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Abstract

Matrix metalloproteinase-1 (MMP-1) is a Zn(I1) dependent endopeptidase involved in the
degradation of collagen, the most abundant structural protein in the extracellular matrix of
connective tissues and the human body. Herein we performed a multilevel computational analysis
including molecular dynamics (MD), combined quantum mechanics/molecular mechanics (QM/
MM), and quantum mechanics (QM) calculations to characterize the structure and geometry of
the catalytic Zn(lIl) within the MMP-1 protein environment in comparison to crystallographic and
spectroscopic data. The substrate’s removal fine-tuned impact on the conformational dynamics and
geometry of the catalytic Zn(I1) center was also explored. Finally, the study examined the effect of
substituting catalytic Zn(l1) by Co(Il) on the overall structure and dynamics of the MMP-1 THP
complex and specifically on the geometry of the catalytic metal center. Overall our QM/MM and
QM studies were in good agreement with the MM description of the Zn(l1) centers in the MD
simulations.
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INTRODUCTION

Zinc cofactor is essential for the activity of more than 300 metalloenzymes.[2-3] In enzymes,
Zn(I1) participates in a variety of biological processes by playing a catalytic, structural, or
co-catalytic role.l4-8] Matrix metalloproteinases (MMPs) are a family of Zn(l1) dependent
hydrolases that contain two Zn(Il) ions: a catalytic Zn(ll), essential for catalysis, and a
structural Zn(11) contributing to the overall structural stability of these enzymes.[”-91 MMPs
are involved in the degradation of extracellular matrix (ECM) components essential for
tissue homeostasis and participate in a wide range of processes including cell differentiation,
migration, and proliferation.[10-12] However, MMPs dysregulation contributes to various
pathological conditions, including arthritis and cancer.[13.14] The subject of this study was
human MMP-1 also known as collagenase-1.[°]

The general structure of MMP-1 is made up of an A~terminal catalytic (CAT) domain, a
C-terminal hemopexin (HPX) like domain, and a 16 amino acids proline-rich linker region
connecting them (Figure 1).[8:16.171 The HPX domain consists of a Ca(ll)-linked four-blade
B-propeller fold.[16.18]

The overall structure of the catalytic domain consists of five B-sheets (Bl-V) and three
a-helices (al-111) connected by various loops that play important functional roles.[16.17]
The CAT domain contains two Zn(ll) ions, a structural one and a catalytic one, and

various substrate-binding sites (known as specificity pockets or subsites designated as S
and S’, respectively, with primed subsites positioned to the right of the catalytic Zn(ll)

and unprimed ones to the left)[16:19.20] (Figure S1). MMPs subsites differ in depth and
hydrophobicity. Among the various subsites, the S1” has been extensively utilized for the
development of selective inhibitors owing to its sequence variation amongst MMPs.[21.22]
In MMP-1 specifically, Arg195 (Figure 2a) serves as the S;’specificity pocket gatekeeper.
This pocket is lined by a loop referred to as the S;” specificity loop, the least conserved part
in MMPs.[21.23] Other key connecting loops in the catalytic domain of MMP-1 include the
V-B loop and the S-loop. The V-B loop, located between the fifth B-strand and the second
a-helix of the catalytic domain, has a conserved sequence (}33RWTNNFREY?1°1) and has
been considered essential for catalysis/collagenolytic activity.[24] A long S-shaped loop
(called the S-loop) positioned above the catalytic Zn(l1) site maintained by the structural
Zn(11) ion lines the catalytic site.[25:26] The structural site in the CAT domain is formed by
a Zn(11) ion that is tetra-coordinated to three histidine residues (His149, His164, His177)
and an aspartate (Asp151).117.27] Approximately 12 A from the structural site is located the
catalytic site.[28] In the catalytic site, a conserved Zn(11) binding motif ‘HEXXHXXGXXH’
contains the histidine residues (His199, His203, His209) coordinating the catalytic Zn(1l)
ion.[26] The same motif holds the conserved glutamate residue (Glu200), critical in the
catalytic mechanism of MMP-1.129:30]1 Below the Zn(l1) catalytic site is the conserved 1,4
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B-Met turn (Ala215, Leu216, Met217, Tyr218) (Figure 2b), forming a sheath that shields
the bottom of the active site.[31:32] Apart from the Zn(l1) ions, there are three Ca(ll) ions
stabilizing the different loops in the CAT domain.[33]

Triple-helical peptides (THPs) have been utilized as collagen model substrates.[34:3%]
Modeling studies on MMPs suggest that the enzyme prefers a looser triple-helical
conformation to ease the cleavage process with assistance from the Sq’ exosite in blade

1 and residues of blade 2 of the HPX domain.[36-38] Hydrolysis begins when the catalytic
Zn(11) attacks the carbonyl group of the scissile bond resulting in a penta-coordinated Zn(l1)
with the fourth position occupied by a water molecule. The conserved Glu200 residue,
which acts as a proton shuttle, strongly polarizes the Zn(I1)-bound water molecule followed

by hydrogen bond rearrangements, proton transfer, and finally, the C-N bond dissociation.
[39-41]

