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ABSTRACT: Collagen hydrolysis catalyzed by matrix metal-
loproteinases is an important and complex process involved in
a variety of physiological and pathological conditions. To
contribute to its characterization at the molecular level, herein
we analyze three different models for the complex formed
between the full-length matrix metalloproteinase-2 (MMP-2)
enzyme and a synthetic triple-helical peptide (fTHP-5). The
considered MMP-2/fTHP-5 complexes mainly differ in the
location of the C-terminal hemopexin-like domain, but in all of
them, the middle α-chain of the substrate (B-chain) is placed
within the active site groove. We performed extended molecular dynamics (MD) simulations to determine the most likely
rearrangements of the MMP-2 domains in response to the presence of the triple helix. The relative stability of the MD models is
assessed in terms of molecular mechanics Poisson−Boltzmann calculations and approximate estimations of configurational
entropy. In addition, the most significant MMP-2···fTHP-5 interactions at the catalytic and noncatalytic domains are also
analyzed to gather some clues about the role of the different domains during collagenolysis.

Matrix metalloproteinases (MMPs) are zinc- and calcium-
dependent endopeptidases that operate in the extrac-

ellular environment by proteolytically processing a wide range
of extracellular and intracellular proteins.1,2 The substrates of
the MMPs are not limited to matrix proteins; cytokines, growth
factors, cell adhesion proteins, and receptors are also included.
As a result, the MMPs are currently considered as multifunc-
tional enzymes that play crucial roles in a number of
physiological and pathological conditions.3 For instance,
MMP-2 is a ubiquitous protein involved in the remodeling of
the extracellular matrix, a function that is associated with the
hydrolysis of protein substrates like collagen and fibronectin. It
also plays a beneficial anti-inflammatory role because of its
action over a number of chemokines, but it has been validated
as an anticancer drug target because of its relevance during
tumor growth, angiogenesis, and metastasis.2,4

The MMPs are multidomain enzymes composed of a
catalytic (CAT) domain and other modules or domains that
seem to provide substrate specificity or guide their cellular
location.5 The CAT domain (∼165 residues) displays a similar
structure in all the enzymes, with three α-helices, a five-
stranded twisted β-sheet, and several surface loops.6 The active
site is a narrow cleft that is delimited by the fourth strand of the
β-sheet, the last portion of the so-called S-loop that connects
strands β3 and β4, and the specificity or Ω-loop.7 Peptide
substrates extend along this active site by establishing a number
of polar and hydrophobic interactions, whereas the scissile
peptide bond is placed in the middle of the cleft close to the
catalytic zinc ion.8,9 Additionally, CAT binds a second zinc and

several calcium ions, which contribute to the stabilization of the
configuration of several loops.10

In most MMPs, the noncatalytic domains include a
hemopexin-like (HPX) domain joined to CAT by a linker of
variable length.6 The polypeptide chain in HPX (∼200
residues) is essentially organized in four β-sheets (blades I−
IV) and arranged almost symmetrically around a central
channel giving rise to a four-blade propeller.11 With regard to
its function, HPX is involved in the activation and inhibition of
several MMPs. It also contributes to the localization of the
MMPs at the cellular surface because of its binding to other
cell-bound proteins.12 Experimental results also suggest that
HPX may play a critical role during the binding and cleavage of
protein substrates like fibrillar collagen.13−16

Collagen is a remarkable substrate of the MMPs that is
characterized by a large triple-helical structure. To improve our
understanding of the stability of this triple helix and its
interaction with other proteins, synthetic triple-helical peptides
(THPs) have been developed as reduced collagen models.17

Molecular docking efforts to place a THP on the crystal
structure of MMP-1 resulted in severe steric clashes,18

suggesting that the intact triple helix does not fit into the
active site of the enzyme and that the triple helix has to locally
unwind prior to its hydrolysis, a process that is commonly
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thought to be facilitated by the interplay between CAT and
other MMP domains like HPX.
Secondary sites for collagen/THP binding located outside

