RoG) of the linker for (MMP1 Zn; Zn,) was 11.74 A, which then
slightly increased to 11.83 A for (MMP1 Zn;), 11.88 A for (MMP1 Zn,), and 11.88 A

for (MMP1 no Zn) (Fig. S4 (e)) indicating that the Zn(ll) ions did not appear to have a
remarkable influence on the RoG of the linker. The stability of the systems was extensively
studied using additional calculations, including RMSDs and RMSFs of the domains, Ca(ll)
ions, loops, and substrate (Fig. S1, S2, and S3).

3.2. Effect of the Catalytic and the Structural Zn(ll) lons on the Local Hydrogen Bonding

Interactions

To explore the effects of the catalytic and structural Zn(ll) ions on the local interactions in
the respective binding sites, we performed an analysis of the hydrogen-bonding networks.

3.2.1. Hydrogen bonding interactions in the catalytic Zn(ll) site—A
considerable number of hydrogen bonding interactions were observed involving H203. As
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introduced earlier, H199, H203, and H209 are the residues bound to the catalytic Zn(ll) (Fig.
4a). H203 was stabilized via hydrogen bonding interactions with E200 (37%), L207 (25%),
and G206 (35%), respectively, in (MMP1 Zn; Zn,), where the percentage denotes how

often a hydrogen bond is present between the respective atoms during the total simulation
time. E200 has a crucial role in the catalytic mechanism [76-78]. H199 interacts with L216
(69%) of the Met-turn, while H209 interacts with S208 (15%) through hydrogen bonding.
These interactions may enhance the stability of the active site. With the removal of catalytic
Zn(11) from the active site, new hydrogen bonding interactions arose between H199 and
R195 (11%) and H199 and H203 (46%). The carboxylate oxygens of E200 were involved

in hydrogen bonding with H203 (19%) and H199 (63%). H203 maintained its stabilizing
interaction with G206 (26%) and H199 with L216 (12%) similarly to (MMP1 Zn4 Zn5). The
H199 and R195 interaction (36%) persisted even with the removal of the structural Zn(l1).
The system was further investigated by removing the Zn(ll) ions from both the catalytic and
structural sites. Various new hydrogen bonding interactions were identified. H209 interacted
with V82 of the A-terminal loop of the enzyme through a hydrogen bond (19%). The
possibility exists that the enzyme complex without Zn(Il) ions may result in an increase in
fluctuations of the A-terminal loop leading the V82 residue to move closer to the active site.
An interaction of E200 with H203 was observed, which was similar to (MMP1 Zn4 Zn5). An
additional interaction in the system was the involvement of the E200 carboxylate oxygens
with H199 (32% and 18%).

3.2.2. Hydrogen bonding interactions in the structural Zn(ll) site—We next
examined interactions involving the structural Zn(l1), coordinated to H149, D151, H164,
and H177 (Fig. 4b). Two strong hydrogen bonding interactions existed between the peptide
backbone nitrogen and oxygen atoms of H164 and H177 (89% and 58%) in (MMP1 Zn;
Zny) (Fig. S5). The protonated ND1 of H164 made a hydrogen bond with the side chain
carbonyl oxygen of Q774 (58%) of the T strand of the THP, where Q was the hydrogen
bond acceptor. The backbone oxygen atom and carboxylate oxygen of S-loop residue

D151 formed two hydrogen bonds with the backbone nitrogen of S153 (41% and 16%,
respectively) of the same loop. It reduced to a single hydrogen bond interaction when the
Zn(I1) ion was removed from the catalytic site. The interaction between H164 and Q774
(68%) of the T strand was retained in (MMP1 Zn,) as in (MMP1 Zn; Zny). The distortion
caused in the site by the removal of structural Zn(Il) in (MMP1 Zn;) allowed the Zn(Il)
bonded residues to be engaged with the neighboring residues via hydrogen bonding. A