A well-established experimental approach for probing Zn(ll)-containing enzymes is a
substitution of the Zn(l1) ion with paramagnetically active Co(11).[42-44] Previous studies
utilizing such metal replacement have implicated the necessity of Zn(1l) for MMPs catalysis.
[45.46] Since Co(I1) and Zn(l1) share similar covalent radii and have similar coordination
geometry preferences, they are likely to interact in a similar fashion with the neighboring
residues in the active site.[47=49] Co(l1) substituted active site results in an enzyme that
maintains a considerable fraction of the wild-type (WT) catalytic activity.[46.50] Yang

and coworkers have probed the secondary structure of MMP-1 by a variety of methods
including circular dichroism (CD), fluorescence, and X-ray absorption spectroscopies.[46]
The spectroscopic studies suggested that the catalytic Zn(ll) is in the five coordination (5C)
state, and the structural Zn(ll) is in the four coordination (4C) state in the free MMP-1.
Co(ll) substituted MMP-1 retained most of the secondary structural characteristics of WT
MMP-1. Importantly, in the absence of structural Zn(Il) in MMP-1, the coordination state
of the catalytic Co(ll) switches from 5C to 6C. The detailed atomic mechanism of this
transition, however, remains unknown.

Computational methods have been extensively used to reveal structure-function correlation
of MMP-1.[51-54] Modeling studies revealed aspects of the mechanism, dynamics, and
binding in MMP-2, MMP-3, and MT1-MMP.[40.41.55] A recent study from our group
explored the synergy between the catalytic and the structural Zn(I1) ions in influencing

the conformational dynamics of the MMP-1eTHP complex.[5¢]

Despite the recent progress in understanding the structure and mechanisms of MMP-1, there
is a substantial lack of essential knowledge in the following areas:

1. 1) The role of the protein environment and the THP substrate in influencing the
geometric and electronic structure of the catalytic Zn(ll) site, and its further
network of interactions with residues from the second coordination sphere.

To explore this, we performed combined quantum mechanics and molecular
mechanics (QM/MM) study using structures from recent MD simulations. ]
Furthermore, in order to evaluate the effect of the protein and substrate
environment on the Zn(Il) center, we need to compare the QM/MM structures
with QM-optimized structures in the continuum solvent model.
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2. 2) Although prior investigations have revealed important conformational
transitions of the already formed MMP-1sTHP complex, there is a considerable
lack of information about the long-range dynamics and correlated motions of
the free MMP-1 after removal of the THP and how they relate to the dynamical
properties of the MMP-1+THP complex. In order to reveal the effect of the THP
substrate on the dynamics of the MMP-1+THP complex, we need to explore the
local structural changes during the dynamics of the free MMP-1 upon removal of
the THP from the structure.

3. 3) Although earlier studies have indicated that Zn(I1) replacement by Co(ll) in
the catalytic site results in the Co(Il)-containing enzyme behaving in a similar
fashion, we lack knowledge on how such a replacement affects the overall
dynamics and long range-interactions in the protein and precisely how the
geometric and electronic structure of the catalytic Co(ll) center differs from the
one of the catalytic Zn(ll) center. To obtain this information, we need to perform
MD simulation with the Co(lIl)-substituted catalytic site and subsequent QM/MM
calculations of the geometric and electronic structure of the Co(ll) center.

4. 4) Importantly, we miss vital information about the molecular mechanism of the
key experimental finding that the removal of the structural Zn(11) from MMP-1
changes the Co(I1)-substituted catalytic site from 5C to 6C.[46] To obtain this
knowledge, we need to perform QM/MM calculations.

To address all the above missing insights, we implemented a multilevel combination of
QM/MM, QM, and MD methods on the following systems: (&) WT MMP-1 Zn; Zn,*THP
complex (notated as MMP-1THP); (b) MMP-1 Co; Zn,*THP complex (notated as MMP-1
Co1°THP); (c) substrate-free WT MMP-1 Zn; Zn, (notated as MMP-1¢no THP); (d)
substrate-free MMP-1 Coq Zn, (notated as MMP-1 Cojeno THP); and (e) substrate free
MMP-1 Co; without structural Zn(Il) (notated as MMP-1 Co1°no Zn, no THP).

METHODOLOGY

System Preparation

The X-ray crystallographic structure of MMP-1 (PDB 1D: 4AUO)[6] bound to a triple-
helical peptide (THP) substrate was used for modeling. This crystallographic structure
contains an E200A mutation that renders the enzyme inactive, therefore, Ala200 was
mutated /n silicoto Glu200. Missing hydrogen atoms were added using the leap module of
AMBER 18,571 and missing nonhydrogen atoms were added using the Swiss PDB viewer.
[58] pKa values of the catalytic Zn(I1) coordinated histidine residues were determined by the
PROPKA 3.0 program[®®] and their parameters were generated using python-based Metal
Centre Parameter Builder MCPB.py v3.0.69] Bond and angle parameters were derived
using the Seminario method,[®1] and the partial charges for the electrostatic potentials were
obtained using the RESP charge fitting procedurel62] at the B3LYP/6-31G* level of theory.
The same method was used for generating the parameters for the catalytic Co(ll) system.
The four-coordinated structural Zn(ll) ion, bound to His149, Asp151, His164, and His177,
was treated with the Zinc Amber Force Field (ZAFF).[63] The Ca(ll) ions present in the
CAT and HPX domains were included in all systems. The rest of the protein molecule,
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and the THP substrate, were modeled using the ff14SB force field.[84] The THP substrate
was numbered with reference to our previous studies.[>1] For parameter preparation of
the enzyme without the substrate, we removed the substrate from the PDB, and the same
procedures were applied.