the active site, and termed exosites, have been found on the
HPX domain of MMP-1.5 Hydrogen/deuterium exchange mass
spectrometry shows that a C-terminal extended THP exhibits
protection to exchange in three regions (residues 287−295,
304−316, and 439−457) of the MMP-1 HPX domain.19 The
region of residues 287−295 is located in the first strand of blade
I, and according to molecular modeling analysis, it is the most
proximal to the triple helix. Mutagenesis and kinetic experi-
ments have also been performed to confirm that Ile290 and
Arg291 participate in the binding and catalysis of the triple helix.
In another hydrogen/deuterium exchange mass spectrometry
study, three MMP-1 regions located in HPX [residues 266−
277, 283−297, and 330−346 in the structure of Protein Data
Bank (PDB) entry 4AUO] have also shown delayed deuterium
incorporation in the presence of collagen I.20 In this case,
docking analysis and mutagenesis experiments performed for
selected residues suggest that residues Ile271, Arg272, and Phe301
constitute the so-called hydrophobic S10′ exosite in the HPX
domain, which binds the 10th residue C-terminal to the scissile
peptide bond. This work also presents what is perhaps the most
defined view to date of the interaction of a THP with MMP-1:
an X-ray structure revealing polar and hydrophobic contacts
between the THP and the HPX domain involving, among
others, residues Ile271, Met276, Phe301, and Trp302 and the alkyl
portion of Arg272 for binding Leu(P10′) and residues Val300 and
Phe301 for Ile(P7′). Unfortunately, this crystallographic structure
corresponds to an unproductive complex because the scissile
Gly(P1)−Leu(P1′) peptide bond is not placed within the active
site cleft.
Very recently, nuclear magnetic resonance (NMR) measure-

ments have mapped the interaction between the HPX domain
of MMP-1 and a THP model of collagen I to residues Arg291,
Gly292, Glu311, Glu313, Asn315, Phe316, Ile317, Ser318, Val319,
Phe320, Gln323, and Asn326 in the HPX domain.21 On the basis
of these NMR results, docking analyses have been used to
generate a set of MMP-1/THP complexes supposed to be
relevant for the initial binding, unwinding, and hydrolysis of the

triple helix. On the basis of these models, a collagenolysis
mechanism that requires a rearrangement of the CAT and HPX
relative position has been proposed to allow the binding of the
scissile peptide bond within the MMP-1 active site. In fact, this
relative movement of CAT and HPX had been previously
considered to provide the driving force for collagen distortion
and triple helicase activity.5 Experimental evidence supporting
such intramolecular flexibility between CAT and HPX has been
obtained for different MMPs, either alone or in complex with
collagen.22−26 In addition, molecular simulations performed for
full-length MMP-2 indicate that alternative configurations with
respect to that observed in the X-ray structure could be
energetically accessible to the enzyme in an aqueous
solution.27,28

Gelatinases (MMP-2 and MMP-9) also hydrolyze the triple
helix of different collagen types.29 They possess an additional
domain inserted into the primary sequence of CAT that is
formed by three individual consecutive repeats with homology
to the gelatin binding (type II) domain of fibronectin.6 This
fibronectin-like (FIB) domain is involved in the binding of
denatured forms of collagen (gelatin), and it has been termed
by several authors the collagen binding domain (CBD).30,31

Each FIB module (FIB1−FIB3) possesses a binding site
formed by conserved aromatic residues (Phe256, Trp258, Phe265,
Tyr271, and Phe273 in FIB1; Phe297, Try314, Trp316, Tyr323,
Tyr329, and Phe331 in FIB2; Phe335, Trp374, Tyr381, Trp387, and
Phe389 in FIB3) that are oriented away from each other so they
do not form a continuous binding motif.32−34 However, other
authors consider that the collagen binding properties of MMP-
2 reside in its HPX domain, whereas the FIB domain is
involved in only the processing of gelatin.15

In our previous work, we have analyzed the interaction of the
isolated CAT domain of MMP-2 with a synthetic triple-helical
peptide (fTHP-5) mimicking the amino acid sequence of
collagen type II around the scissile peptide bond recognized by
the MMPs {[aC6-(Gly-Pro-Hyp)5-Gly17-Pro18-LAmp19-Gly20-
Pro21-Gln22-Gly23-Leu24-Arg25-Gly26-Gln27-Dnp28-Gly29-Val30-
Arg31-(Gly-Pro-Hyp)5-NH2]3}.

35 Previous results showed that
fTHP-5 is efficiently hydrolyzed by the MMP-2 enzyme at the
Gly23−Leu24 and Gly26−Gln27 bonds.