new hydrogen bond was observed between D151 and R150 (29%). H149 formed a single
hydrogen bond with R146 (29%) and two hydrogen bonds with the carboxylate oxygens of
D148 of the S-loop (24% and 18%, respectively). V145 of g1l hydrogen-bonded with H177
(16%). Due to a conformational change in the structural site, the side chain of H164 flipped
towards Q774, which in turn switched the atoms forming the hydrogen bond between H164
and Q774. In particular, the deprotonated NE2 of H164, which coordinated to the structural
Zn(1l) in the WT enzymessubstrate complex, becomes properly oriented to interact with the
peptide backbone nitrogen atom of Q774 (10%). Therefore, Q774 changed its role from

a hydrogen bond acceptor in (MMP1 Znq Zn5) as well as in (MMP1 Zn,) (Fig. S6) to a
hydrogen bond donor in (MMP1 Zn,).

J Biol Inorg Chem. Author manuscript; available in PMC 2022 August 01.
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The interaction of H164 with H177 (81%) was maintained as in (MMP1 Zn; Zny). The
results indicate that eliminating the structural Zn(Il) from the enzyme promotes interaction
between the S-loop residues and the B-sheets surrounding the structural Zn(Il). Simulations
of MMP-1 without substrate present (unpublished data) suggested key differences with
respect to the MMP-1sTHP complex that indicate the substrate influences the interactions in
the catalytic Zn(ll) site.

To explore in more detail the role of the structural Zn(Il) in MMP-1, a further analysis
identified interactions involving two key residues of the CAT domain, R195 and M217.
R195 was hydrogen-bonded to Y221 (66%) located at the entrance of the specificity pocket
(Fig. 5a and Fig. S7, S9). R195 was also involved in close interaction with S220 (20%) (Fig.
5b and Fig. S7). These interactions of the catalytic site might have a role in positioning the
R195 near the pocket. The deformation of the S-loop by the elimination of the structural
Zn(11) strongly weakened the interaction of R195 with Y221 and S220 in the CAT domain
(Fig. 5 and Fig. S7, S9). The involvement of the structural Zn(I1) in substrate selectivity
has yet to be examined experimentally, although it was previously observed that removal

of the structural Zn(Il) reduced the catalytic activity of the MMP-1 CAT domain towards a
synthetic substrate [56].

M217, which is a part of the Met-turn residues in the CAT domain, was not involved in
hydrogen bonding interaction with any of the Zn(I1) coordinating histidines in the active site
of (MMP1 Zn4 Zn,) as well as (MMP1 Zn,) (Fig. 6 and Fig. S8). With the removal of the
catalytic Zn(ll), M217 moved closer to H209 (Fig. S10) and formed a flexible hydrogen
bond (22%) when both of the Zn(I1) ions were removed from the enzymessubstrate complex.
This highlights the importance of both Zn(11) ions in preserving the structure of the catalytic
site by maintaining the hydrophobic sheath formed by M217 of the Met-turn below the
catalytic site. The results show that the structural integrity of the catalytic site depends not
only on the catalytic Zn(ll) but also on the structural Zn(ll). A prior study of the MMP-1
CAT domain had indicated that catalytic activity was impacted by the structural Zn(Il), with
the suggestion that partial unfolding had occurred near the catalytic site when the structural
Zn(11) was removed [56]. A prior MD study had indicated the importance of the structural
Zn(I1) in the MMP-2 CAT domain [55]. The polar interactions in the MMP-2 CAT domain
Q-loop were not perturbed by the removal of structural Zn(11), except for the A419-T426 H-
bond [55]. The structural Zn(1l) was found to restrain the conformation of solvent-exposed
loop regions (BIV-BV connection loop and S-loop), allowing interaction with other structural
elements [55]. The structural Zn(I1) stabilized Y182, H193, and F195 of the S3 binding

site, whereas the entrance to the Sq' subsite was not impacted by the structural Zn(l1) [55].
However, the prior MD study was performed without a THP present. A more recent study
indicated that the presence of a THP influences the dynamics of MMP-1 [30].