Molecular Dynamics

The conformational changes in the various systems were studied using MD simulations.[6]
Periodic boundary conditions were utilized to simulate a continuous system. The structures
were enclosed in a periodic box with TIP3P water molecules that extended 10 A away from
the protein.[%3] CI~ counter ions were added to neutralize the system. The MMP-1enoTHP
simulation system contained 48915 atoms and the MMP-1 Coq*no THP contained 73272
atoms. Long range electrostatic interactions involving van der Waals interactions were
incorporated via Particle Mesh Ewald Algorithm (PME) with a non-bonded cut-off of 10

A 661 Energy minimizations using the SANDER module of AMBER18 were carried out

in two steps, with the steepest descent path for the initial 5000 steps and the conjugate
gradient method applied for the final 5000 steps. The first minimization involved minimizing
the solvent molecules while restraining the protein, whereas the complete system was
minimized during the second minimization. This was followed by gradual annealing of

the system from OK to 300K for 100 ps in an NVT canonical ensemble. The temperature
was maintained by Langevin thermostat(®7] with a 1.0 ps~1 collision frequency. The SHAKE
algorithml®8] was implemented to freeze the hydrogen containing bonds. During the process,
solute molecules were restrained with a harmonic potential of 4.0 kcal/mol/A. A uniform
density was achieved through a weakly restrained MD simulation for 1 ns using an NPT
ensemble. The system was then equilibrated without any restraints at 300K for 3 ns in NPT
canonical ensemble. The pressure was controlled by Brendson barostat.[5%1 Finally, the 1

us production MD was performed on the equilibrated structure with a time step of 2 fs in
canonical ensemble NPT. The production simulations were done using the GPU enabled
PMEMD version of AMBER18.[57]

The system stability was analyzed by Root Mean Square Deviation (RMSD), Root Mean
Square Fluctuation (RMSF), and Radius of Gyration (RoG), Solvent Accessible Surface
Area (SASA) using the CPPTRAJ modulel”! of AMBER. The collective correlated
motions were studied using Dynamic Cross-Correlation Analysis (DCCA)[7] and Principal
Component Analysis (PCA).[72l Both DCCA and PCA were done on the protein C-a atoms
in the final 500 ns MD trajectory with Bio3D.[73] Three independent MD simulations,
performed for each system, showed close average RMSD values (Figure S2), indicating

for convergence of the simulations. In addition, as a criterion for convergence of a single
trajectory, the cosine of the principal component (PC)[7475] was evaluated using MODE-
TASKI8] and showed satisfactory sampling (Table S1).

QM/MM and QM Calculations

To address the limited accuracy of the MM force field, QM/MM calculations were done

to refine the catalytic Zn(ll) site geometry. Structures taken from the equilibrated part

of the MD trajectory with a stable RMSD value (> 400 ns) were used for the QM/MM
optimizations. Due to enzyme internal flexibility, the choice of initial structure from the MD

Chemphyschem. Author manuscript; available in PMC 2022 August 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Varghese et al.

Page 6

trajectory can influence the geometry and properties of the QM/MM optimized structure.
[77-79] We therefore performed QM/MM optimizations of five different MD snapshots.

All structures were randomly selected from the equilibrated part of the MD trajectory

as follows: snapshot 1: 630.1 ns, snapshot 2: 568.0 ns, snapshot 3: 599.1 ns, snapshot

4: 606.5 ns, and snapshot 5: 654.3 ns. Water solvation was kept till 12 A surrounding

the protein. The rest of the solvation shell was truncated using the CPPTRAJ modulel®!

of AMBER. The QM/MM optimizations were performed in Chem-Shell software[8°]
combining TURBOMOLE program[®1] for the QM region and DL-POLY82] for the MM
region. Chemshell default geometry convergence criteria of 0.00045 was used. Restricted
B3LYP hybrid functional and def2-SVP basis set!83] was used for Zn(l1) centered MMP-1
whereas unrestricted B3LYP functional was used for the catalytic Co(ll) substituted MMP-1
with the same basis set.[84] Calculations on the Co(l1) substituted MMP-1 was done on

the high spin state (S=3/2).[40] Five-coordinated catalytic metal site was used for the
calculations as previous studies suggested the presence of five-coordinated catalytic metal
ion in the resting state of MMPs, including MMP-1.[46] The crystallographic structure of
MMP-1 (PDB ID:4AUO) is unproductive one as the scissile peptide bond is not properly
positioned for hydrolysis.[16] Considering the improper orientation of the THP in the
crystallographic structure, two water molecules (Wat; and Wat,) were included in the QM
region coordinated to the catalytic Zn(I1)/Co(ll) in addition to the three histidine residues
(His199, His203, His209). Next, we modeled the substrate free-MMP-1 with the structural
Zn(11) removed. In the absence of structural Zn(ll), a third water molecule (Watz) was
further added to the catalytic site of Co(ll) substituted derivative of MMP-1, with regard

to earlier studies.[46] The conserved Glu200 residue important for collagenolysis was also
included in the QM region for QM/MM calculations. Thus, the QM region contained 49
atoms for the catalytic Zn(I1)/Co(1l) MMP-1 and 52 atoms for the Co(ll) substituted MMP-1
without the structural Zn(1l) having an overall charge of +1. QM subsystems were capped
by the link atom (hydrogen atom), which approximates the QM/MM boundary. The rest