36 By means of potential

Scheme 1
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mean force calculations used to distort locally the Gly23−Leu24
linkages, followed by docking analyses and molecular dynamics
(MD) simulations, we built different MMP-2(CAT)/ fTHP-5
complexes in which each of the three α-chains of the triple helix
(A, B, or C) is placed within the MMP-2 active site in a
prereactive configuration. The computational models have
confirmed that the CAT domain selects chain B (the central
chain) as the one to be hydrolyzed in the first place. In
addition, the models show that the MMP-2 catalytic domain is
not significantly distorted in the prereactive complexes, but the
central region of the fTHP-5 triple helix is completely unwound
and occupies the MMP-2 active site groove. Thus, the CAT···
fTHP-5 interactions can be seen to be crucial to maintaining an
unwound triple helix prior to its hydrolysis.
In this work, we take one additional step and investigate the

structure of prereactive complexes between the full-length
MMP-2 enzyme and fTHP-5. Starting with the best MMP-
2(CAT)/fTHP-5(B) model, we first incorporate the FIB
domain in the orientation observed for the full-length pro-
MMP-2 and the resulting structure is relaxed by performing an
MD simulation in explicit solvent. Second, the HPX and linker
domains are added to assemble the full-length enzyme. Three
different relative orientations of the HPX domain with respect
to CAT are considered: the one observed in the X-ray structure
of the pro-MMP-2 enzyme37 and two other plausible
orientations obtained in our previous study.28 In this way, we
obtain three models for the full-length MMP-2 enzyme bound
to the distorted fTHP-5 substrate that are relaxed by extensive
MD simulations (200 ns). The relative stability of the three
configurations is assessed by means of molecular mechanics
Poisson−Boltzmann (MM-PB) calculations and approximate
configurational entropy calculations. Overall, the analyses of the
trajectories allow us to identify the interaction sites with the
noncatalytic domains and to evaluate if they could contribute to
the further perturbation of the structure of the triple helix at the
prereactive complex.

■ METHODS
The structural elements and the methodological workflow that
have been used to construct the dynamical models of the
prereactive complex between the full-length MMP-2 enzyme
and the fTHP-5 system are summarized in Scheme 1 and
described in detail below.
MM Parameters. We employed the same set of MM

parameters that were used in our previous simulations of the
native form of full-length MMP-2 and the MMP-2(CAT)/
fTHP-5 complexes.28,35 Thus, the parm03 version of the all-
atom AMBER force field (AMBER03) was used to model the
systems,38 and the TIP3P potential39 was used for water
molecules. For the nonstandard residues included in the fTHP-
5 ligand (Ac6, Hyp, LAmp, Dnp, and NH2), we employed the
set of parameters compatible with AMBER03 that has been
described elsewhere.35 For the zinc and calcium ions, we used a
set of AMBER03-like parameters that have been derived and
validated by us in previous works.10,40,41 In particular, for the
catalytic Zn1, we followed a mixed bonded and nonbonded
approach in which the metal ion is linked to the Nε atoms of
the His403, His407, and His413 ligands and the bridging water
molecule {i.e., [Zn-(OH2)]

2+···−OOC-Glu404} by explicit MM
bonds while the fifth (apical) position of the Zn1 ion is
represented by nonbonded parameters. The reference bond
lengths and angles for the Zn1 coordination sphere were
obtained from quantum mechanical/molecular mechanics

(QM/MM) energy minimizations of the MMP-2 catalytic
domain.10 The corresponding force constants were estimated
numerically by means of QM gradient calculations on cluster
models extracted from the QM/MM structures. Similarly, the
atomic charges for the Zn ion and its ligands were fit to
reproduce the QM electrostatic potential of the cluster models
using the RESP methodology42 and QM methods prescribed in
the AMBER03 force field.38 The van der Waals ε parameter for
Zn1 is assigned an intermediate value between those of the
bonded and nonbonded representations, and the Zn1 apical
water molecule is assigned the TIP3P charges during the RESP
fitting procedure.10 In this way, the same set of parameters for
the Zn1 site has been used to conduct MD simulations of the
unbound and bound states of the MMP-2 enzyme, the Zn1
apical position being occupied by TIP3P water molecules and
the carbonyl group of peptide substrates, respectively.9,41

Overall, the parametrization of the nonstandard residues in
fTHP-5 and the Zn1/Zn2 coordination environments ensures
that the bonded and nonbonded interactions among all atoms
of the enzymatic system are treated on an equal basis, thereby
minimizing potential MM artifacts.