The structural Zn(11) together with a Ca(ll) ion constrains the S-loop [53]. The S-loop of
(MMP1 Zn4 Zny) is located above the catalytic cleft (Fig. 2). H149 and H164 coordinated
to the Zn(I1) have a stabilizing r stacking interaction with F155 of the S-loop. W184, which
is part of the V-B loop, was stabilized by hydrophobic interaction with L162. R146 of the
S-loop formed four hydrogen bonds with D181 and a single hydrogen bond with E180.
D181 and E180 are part of the VV-B loop. E182 hydrogen-bonded with G159 of the S-loop.

J Biol Inorg Chem. Author manuscript; available in PMC 2022 August 01.
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Removal of both Zn(ll) ions from the MMP-1eTHP complex resulted in D151 forming
four hydrogen bonds with R146 (27%, 24%, 22%, and 18%) and three hydrogen bonds
with S153 of the S-loop. The hydrogen bond of H164 with the trailing (T) strand of the
THP remained the same (10%) as in (MMP1 Zn;). The S-loop became highly flexible with
the removal of both Zn(lIl) ions from the catalytic domain (Fig. 4c). This likely induces
both correlated and anticorrelated motions with different residues from the A-terminal loop
leading V82 to form a hydrogen bond with H209. The participation of the same loop in
forcing the hydrophobic methionine residue to engage in a hydrogen bonding interaction
with histidine is suspected.

3.3. Effects of the Catalytic and the Structural Zn(ll) lons on the Long-Range Correlated
Motions in the MMP-1-THP Complex

3.3.1 Collective Correlated Motions in the MMP1 Znq Zn, system—The effects
of the catalytic and the structural Zn(Il) ions on the long-range collective correlated motions
in the MMP-1-THP complex were analyzed using Dynamic Cross-Correlation Analysis
(DCCA). DCCA of MMP1 Zn; Zn, (Fig. 7a) revealed that the specificity loop showed

a correlated motion with residues of the HPX blade 1 region. This correlation supports

the finding that the binding of blade 1 residues of the HPX domain with triple-helical
substrates facilitates the binding of the CAT domain to the substrate through the linker

[26]. Additionally, previous studies have demonstrated an increase in collagenase activity
with the mutation of blade 2 residues [28,32]. Residues 302-308 of blade 2 show correlated
interactions with the specificity loop, whereas residues 309-347 show no correlation, and
residues 349-350 were anticorrelated to the specificity loop. Blade 2 residues (323, 327-333,
337-352) show anti-correlation to the V-B loop (residues 180-184). Allosteric interactions
between the HPX and CAT domains, facilitated by the linker and triple-helical substrate,
were previously described to result in the opening of the MMP-1 catalytic pocket, as
measured by the distance between N171 and T230 [30] (respectively N152 and T211 in our
simulations).

The S-loop is maintained by the structural Zn(I1), and thus the structural Zn(1l) exhibited

a strong positive correlation to the loop residues. Importantly, other than the structural
Zn(1l), S-loop residues demonstrated positive correlation with the catalytic Zn(I1). Notably,
both the Zn(1l) ions were positively correlated with the V-B loop (residues 180-185 and
191-192). The only residue of the V-B loop anticorrelated to the structural Zn(Il) was R189.
Residues 187-189 of the V-B loop have anti-correlation to residues 149-154 of the S-loop,
whereas residues 180-184 of the V-B loop have a positive correlation to the S-loop. The
various correlated and anticorrelated motions with the S-loop may be incumbent for the
functioning of the V-B loop (Fig. 4d). Mutation of the RWTNNFREY sequence of the

V-B loop abated enzymatic activity by 2-fold [54]. Thus, the loop has a crucial role in the
collagenolytic activity of MMP-1. The linker of MMP-1 has a glycine residue (G252) which
is conserved in all type I collagenases [79]. This residue demonstrated a positive correlation
with the catalytic Zn(ll) coordinated histidines and the S;' specificity loop. G775 and L776
of the scissile peptide bond showed anticorrelated motions with the structural Zn(ll). The
correlations involving the THP showed that residues 777-783 of the L strand were involved
in anti-correlation with residues 763-770 of the same strand. Correlated motions were
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coupled with anticorrelated motions within the same strand. This trend was seen in M and T
strands as well. From this distinct pattern within the THP, it can be concluded that the region
of THP proximal to the CAT domain behaves differently from the region of the strands near
the HPX domain. This may facilitate disruption of the triple-helix near the active site, which
is needed for efficient collagenolysis, while an intact triple-helix is favorable for binding to
the HPX domain [25].