of the system was defined as MM region and was described by the ff14SB AMBER force
fields. We used the extended model for the QM/MM minimizations. Protein residues and
water molecules within 8 A from the QM region were allowed to move during the QM/MM
minimizations, and the rest of the atoms were kept frozen. The polarization effect of the
MM region of the protein on the QM part was incorporated by the electronic embedding
scheme. To assure that variations in the size of the QM region do not influence the quality
of the QM/MM calculation, we performed QM/MM optimizations for Zn(I1)/Co(ll) MMP-1
with the third water molecule included in the QM part of the system (i.e., 52 QM atoms).
The results were consistent with the ones obtained with 49 QM atoms where the water
molecule was in the MM part of the system (Figures S3a and S3b). The QM-continuum
model calculations in water were performed using the Polarizable Continuum Model (PCM)
[85] which is the default Self-Consistent Reaction Field (SCRF) method in Gaussian 16. The
dielectric constant of the solvent (water) was 78.35. The B3LYP level of theory and the
def2-SVP basis set was used for the calculations.
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RESULTS AND DISCUSSION

This study first investigated the geometric and electronic structure of the catalytic Zn(Il)
center under the influence of the protein environment, additionally accounting for the effect
of the large and conformationally flexible substrate with QM/MM and QM methods. The
study then focused on assessing the effect of the substrate on local perturbations of the
enzyme structure and the overall dynamics of substrate-free MMP-1. The next step was an
exploration of the influence of a Co(ll)-substituted catalytic site on the dynamics of the
MMP-1-THP complex and further analysis of the geometric and electronic structure of the
Co(ll) catalytic site with QM/MM and QM methods. Finally, the study explored the atomic
mechanism driving the experimentally observed transition from five-coordinated (5C) Co(ll)
to six-coordinated (6C) Co(ll) center upon removal of the structural Zn(lIl) ion.

Geometric and Electronic Structure of the Catalytic Zn(ll) Center in MMP-1THP

The catalytic site of the MMP-1sTHP complex was probed by means of MD, QM/MM, and
QM methodologies (Figure 3, Figures S4, S5, S6, Table S2).

An extended X-ray absorption fine structure (EXAFS) study by Yang et a/. demonstrated
five-coordinated (5C) catalytic Zn(11) for MMP-1.[46] Therefore, the QM region, for

our QM/MM optimizations, was a five-coordinated catalytic Zn(l1) with coordination to
three His ligands and two water molecules (His199, His203, His209, and Wat;, Waty),
and the catalytically important non-coordinated glutamate (Glu200) residue.[461 QM/MM
optimizations and MD simulations showed that the orientation of Glu200 was stabilized
by interactions with the catalytic Zn(ll) first-coordinating sphere residue His203, and a
second sphere, Val196 residue. Catalytic water (Wat;) was strongly polarized by Glu200
carboxylate oxygens. In the QM-continuum solvent model calculations, the imidazole rings
of Zn(Il)-coordinated His199 and His209 residues rotated in respect to their orientation in
the QM/MM optimized structure.

We characterized five QM/MM optimized structures from the MD trajectory. The

average distances between the catalytic Zn(I1) and the nitrogen atoms (NE2) of its
first-sphere coordinating histidines His199, His203, and His209 were 2.06, 2.17, and

2.05 A, respectively (Table 1). The QM-continuum solvent optimized structure showed
similar bond lengths. In general, the bond lengths between catalytic Zn(l1) and the two
coordinated histidines (His199, His203) were larger for the MD, averaged QM/MM, and
QM-continuum solvent model calculations compared to the X-ray crystallographic structure
of MMP-1+THP.[18] A different trend was observed in the case of Zn(l1) and the third
coordinating His209. The bond length in the MD, averaged QM/MM, and QM- continuum
solvent model was slightly shorter than the X-ray crystallographic structure, which may be
due to the crystal packing effects. In the QM/MM optimized structures, the average bond
angles between His199-Zn(11)-His203, His203-Zn(11)-His209, and His199-Zn(11)-His209
were 100.98°, 94.74°, and 108.90°, respectively (Table 2). Eliminating the protein effects,
the bond angles between His203-Zn(11)-His209 and His199-Zn(11)-His209 increased to
99.45° and 121.75°, respectively, indicating perturbing effects on the enzyme’s environment.
Greater deviation from the crystallographic structure was observed for the bond angle
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between His199-Zn(11)-His209 in the QM-continuum solvent model. Mulliken charges
calculated for the QM/MM and the QM geometries (Table S3) were similar.

To further explore the effect of the protein environment on the Zn(ll) sites, hydrogen
bonding interactions involving the catalytic Zn(Il) and the structural Zn(1l)-bound residues
were analyzed (Table 3). The results show that both QM and QM/MM optimizations
provided a good description of the geometric and electronic structure of the catalytic Zn(ll)
center with comparable accuracy.

The hydrogen bond between His199 and Leu216 (a residue from the 1,4 B-Met turn (Figure
2b)) was relatively stronger in the QM/MM optimized structure and the MD trajectory
(Table 3) compared to the X-ray structure. In the QM/MM optimized structure, His209

and His203 were stabilized by hydrogen bonding interactions with the nearby Ser208

and Glu200 residues (Ala200 in the X-ray crystallographic structure); however, these
interactions were not observed in the X-ray crystallographic structure. Similarly, in the
QM/MM optimized geometry of the structural site of MMP-1, stronger hydrogen bonds
were observed between His164 and His177, Asp151 and Ser153, and His164 and GIn774 (T
strand of the THP) in comparison to the X-ray crystallographic structure (Table 3).