Setup of the MMP2(CAT-FIB)/fTHP-5 Model. Initial
coordinates for the different MMP-2/fTHP-5 models consid-
ered in this work were obtained from previous simulations and
from the crystal structure of PDB entry 1CK7 of the full-length
pro-MMP-2 enzyme. In particular, the coordinates of MMP-
2(CAT) and fTHP-5 fragments were taken from the MD
snapshot after 50 ns of the MMP-2(CAT)/fTHP-5(B)
simulation.35 The three FIB modules were initially modeled
as arranged in the 1CK7 crystal structure.37 In this experimental
structure, the relative orientation of FIB with respect to CAT
seems to be determined by the presence of the pro-peptide
(Pro31−Asn109), which simultaneously places the cysteine-
switch strand (Pro100-Arg101-Cys102-Gly103) coordinated to the
catalytic Zn ion and the Phe37 side chain within the FIB3
hydrophobic pocket. We reasoned that this relative position of
CAT and FIB would be a favorable orientation to allow the
fTHP-5 molecule to interact with the two domains in a
hypothetical MMP-2(CAT-FIB)/fTHP5 complex. Thus, we
superposed several backbone coordinates of CAT in the 1CK7
crystal structure onto the corresponding ones in the selected
MMP-2(CAT)/fTHP-5(B) snapshot, and the coordinates of
FIB in the superposed 1CK7 structure were finally added to
replace the Gly216-Lys-Gly-Val-Gly394 connection loop (1CK7
numbering) in the MMP-2(CAT)/fTHP-5(B) snapshot. The
resulting MMP-2(CAT-FIB)/fTHP5 complex was relaxed by
means of an 85 ns MD simulation in explicit solvent following
the computational prescriptions that are described below.

Building the Initial Structures for the MMP2(FULL)/
fTHP-5 Models by Docking the HPX and Linker Domains
within MMP2(CAT-FIB)/fTHP-5. The initial structures of the
MMP2(FULL)/fTHP-5 complexes were built by means of a
semirigid docking protocol that combines a set of MD
structures for the MMP-2(CAT-FIB)/fTHP-5 complex with
another set of MD structures for the active full-length MMP-
2.28 The docking process, which is very similar to that
employed in previous works for the construction of the full-
length MMP-2 models27,28 and the MMP-2(CAT)/fTHP-5
complexes,35 consisted of the following steps.
(1) We selected 50 equally spaced structures from the last 80

ns of the MMP-2(CAT-FIB)/fTHP-5 MD simulation. Each
structure contained both the coordinates of the solute atoms
and a 3.0 Å layer of water molecules around the solute.
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However, coordinates of the protein atoms and the water
molecules were saved separately, because only the protein
atoms were considered in the docking calculations.
(2) On the basis of the results of our previous study of the

active full-length MMP-2,28 we retrieved 50 snapshots of the
solute atoms (and a 3.0 Å layer of water molecules that were
again saved separately) from each of the three 200 ns MD
trajectories that differ in the orientation of the HPX domain
and are labeled as X, D-1, and D-2.
(3) Each of the MMP-2(FULL) structures was docked onto

the MMP2(CAT-FIB)/fTHP-5 snapshots by superposing the
backbone atoms of the secondary structure elements of the
CAT domain and then removing the CAT-FIB atoms from the
full-length structure. Only the solute protein atoms of the
ligand/host systems were considered at this stage. Three
different sets of MMP-2/fTHP-5 complexes [i.e., MMP-2(X)/
fTHP-5, MMP-2(D-1)/fTHP-5, and MMP-2(D-2)/fTHP-5]
depending on the orientation of HPX with respect to CAT-FIB
were generated. Each set included 50 × 50 = 2500 structures.
(4) For every single MMP-2(FULL)/fTHP-5 model, steric