3.3.2. Correlated Motions in MMP1 Zn;—We further delineated the impact of
structural Zn(11) on the correlated dynamics of the MMP-1eTHP complex (Fig. 7b). The
correlated movements of the S;' specificity loop with the S1¢' exosite were less compared
to the native MMP-1 system, but a greater number of residues were involved in correlated
motion in comparison to (MMP1 Zn,), discussed in section 3.3.3. Both of the Zn(ll) ions,
and the catalytic Zn(ll) in particular, were essential for maintaining this positive correlation.
A new negative correlation was observed with residues 314-322 and 333-338 of HPX blade
2 and the S-loop. A larger segment from blade 4 was involved in a positive correlation to
the S-loop and the V-B loop. Consequently, a significant number of intense anticorrelated
motions involving blade 2 residues (315-323 and 331-341) with the V-B loop and S-loop
residues were noted. Linker residues 243 and 244 expressed negative correlation to the
S-loop residues. Anticorrelated movements also arose between residues 223 and 224 of

the specificity loop and the S-loop. S-loop residues demonstrated negative correlation to
residues 214-217 located near the Sy’ subsite. Anticorrelated movements in the THP were
mainly observed within the middle portion and tail of each strand. The terminal residues of
each THP strand did not seem to be involved in negative correlations among themselves. S-
loop residues (148-160) displayed no correlation with residues 763-774 of the THP L strand
in contrast to the anticorrelated movements in (MMP1 Zn; Zn,). When the THP residues
were not involved in correlation with the loop, they tended to lose their anticorrelating
properties with other residues of the same strand. This is likely to affect the interaction of
the substrate with the respective CAT and HPX domains, which may ultimately influence
catalysis.

3.3.3. Correlated Motions in MMP1 Zn,—DCCA of the system with the catalytic
Zn(11) removed show some interesting differences compared to the wild-type enzyme (Fig.
7¢). The initial part of the S1¢' exosite was involved in a positive correlation with the
specificity loop in comparison to the (MMP1 Zn4 Zn,) system. Importantly, the structural
Zn(11) maintained a strong correlation with S-loop residues. A part of this loop, including
residues 148-157, was involved in anticorrelated movements with the Bl of the CAT
domain. The anticorrelated motions of blade 2 residues with the V-B loop intensified

upon removal of the catalytic Zn(ll) ion, indicating that the catalytic Zn(ll) stabilizes

the interaction between the V-B loop and HPX blade 2. The development of intense
anticorrelated motions can be a result of an increase in correlated movements of the blade
4 residues of the HPX domain with the S-loop and the V-B loop. Residues 243-252 of the
linker expressed a negative correlation with S-loop residues. G252 of the linker retained
its positive correlation with the Sq' specificity loop [79]. The anticorrelated motions of

the V-B loop with the S-loop in (MMP1 Zn; Zn,) were highly reduced when the system
lacked the catalytic Zn(l1), suggesting the necessity of the proper orientation of the catalytic
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site with the presence of Zn(l1). The removal of catalytic Zn(ll) also induced changes

in the A-terminal loop residues (residues 84-87). This loop is proximal to the catalytic

cleft. The distortion in the active site region with the removal of the Zn(I1) ion might

have triggered the loop residues to be involved in anticorrelated movements with the V-B
loop. The terminal loop (residues 81-87) was also engaged in anti-correlation with residues
102-110 of the connecting loop of B-sheet | and a-helix 1, and loop residues 88-91 have
anti-correlation with residues 262-264 of HPX blade 1. Accordingly, a significant number of
random correlations were observed in this system. THP regions that expressed no correlation
with the HPX domain in (MMP1 Znq Zn,) now exhibited correlated motions. For example,
residues 785-792 of the L strand positioned near the HPX domain moved in positive
correlation with residues 333-335 of blade 2. The same strand residues 788-792 showed

a positive correlation to 318-320 of HPX blade 2. The anticorrelating characteristics within
the same THP strand as observed in (MMP1 Zn; Zn,) were observed in this system, too.
The THP M and T strands demonstrate the same trend as the L strand.