The QM/MM optimization of the five randomly selected snapshots from the MD trajectory
showed high structural similarity to one another and only minor deviations in the distances
and angles (Figure 4, Tables 1, 2, S4 and S5).

Effect of the THP Substrate on the Conformational Dynamics of MMP-1

MD studies of the MMP-1sTHP complex revealed conformational features and long-range
correlated motions between the CAT and the HPX domains and between the enzyme and
THP.[56] However, it is important to elucidate the effect of THP removal on the overall
dynamics and structural characteristics of MMP-1. Thus, we removed THP and performed
MD simulations of substrate-free MMP-1 (MMP-1¢no THP).

Overall Dynamics and Domain-Domain Interactions

Stable RMSDs were observed for both MMP-1eTHP and the substrate-removed MMP-1[56]
(Figure S7). The distance between the catalytic and structural sites in MMP-1eno THP
(14.78 A) did not change significantly from the one observed in MMP-1eTHP (14.39

A) (Figure 5a). THP removal affected the average distance between the CAT and HPX
domains in MMP-1 (Figure 5b). The average distance between the CAT and HPX domains
in MMP-1+THP was 38.94 A (standard deviation of 0.36) which slightly increased to 40.50
A for MMP-1no THP with more significant fluctuations (standard deviation of 1.21).

The difference of 1.46 A between the mean interdomain distances with THP and upon its
removal indicates that THP might potentially influence interactions between the CAT and
the HPX domain compared to the ES complex. However, the interdomain interactions and
reciprocal conformational dynamics are a general property of MMP1 as suggested by NMR
and X-ray scattering[®] and may not be just a result of the THP unbinding. MMP-1sTHP
enzyme-substrate complex PCA showed a stable complex overall.[58] However, substrate
removal induced some increased flexibility, primarily in the CAT domain of MMP-1
(Figure S8). DCCA of MMP-1eno THP shows a greater number of residues involved in
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anti-correlated motions compared to MMP-1-THP (Figure S9). Increased anti-correlated
motions were observed between residues of the Sy’ specificity loop, the S1o” exosite, and the
blade 1 region of the HPX domain and the CAT domain. HPX blade 4 region residues were
involved in a larger number of correlated motions coupled to the CAT domain residues when
the THP was absent. Therefore, the PCA and DCCA further support the idea that the THP
plays a key role in modulating the communication between the CAT and HPX domains.

How Does the THP Binding Change the Hydrogen Bonding Interactions Around Key
Residues R195 and M2177?

Prior studies from our group highlighted that the S;” subsite gatekeeper residue, Arg195,
was involved in a stable hydrogen bonding interaction with Tyr221 and Ser220, located
at the entrance of the Sy subsite in MMP-1+THP.[5¢] These interactions are essential for
correct positioning of Arg195. As previously shown, the catalytic Zn(ll) is a factor in
maintaining these interactions.[6l

Analysis of Arg195 interactions with bound and removed THP indicate that the hydrogen
bonds with Tyr221 and Ser220 are not present in MMP-1eno THP simulations (Figures 6a
and 6b). Indeed, the hydrogen bonding interaction Arg195-NE--O-Tyr221 does not exist

in the crystallographic structure of MMP-1sTHP (4AUO).[26] This H-bond appeared in the
MD simulation after 50 ns and remained relatively stable during the entire simulation.

It is expected that in MD simulations, we can observe new interactions due to of the
dynamic nature of proteins. In the MD simulation of the MMP-1enoTHP, however, this
interaction does not exist which agrees with the 2CLT[27] crystallographic structure of the
apo-MMP-1. The other characteristic interaction Arg195-NH2.--O-Ser220, in contrast, exists
in the crystallographic structure of MMP-1THP (4AUO) and is also conserved during the
MD simulation of the MMP-1eTHP complex as well. Indeed, this interaction still exists

in the crystallographic structure of apo-MMP-1, however, it disappears during the MD
simulation without THP. This difference might be due to the time scale of the performed
MD (1 us), which is much shorter than the duration of the entire process of substrate
unbinding. Indeed, after THP removal, we observe structural changes in the MD trajectory,
but they are likely to be very transient and might not represent the final (equilibrated) state
of the apo-MMP-1 after THP removal. Therefore, the simulation may capture only the initial
events following substrate unbinding. The loss of these hydrogen bonds might be related to
the disappearance of the interaction between Tyr221 and GIn779 (THP) upon THP removal.
The loss of the two hydrogen bonds also agrees with the experimental study that Arg195,
Ser220, and Tyr221 undergo induced fit upon THP binding.[87]

THP unbinding leads to two new hydrogen bonds for Arg195, which are not very stable:
Argl95 - Ser224 (31%) and Arg195 - Thr222 (22%). Both the Ser224 and Thr222 residues
belong to the Sy’ specificity loop of MMP-1. In addition, the THP removal leads to a more
stable hydrogen bond between Met217 and Ser210 (28% in the MMP-1¢THP complex to
94% upon removal of THP). These results further suggest that along with the catalytic
Zn(I1), the THP might influence stabilizing interactions at the S;” subsite; however, further
studies are needed to define the extent of this effect.
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Effect of the substrate THP on the QM/MM structure of the MMP-1 Catalytic Zn(ll) Center

The substrate’s influence on the structure and interactions of the catalytic Zn(Il) site in
MMP-1 was examined by comparing the QM/MM optimized MMP-1¢THP and MMP-1¢no
THP structures (Figure 7). The main difference was for the bond between the catalytic
Zn(11) and Wat,. This bond was 2.42 A in MMP-1eTHP complex but in MMP-1+no THP
decreased to 2.19 A. In addition, Glu200 formed a single hydrogen bond with Wat; in
contrast to two hydrogen bonds in MMP-1«THP.