clashes between the linker and HPX domains and the rest of
the system were iteratively identified and locally relaxed. The
coordinates of the clashing residues were optimized by
conducting 1000 conjugate gradient steps followed by 25 ps
of MD using the AMBER03 force field and a distance-
dependent dielectric constant (ε = 4rij). A high temperature
value (500 K) was used in the restricted MD simulations to
promote uphill moves of bulky side chains that can be
important for properly relaxing some steric collapses. Once the
loop over all the steric clashes had been completed, the
coordinates of the linker region were fully optimized.
(5) To energetically score the partially relaxed models, we

estimated the conformational energy of the linker region and
the interaction energies between the linker and HPX domains
and MMP-2(CAT)/fTHP-5 moieties by performing single-
point MM-PB energy calculations on the full MMP-2/fTHP-5
complexes and on the separated fragments.27 These calculations
were conducted using the PBSA program in Amber1043 with
settings similar to those detailed below for the MM-PB analyses
of the MD simulations. We observed that all the models that
are favorably ranked at this stage are derived from structures
that show none or just a few steric clashes between the HPX
and linker domains and the CAT/FIB/fTHP-5 residues. More
particularly, the most favorable MMP-2(X)/fTHP-5 and
MMP-2(D-1)/fTHP-5 models exhibited zero clashes while
the corresponding MMP-2(D-2)/fTHP-5 model had only
three bad contacts involving the Asn430···Ala607, Arg432···Pro614,
and Ser448···Asp450 residue pairs.
(6) The structural quality information about the best MMP-

2(FULL)/fTHP-5 models was further analyzed using WHAT_-
CHECK.44 Finally, the water molecules from the 3.0 Å solvent
layer of the separate MMP-2(FULL) and MMP-2(CAT-FIB)/
fTHP-5 fragments that did not show any steric clash among
protein atoms or other water molecules were included in the
best models for setting up the corresponding MD simulations.
In this way, the first solvation shell of the initial complexes is
preadapted to the protein atoms and preserves the location of
some structural water molecules.
MD Simulations in Explicit Solvent. The final MMP-

2(FULL)/fTHP-5 structures generated by the docking process
were surrounded by octahedral periodic boxes of TIP3P water
molecules that extended 18 Å from the 3.0 Å water shell. A
rectangular box was used instead for the MMP-2(CAT-FIB)/

fTHP-5 model. In addition, four and three Na+ counterions
were placed to neutralize the MMP-2(CAT-FIB)/fTHP-5 and
MMP2(FULL)/fTHP-5 systems, respectively, resulting in a
total of 7004 and 10365 protein atoms being solvated by
∼65500 and ∼100000 water molecules, respectively.
Periodic boundary conditions were applied to simulate

continuous systems, and long-range interactions were described
by the particle mesh Ewald method with a grid spacing of ∼1 Å
and a nonbonded cutoff of 10.0 Å. Solvent molecules and Na+

counterions were initially relaxed by means of energy
minimizations and 100 ps of MD at 300 K. Then, the full
systems were minimized and heated gradually to 300 K during
120 ps of MD. The production phase of the simulations, which
were run at constant pressure (1 bar) and temperature (300 K)
with a time step of 2 fs, comprised 85 ns for the MMP-2(CAT-
FIB)/fTHP-5 model and 200 ns for the three MMP-2(FULL)/
fTHP-5 models. Coordinates were saved every 2 ps. All the
energy minimizations and MD calculations were performed
with NAMD version 2.7.45 Structural analyses were conducted
with the ptraj program included in the Amber10 package and
some other specific software developed locally. Clustering
analyses were performed for the fTHP-5 molecule by using the
MMTSB ensemble tools and considering the root-mean-square
deviations of the backbone Cα atoms and a radius of 3 Å.46

QM/MM Calculations. From the MMP-2(X)/fTHP-5 MD
simulation, we selected a representative snapshot to optimize
the Zn1 coordination environment by means of QM/MM
calculations. The selected snapshot was truncated by including
the MMP-2/fTHP-5 atoms solvated by a water shell with a
thickness of 15.0 Å (∼17000 water molecules). The QM/MM
geometry optimizations were conducted with the sander
program included in the Amber12 package,47 which provides
an QM/MM interface with the QM Gaussian09 package.48