3.3.4. Combined Effect of the Catalytic Zn(ll) ion and the Structural Zn(ll)

ion on the Correlated Motions in the MMP-1-THP Complex—The majority of the
correlated motions observed when the catalytic Zn(Il) and structural Zn(ll) were removed
individually were observed in the system without any Zn(ll) ions (Fig. 7d). A lower segment
of the S1q' exosite residues were involved in positive correlation with the Sq' specificity
loop. Anticorrelated movements were observed with the HPX blade 2 residues and the
S-loop, similar to the system without the structural Zn(ll). The S-loop maintained positive
correlation with the V-B loop. However, some anticorrelated movements were observed with
V-B loop residues 186-189 and S-loop residues 149-152. Removal of Zn(1l) ions mainly
affected the A-terminal loop residues of the enzyme. Residues 83-87 of the loop were
anticorrelated to residues 94-99 of B-sheet | and 129-133 of p-sheet Il. The a-helix 1
exhibited strong anti-correlation to residues 156 and 157 of the S-loop. The most striking
difference observed upon removing zinc ions from the system was that the terminal residues
of L, M, and T strands of the THP expressed no correlation with residues 93-380 of the CAT
and HPX domains. These include the Sy'specificity pocket as well as the S’ exosite.

3.3.5. Effect of the Zn(ll) lons on the Main Direction of Movements—The effect
of the Zn(Il) ions on the main direction of the movements in the MMP-1¢THP complex was
further explored using PCA on PC1. PCA plots show the main direction of the fluctuations
in the residues of the enzyme. Overall, the PCA confirmed and complemented the results
from the DCCA. Both the CAT and HPX domains showed minimal movement in the
(MMP1 Zn4 Zny) system (Fig. 8a). The direction of motion of the THP region containing
the scissile bond was towards the CAT domain. Flexible motions were observed in the V-B
loop. The domains influenced the linker movements, i.e., the part of the linker proximal to
the CAT domain moved in the same direction as the domain.

Domain motions were rather more substantial for the enzymessubstrate complexes without
the structural Zn(I1) (Fig. 8b). The CAT domain elements tended to move in different
directions, both towards the THP and away from it. In contrast to (MMP1 Zn4 Zn,), flexible
motions were observed in HPX domain of (MMP1 Zn;) system. Elimination of Zn(Il) from
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the structural site induced more flexibility to the linker region near the CAT domain and
resulted in the movement of linker residues away from the same domain. Induced flexibility
in the linker region could affect interdomain communications. The THP strands located near
the CAT domain were directed away from the domain, and the THP strands near the HPX
domain moved towards the domain. Thus, different regions of the same strand moved in
different directions. Motions were also observed with the terminal residues of the THP near
the CAT domain.

The HPX domain showed increased flexible motions compared to the CAT domain when
the system is without the catalytic Zn(ll) (Fig. 8c). As observed in (MMP1 Zn; Zn,), the
CAT domain movements were towards the peptide, and the exosite moved in the direction of
the CAT domain. Hence, it is assumed that the catalytic Zn(ll) does not induce directional
changes in the exosite. However, some regions displayed more flexibility. Linker motions
were similar to (MMP1 Zn; Zn5), but probably because of the change in the catalytic

site caused by the elimination of the catalytic Zn(ll), linker residues positioned near the
catalytic domain were highly flexible. A change in the direction of motion of the S-loop was
observed. S-loop residues now moved in the direction of the HPX domain and not the CAT
domain.

Elimination of both the metals from MMP-1 made the system highly unstable (Fig. 8d).
Intensive motions were observed in the CAT domain and especially in the S-loop. The
domain tended to move away from the THP. The S-loop underwent large fluctuations.