There were no significant variations in the distances between Zn(11) and the coordinating
residues for the catalytic site in MMP-1eno THP and MMP-1<THP complex (Table S6);
however, the angle between His199-Zn(11)-His209 increased from 108.67° to 113.70° (Table
S7).

Hydrogen bonding interactions in the catalytic site of MMP-1eno THP were studied to
evaluate the effects of substrate removal (Table S8). Hydrogen bond between His209 and
Ser208 was not observed for MMP-1+no THP structure; however, an additional hydrogen
bonding interaction between His199 and Arg195 (that occludes the S’ specificity pocket)
appeared (with a donor-acceptor distance of 2.91 A) upon substrate removal. This again
demonstrates that substrate binding is essential for the proper orientation of Arg195 in the
catalytic site.

How Does the Replacement of the Catalytic Zn(ll) by Co(ll) Influence the Conformational
Dynamics of MMP-1THP Complex?

Co(l1) has often been used as a zinc substitute in metalloproteinase studies.[42:88] To probe
the enzyme selectivity dependence on the nature of the catalytic metal ion, the catalytic
Zn(I1) was replaced by Co(ll). MMP-1 Co,*THP showed a stable trajectory with an average
RMSD of 2.43 A, which is comparable to the 2.00 A average RMSD of MMP-1THP[6]
(Figure S10a). Similar values were observed for the average distance between the center of
mass of the catalytic Co(ll) and structural Zn(Il) coordinated residues and the center of mass
of the catalytic site to the center of mass of the scissile bond (Figures S10b—d). The average
inter-domain distances were nearly the same for Co(ll) substituted MMP-1 and the WT
MMP-1. As a relationship exists between MMP-1 collagenolytic activity and inter-domain
dynamics,[54] our results are in agreement with the finding that Co(l1) engineered enzyme
retains catalytic activity.[8:50.891 Co(l1) maintained the hydrogen bonding interactions of the
WT MMP-1 in the catalytic site. The first coordination-sphere histidine residues for both
the catalytic and structural Zn(ll) sites of MMP-1 have a similar orientation (Figures 8a and
8b). A minor change was observed for the conformation of the S-loop and the V-B loop of
MMP-1 Co; sTHP compared to the MMP-1<THP complex (Figures 9a and 9b).

RMSD and RMSF studies of the CAT and HPX domains and the key loops of both Zn(l1)
and Co(Il) substituted MMP-1 further confirm the similarities of their overall dynamics
(Figures S11, S12). Furthermore, DCCA of MMP-1 Co,*THP complex showed a positive
correlation between the S;¢’ exosite and the S;” specificity loop (Figure S13). However,
the correlations included fewer exosite residues (282-283 and 292-300) compared to
MMP-1eTHP. A loss of anti-correlation was observed between the THP scissile bond
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residues- Gly775 and Leu776 and the structural Zn(l1). Upon Zn(I1) substitution with Co(ll),
the THP leading (L) strand residues, 767—774 participated in a positive correlation with
residues 324-330 of HPX blade 2. PCA of MMP-1 Co1*THP complex indicated that the
HPX domain shows more flexibility compared to the CAT one (Figure S14).

Geometric Structure of the Catalytic Metal Center in MMP-1 Co.*THP Compared to

MMP-1-THP

We further probed the effect of Co(ll) substitution of the catalytic Zn(Il) ion on the
geometric and electronic structure of the catalytic site of MMP-1 Co;,¢THP in comparison to
MMP-1THP using QM/MM.

Spectroscopic studies of mixed-metal MMP-1 by Yang et al. reported similar coordination
number for Zn(11) and Co(l1) in the catalytic site.[46] In agreement with these studies, the
QM/MM optimized structure of MMP-1 Coq*THP was similar to that of MMP-1sTHP
(Figure 10). Glu200 interacted with Wat; via a single hydrogen bond in MMP-1 Co1*THP
compared to two hydrogen bonding interactions in MMP-1¢THP. A very minor change was
observed for the metal-His209 and metal-His203 bond lengths (Table 4). The unpaired
electron spin densities are localized exclusively on the Co(ll) ion (Table S9). Co(ll)
replacement of Zn(l1) in the catalytic site of MMP-1 did not show a substantial effect on
angles between the metal center and its coordinated residues (Table 5).