Hydrogen link atoms were placed by sander at the His403 Cβ−
Cα, His407 Cβ−Cα, His413 Cβ−Cα, and Glu404 Cβ−Cα bonds
of MMP-2 and the P2 C−Cα and P2′ N−Cα bonds in chain B
of fTHP-5. In addition, the QM region also included the
catalytic Zn1 ion, the Wat1 molecule, which has an explicit
Zn1−O bond in the force field representation, a second water
molecule that occupies an axial coordination around Zn1 as
observed during the simulation, and two other water molecules
located near the catalytically important Zn1−Wat···−OOC−
Glu404 contact. This partitioning resulted in a QM region
comprising a total of 97 QM atoms with a net charge of +1 that
was described at the B3LYP/6-31+G* level of theory49,50(989
basis functions). The rest of the protein and solvent atoms were
treated with the AMBER03 force field. During the QM/MM
geometry optimization, all the protein residues and water
molecules that have an atom within a 8.0 Å sphere centered at
the Zn1 ion were allowed to move. The position of the rest of
the protein and solvent molecules was frozen. The QM/MM
energy minimization was performed with no cutoff until the
root-mean-square deviation of the Cartesian elements of the
gradient was less than 0.02 kcal mol−1 Å−1 (2 × 10−5 au).

Electrostatic Calculations. The electrostatic potential of
the MMP-2 models in solution was computed on selected
snapshots from the MD trajectories using the APBS software.51

In the PB calculations, atomic charges and radii were taken
from the parm03 representation. The linearized PB equation
was solved on a cubic lattice by using an iterative finite-
difference method. The cubic lattice had a grid spacing of 0.33
Å, and the points at the boundary of the grid were set to the
sum of Debye−Hückel potentials. The dielectric boundary was
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the contact surface between the radii of the solute and the
radius (1.4 Å) of a water probe molecule. The electrostatic
potential was plotted onto the molecular surface computed by
the MSMS program using the Chimera visualization system.52

Energetic Analyses of the MD Trajectories. To assess
the relative stability of the MMP-2(FULL)/fTHP-5 complexes,
we employed the MM-PB method.53,54 This approach, which is
normally classified as an end-point free energy method,55,56 has
been intensively used in different variants to calculate the
binding energy of protein−ligand complexes57 such as, for
example, those formed between the HIV-1 protease and potent
inhibitors.58 This class of end-point free energy methods can
also estimate the binding energy of protein/peptide or protein/
protein complexes studied by MD simulations (see, for
example, refs 54 and 59−63). Similarly, we have previously
assessed, in terms of average MM-PB energies, the alternative
configurations of the full-length MMP-2 enzyme in its native
form and the various modes of binding between the MMP-2
catalytic domain and fTHP-5.28,35 The MM-PB energy
expression is often considered as a physically based scoring
function that provides accurate rankings of nativelike loop
configurations64 and constitutes an appropriate benchmark to
evaluate, by comparison, the performance of faster and more
empirical scoring functions for protein−protein or protein−
ligand docking calculations.65

The MM-PB calculations reported in this work were
conducted on 2000 snapshots extracted from each MD
simulation every 100 ps after having removed all solvent
molecules and counterions. For comparative purposes, we also
applied the MM-PB protocol on 1000 snapshots extracted from
the last 100 ns of our former MD simulations28 of the full-
length MMP-2 enzyme in its unbound form and on 500
snapshots retrieved from the 50 ns MD trajectory35 of fTHP-5
in its triple-helical state.
The MM-PB energy was computed according to the

following equation:54

= + Δ + Δ‐G E G GMM PB MM solv
PB

solv
nonpolar

(1)

where EMM is the molecular mechanics energy including the
3RT contribution due to six translational and rotational degrees
of freedom, ΔGsolv

PB is the electrostatic solvation energy obtained
from Poisson−Boltzmann calculations,66 and ΔGsolv

nonpolar is the
nonpolar part of the solvation energy due to cavity formation
and van der Waals interactions between the solute and the
solvent molecules. A solvent-accessible surface area (SASA)-
dependent term is typically employed to calculate the nonpolar
solvation energy (i.e., ΔGsolv

nonpolar = a × SASA + b). However, the
SASA approximation has potential problems because it neglects
molecular shape effects and because of the implicit assumption
that the contribution of dispersion interactions has the same
form of cavity formation costs.67 Taking into account the fact
that these limitations could be more accentuated in the case of
protein−protein complexes, we estimated the nonpolar
solvation using the following approximation introduced by
Gohlke and Case:54