The HPX domain moved in the direction opposite to that of the CAT domain. Minimal
movement was observed in HPX blade 1 and blade 2 residues. The linker remained flexible,
and the region positioned near the CAT domain moved in the direction of the HPX domain
and vice-versa. Thus, the structural Zn(l1) plays a major role in the directional orientation of
the linker. Reduced movements were seen in the THP strands, but they showed movement in
different directions similar to the (MMP1 Zn4) system.

4. CONCLUSIONS

The studies highlighted the distinct importance of the catalytic and structural Zn(ll) ions
in a synergy with the enzyme and substrate flexibilities for the overall stability of the
MMP-1eTHP Complex. The local interactions within the enzyme's binding site unveiled
the influence of structural Zn(I1) on the catalytic site. To summarize, the results identified
R195 and M217 as important residues for conserving the active site's integrity. Removing
the catalytic Zn(I1) from the active site resulted in new hydrogen bonding interactions
involving the coordinated histidines, i.e., H199 was hydrogen-bonded to H203. Lack of
Zn(11) in the catalytic site would leave the enzyme inactive as collagen's degradation occurs
by the respective peptide bond's cleavage via a tetra-coordinated Zn(lIl) intermediate [22].
Analysis of the correlated motions in (MMP1 Zn1), (MMP1 Zn,), and (MMP1 no Zn)
systems showed they could not completely retain the positive correlation between the S’
subsite and the S;' specificity loop. Thus, both Zn(Il) ions are necessary for maintaining
communication between the exosite and subsite for effective catalysis. The appearance of
anticorrelated motions of the blade 2 residues with the V-B loop and S-loop when the
system lacks catalytic Zn(Il) may be attributed to a long-range interaction of the V-B
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and S-loop with the blade 4 residues. Increased flexible motions in the HPX domain,

as observed in the PCA, support our finding that the catalytic site might be involved in
long-range interactions with the HPX domain's residues. This would be consistent with
experimental studies [25,29-30]. Removal of the structural Zn(Il) from the CAT domain
had a surprising effect on the catalytic site. The structural Zn(I1) affected the interactions
of R195, which serves as a "gatekeeper" in the MMP-1 S;' subsite and impacts substrate
selectivity [45-46]. As was observed in the (MMP1 Zn,) system, the HPX blade 2 residues
demonstrated anti-correlation to the V-B and S-loop residues, with the correlations being
intense. There was an increased number of correlated motions in the HPX blade 4 residues
with the loops. Blade 4 residues may be necessary for the effective functioning of the
Zn(11) ions. Since the S-loop is maintained by the structural Zn(ll), removing the metal ion
from the enzyme would impact the loop interactions. Consequently, the S-loop loses the
anticorrelating property with the triple-helical substrate. Instability in the CAT and HPX
domain movements was observed in the PCA Analysis. Removing both Zn(Il) ions renders
the system highly unstable. The THP lost its correlating property with the S;' subsite and
the S1o' exosite. The impact was also observed in the interactions involving the A-terminal
loop. The motions were intense in the CAT domain, and the S-loop became flexible. Even
though the structural Zn(11) maintains the S-loop, removing both the Zn(ll) ions from the
system induced more flexible motions in the S-loop. A minor role of the catalytic Zn(ll) in
the stability of the S-loop is suspected.

The study asserts the crucial contributions of the catalytic and structural Zn (11) ions on the
log-range correlated dynamics involving not only the CAT domain but also the HPX domain
and the THP substrate. The results advocate about shifting the paradigm about the local
effects of the Zn (I1) ions with understanding about their distinct impact in the long-range
dynamics and stability of the ES complex. Our study is intended to stimulate the overall
interest in investigating the role of Zn(ll) ions in metalloenzyme reaction mechanisms and
further demonstrates the power of computational molecular physics (CMP) for an in-depth
understanding of the interrelationships between enzyme catalytic mechanisms, dynamics
and function [80].
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b) Catalytic Zn site