How the Structural Zn(ll) Center Influences the Change of the Coordination State of the
Catalytic Co(ll) Center from 5C to 6C in Substrate-Free MMP-1

Removal of THP substrate does not dramatically influence the geometry of the catalytic
Co(ll) site (Tables S10, S11). Nonetheless, studies by Yang et a/. showed that upon
removal of structural Zn(1l) in MMP-1, the catalytic Co(ll) shows a change in coordination
number from 5C to 6C with sixth coordination position occupied by a water molecule
(Wat3)[46] (Figure 11). To evaluate the effect of the structural Zn(I1) ion on the catalytic
Co(ll) coordinating geometry, we performed QM/MM studies after 1 us MD of two
computationally engineered enzyme forms — with structural Zn(Il) ion (MMP-1 Coq*no
THP) and with removed structural Zn(Il) ion (MMP-1 Cos°no Zn, no THP) (Figure 11).
An increased number of water molecules were observed near the catalytic Co(ll) site

for MMP-1 Cojqeno Zn, no THP complex (Figure 12a). The availability of more water
molecules in the enzyme active site may be the possible reason for a Co(ll) six coordination
position.

To evaluate the effect of including the third water molecule in the MM or QM part on

the optimized QM/MM geometry, we performed additional QM/MM optimizations with the
third water molecule included in the QM region for two systems: i) MMP-1 Cojeno THP
and ii) MMP-1eno THP. We compared the QM/MM optimized structures containing the
third water molecule either in the QM or in the MM part for MMP-1 Coq*no THP and
MMP-1eno THP. High structural similarity was observed in the presence and absence of the
third water, and thus the third water had an insignificant effect in the MM or in the QM part
(Figures S3a and S3b).
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Exploring the enzyme structure for the cause of increased water molecules in the catalytic
site closely, we found a more open conformation of the S;” specificity loop which may
allow for water molecules to enter into the catalytic site of MMP-1 Coq*no Zn, no THP
(Figure 12b) SASA based on the MD simulations revealed that upon the structural Zn(11l)
removal, the V-B loop showed reduced solvent accessibility, in contrast, the S;” specificity
loop demonstrated increased solvent accessibility (Figures S15a and S15b).

Networks of stabilizing hydrogen bonding interactions were analyzed to gain insights into
the effect exerted by the structural Zn(I1) on the Co(ll)-substituted enzyme. Overall, the
absence of structural Zn(I1) did not result in new hydrogen bonding interactions in the
catalytic site; however, in MMP-1 Co4*no Zn; no THP, His149 (bound to structural Zn(l11))
formed a new hydrogen bond with nearby Asp151- a new interaction that was not observed
in the presence of structural Zn(l1) (Table S12). This finding suggests the cooperativity
between the two metal centers and provides a mechanistic explanation of the structural
Zn(11) influence on the catalytic Co(ll) center.

CONCLUSIONS

This study provides complementary insights to the X-ray crystallographic studies on

the catalytic Zn(ll) center in the MMP-1«THP complex, emphasizing that both QM

and QM/MM optimizations provided a good description of the geometric and electronic
structure of the catalytic Zn(Il) center. The research further revealed the impact of substrate
THP removal on the dynamics, inter-domain interactions, and correlated motions of the
MMP-1eTHP complex. It demonstrated that catalytic Zn(Il) substitution by Co(Il) leads to
subtle but measurable changes in the geometric structure of the catalytic metal center and the
overall dynamics of the ES complex. Notably, the study provided atomic-level mechanistic
insight into the experimentally observed transition from 5C to 6C of the catalytic Co(ll)
center that occurs upon structural Zn(11) removal. While MM characterization of a Zn(ll)
center in proteins might not be accurate due to parametrization procedures, QM/MM and
QM methods provide an accurate geometric and electronic structure description of Zn(l1)
sites. However, the performed QM/MM and QM calculations in this study were in good
agreement with the MM calculations of the Zn(I1) centers in our MD simulations. Overall,
the present investigation demonstrates the power of multilevel computational methods
(MD, QM/MM, and QM) to provide advanced insights into MMP-1 structure-function
relationships.
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Figure 1.

Substrate bound MMP-1 structure (PDB ID: 4AUQ). The catalytic site is highlighted in a
red box and the structural site in a blue box. Ca(ll) ions in the CAT and HPX domains are

colored in green.
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Catalytic Zn(ll) site
O /

Figure 2.
a) Sy’ subsite (circled in red) and the gate-keeper residue Arg195 (white). b) 1,4 p-Met turn:

Ala215 (yellow), Leu216 (red), Met217 (green), and Tyr218 (blue).
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His203

His209

>

Wat, Glu200

His199

Superimposed catalytic Zn(ll) sites of MMP-1THP including coordinated histidine residues
(His199, His203, His209), catalytic water (Wat;), auxiliary water (Waty), and conserved
glutamate residue (GIu200) in the X-ray crystallographic structure (PDB ID: 4AUOQ) (red),
MD snapshot (blue), QM/MM optimized (green), and QM-continuum solvent (yellow)
models.
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Figure 4.
Superimposed catalytic sites of the QM/MM optimized structures from multiple snapshots

of MMP-1¢THP. Snapshot 1 (used for further calculations) is represented in green, while
Snapshot 2 = cyan, Snapshot 3 = yellow, Snapshot 4 = pink, and Snapshot 5 = brown.
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Figure 5.
Distance plots of MMP-1sTHP (black) and MMP-1eno THP (violet). a) Distance between

center of mass of catalytic and structural site of MMP-1. b) Distance between center of mass
of CAT and HPX domains of MMP-1.
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Figure 6.
Hydrogen bonding interactions involving Argl195, Tyr221, and Ser220 for MMP-1sTHP

(black) and MMP-1eno THP (violet). a) Hydrogen bonding distances between the donor
nitrogen (NE) of Arg195 and the acceptor oxygen (O) of Tyr221. b) Hydrogen bonding
distance between donor nitrogen (NH2) of Arg195 with acceptor oxygen (O) of Ser220.