H203 H209

H199

Fig. 1.
a) MMP-1striple-helical peptide (THP) complex. b) Catalytic site with Zn(Il) coordinated

to H199, H203, and H209. c¢) Structural site with Zn(Il) coordinated to H149, D151, H164,
H177.
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S,’ specificity loop
Q loop

Fig. 2.
Structure of MMP-1 CAT domain. The secondary structure elements (p-strands (orange) and

a helices (light sea green)), the Zn(Il) ions (Zny & Zn, (grey)), Ca(ll) ions (forest green),
S-loop (blue), V-B loop (green), Q-loop (purple) which includes the Sq” specificity loop
(red) and Met-turn (yellow) are depicted.
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Fig. 3.

Cgmparison of the overall MD properties of the simulated systems. a) RMSD, b) distance
between the center of mass of catalytic Zn(Il) and structural Zn(Il) coordinated residues, c)
distance between the center of mass of CAT and HPX domains, and d) distance between

the center of mass of the catalytic site and the scissile bond. The simulated systems were
MMP-1THP complex with both the catalytic and structural Zn(lIl) present (MMP1 Zn; Zn,)
(black), without structural Zn(Il) (MMP1 Zn,) (green), without catalytic Zn(Il) (MMP1 Zn,)
(red), and without both Zn(I1) ions (MMP1 no Zn) (blue).
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,a %H;og \/ \)1.51

H203 H177

d)

Fig. 4.
The superimposed (a) catalytic site, (b) structural site, (c) S-loop, and (d) V-B loop of

(MMP1 Znq Zny) (red), (MMP1 Zn;) (blue), (MMP1 Zn,) (yellow), and (MMP1 no Zn)
(green).
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Fig. 5.
a) Superimposed distances (in Angstroms) between donor nitrogen (NE) of R195 with

acceptor oxygen (O) of Y221 in (MMP1 Znq Zny) (red), (MMP1 Zn;) (blue), (MMP1 Zn,)
(yellow), and (MMP1 no Zn) (green). The R195 — Y221 hydrogen bond is lost when the
Zn(1l) ion is removed from the structural site. b) Distance between donor nitrogen (NH2)
of R195 with acceptor oxygen (O) of S220 in (MMP1 Zn; Zny) (red), (MMP1 Zn;) (blue),
(MMP1 Zn5,) (yellow), and (MMP1 no Zn) (green).

J Biol Inorg Chem. Author manuscript; available in PMC 2022 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Varghese et al.

Page 23

Fig. 6.

Sugperimposed distances (in Angstroms) between the acceptor oxygen (O) of M217 and
donor nitrogen (ND1) of catalytic site residue H209 in (MMP1 Zn4 Zny) (red), (MMP1
Zny) (blue), (MMP1 Zn,) (yellow), and (MMP1 no Zn) (green). Hydrogen bond formation
takes place when both of the Zn(1l) ions are removed from the system, which may alter the
structural orientation of the catalytic site.
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Fig. 7.

Dynamic Cross-Correlation Analysis of MMP-1eTHP. a) (MMP1 Zn; Zny), b) (MMP1 Zny),
¢) (MMP1 Zny), and d) (MMP1 no Zn). The positive correlations (from 0 to 1.0) between
residues are shown in cyan color and negative correlations (from 0 to —1.0) are represented
in pink color. The boxes in the figure show the following important motions: Correlated
motion between the S;' specificity loop and blade 1 residues (black), anticorrelated motion
between the blade 2 residues and the CAT domain involving S-loop and V-B loop residues
(blue), correlated motion between blade 4 residues and the CAT domain involving S-loop
and V-B loop residues (red). Residues 1-162 (crystal structure numbers 81-242) denote the
CAT domain, 179-367 (crystal structure numbers 259-447) denote the HPX domain, and
372-472 (crystal structure numbers 963-995) denotes the THP substrate.
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Fig. 8.
Principal Component Analysis (PC1) of MMP-1sTHP. a) (MMP1 Zn4 Zn,), b) (MMP1 Zn,),

¢) (MMP1 Znj), and d) (MMP1 no Zn). Yellow to blue is the direction of motion of the
protein.
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