Chemphyschem. Author manuscript; available in PMC 2022 August 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Varghese et al.

Page 22
Wat
Wat 1
’ ‘ Glu200
His209 W
His203
His199

Figure 7.
Superimposed catalytic Zn(ll) sites of MMP-1sTHP (green) and MMP-1eno THP (orange)

in QM/MM optimized structure. Zn(l1) is coordinated to three histidine residues, His199,
His203, and His209, a catalytic water molecule (Watl), and an auxiliary water molecule
(Wat2).
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Figure 8.
The superimposed a) catalytic Zn(l1) site and b) structural Zn(11) site of MMP-1THP (red)

and MMP-1 Co;*THP (orange) from the averaged MD trajectory.

Chemphyschem. Author manuscript; available in PMC 2022 August 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Varghese et al.

a)

Page 24

b)

Figure 9.
The superimposed a) S-loop and b) V-B loop of MMP-1¢THP (red) and MMP-1 Co;*THP

(orange) from the averaged MD trajectory.
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Figure 10.
Superimposed QM/MM optimized structures of MMP-1THP (green) and MMP-1 Co;*THP

(pink). Zn(11)/Co(1l) is coordinated to three histidine residues, His199, His203, and His209,
a catalytic water molecule (Wat;), and an auxiliary water molecule (Waty).
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Figure 11.
Superimposed QM/MM optimized structures of MMP-1 Coleno THP (magenta) and

MMP-1 Coleno Zn2 no THP (yellow).
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Figure 12.
a) New water molecules (in red and white) in the catalytic site of MMP-1 Coleno Zn2 no

THP (yellow) and MMP-1 Coleno THP (magenta). b) Open S1’ specificity loop of MMP-1
Coleno Zn2 no THP (yellow) and MMP-1 Coleno THP (magenta).
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Distances between the catalytic Zn(l1) and coordinated histidines in the X-ray crystallographic structure, MD

Table 1.

trajectory, QM/MM snapshots, and QM-continuum solvent model.

Atoms

Distance (A)

X-ray structure | MD

QM/MM Snapshots
1|2|3|4|5|Avg

QM/continuum

Zn(ll) | His199-NE2
Zn(ll) | His203-NE2
Zn(ll) | His209-NE2

1.82 1.96
1.93 1.98
2.21 1.95

2.06 | 2.06 | 2.08 | 205 | 2.07 | 2.06
219 | 218 | 214 | 214 | 218 | 2.17
205 | 2.04 | 207 | 2.03 | 2.08 | 2.05

2.06
2.12
2.07
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Table 2.

Angles between the catalytic Zn(I1) ion and the coordinated histidines in the X-ray crystallographic structure,

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

MD trajectory, QM/MM snapshots, and QM-continuum solvent model.

Angle (°)
Atoms X-ray MD QM/MM Snapshots om/
Structure 1 | 2 | 3 | 4 | 5 | Avg continuum
Hﬁgg' Zn(I1y H;jé%& 104.43 108.70 | 103.33 | 9846 | 10297 | 101.20 | 98.85 | 100.98 100.75
His203- 1 7y | His209- 94.21 107.78 | 9373 | o486 | 9553 | 9547 | 9410 | 9474 99.45
NE2 NE2
HISLS | znany | His20% 108.47 111.90 | 10867 | 111.08 | 106.08 | 11152 | 107.10 | 108.90 121.75
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Page 30

Comparison of hydrogen bonding interactions in the catalytic and structural site of the X-ray crystallographic

structure, averaged MD trajectory, and the QM/MM optimized geometry of MMP-1¢THP.

Atoms | Hydrogen bond length (A)
Donor DonorH Acceptor
Crystal Structure | MD | QM/MM
CATALYTIC SITE
His199-ND1 | His199-HD1 | Leu216-O 3.17 2.81 2.82
His209-N His209-H Ser208-0G Not present 2.82 2.85
His203-N His203-H Glu200-0 Not present 2,77 2.74
STRUCTURAL SITE
His177-N Hisl77-H His164-0 2.94 2.85 2.81
His164-N His164-H His177-0 3.10 2.90 2.92
Ser153-N Ser153-H Asp151-0 3.19 2.78 2.78
His164-ND1 | His164-HD1 | GIn774-OE1 3.12 2.83 2.81
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Distances between Zn(I1) and the coordinated histidine residues in the QM/MM optimized geometry of

Table 4.

MMP-1+THP and MMP-1 Co;*THP.

Atoms Distance (A) (QM/MM)
MMP-1sTHP MMP-1 Co;*THP
zn(ly/Co(ll) | His199-NE2 2.06 207
zn(iy/co(n) | His203-NE2 2.19 211
zn(iy/co(l) | His209-NE2 2.05 2.0
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Table 5.

Angles between Zn(I1)/Co(ll) and the coordinated histidine residues in the QM/MM optimized geometry of
MMP-1eTHP and MMP-1 Co1*THP.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Atoms Angle (A) (QM/MM)
MMP-1THP MMP-1 Co*THP
His199-NE2 | Zn(i)/Co(ll) | His203-NE2 103.33 105.39
His203-NE2 | Zn(l1)/Co(ll) | His209-NE2 93.73 96.69
His199-NE2 | Zn(11)/Co(ll) | His209-NE2 108.67 107.70
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