γΔ = Δ +−G H MSAsolv
nonpolar

solute solvent
vdW

where ΔHsolute−solvent
vdW is the van der Waals (vdW) interaction

energy between the solute and the water molecules within a
shell with a thickness of 12 Å, while the cavitation free energy
contribution to the nonpolar solvation energy is determined by
a molecular surface area (MSA)-dependent term. This

approach includes the favorable van der Waals dispersion
between all the solute atoms and the nearby solvent molecules,
which need to be considered when assessing the stability of
protein−protein complexes in which the number of solvent-
exposed and buried atoms can differ considerably.54 All the
computational details for obtaining the various MM-PB
components were identical to those used in our previous
study.28

The MM-PB energy expression (eq 1) does not take into
account the configurational entropy (Sconf)

68 arising from the
solute degrees of freedom. Thus, we estimated the Sconf of the
MMP-2/fTHP-5 complexes by the approximate formula
introduced by Schlitter69 based on a quantum mechanical
one-dimensional harmonic approximation:

σ= +
ℏ

′
⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦
⎥⎥S R

k Te1
2

ln det 1conf
B

2

2
(2)

where σ′ is the mass-weighted covariance matrix calculated
directly in terms of Cartesian coordinates of the solute
atoms.70,71 To remove the overall translation of the center of
mass and the overall rotation of the protein, all the MD
snapshots employed in the entropy calculations were super-
posed on top of each other using a least-squares fit. Schlitter’s
formula, which is closely related to the quasi-harmonic
method,72 is computationally very efficient, facilitating thus
the estimation of the absolute entropy of large macromolecules.
However, this method suffers from well-known disadvantages
such as its slow convergence with sampling size and, especially,
the large overestimation of Sconf that impedes the calculation of
accurate entropy differences.73 Hence, the Schlitter entropy can
only provide insight into entropy effects at work in the
equilibrium simulations of large systems.

■ RESULTS
MMP-2(CAT-FIB)/fTHP-5 Simulation. Insertion of the

FIB domains into our former MMP-2(CAT)/fTHP-5 model as
described in Methods does not result in any significant steric
collapse. The FIB domains in the resulting MMP-2(CAT-
FIB)/fTHP-5 complex were allowed to accommodate the
presence of fTHP-5 bound to CAT during an 85 ns MD
simulation of the fully solvated complex. For this simulation, we
analyzed the time evolution of the radius of gyration, the
distances between the center of mass of the protein domains,
and the root-mean-square deviations (rmsd) of the protein
domains and selected secondary structural elements with
respect to the X-ray structure (Figure S1 of the Supporting
Information).
The global arrangement of the MMP-2(CAT-FIB)/fTHP-5

model as measured by the radius of gyration remains quite
stable during the simulation (22.5 ± 0.2 Å). More particularly,
the internal structure of the CAT domain is hardly perturbed
by the presence of FIB. Thus, the average rmsd (1.7 ± 0.1 Å) of
the backbone CAT atoms is nearly identical to that derived
from the MMP-2(CAT)/fTHP-5 simulation (1.8 ± 0.1 Å). The
FIB1 and FIB2 subdomains show also moderate deviations with
reference to the X-ray structure (1.7 ± 0.3 and 1.7 ± 0.2 Å,
respectively), although FIB1 tends to slightly separate from the
CAT domain whereas FIB2 approaches CAT (see Figure S1 of
the Supporting Information). In contrast, the internal structure
of the FIB3 subdomain, which is the closest one to fTHP-5,
experiences a larger rearrangement having a rmsd value of 3.5 Å
at the end of the trajectory. The three backbone chains of
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fTHP-5 exhibit ample movements that are mainly located at the
prototypical N- and C-terminal ends. The rmsd plot for the
central region of the triple helix reveals a transition during the
second half of the trajectory, which hardly affects the binding of
chain B of fTHP-5 within the MMP-2 active site. In fact, chain
B of fTHP-5 remains firmly attached to the CAT domain
through hydrophobic and polar contacts similar to those
described in previous work for the MMP-2(CAT)/fTHP-5
model.35 The only noticeable change is the entrance of an
additional water molecule in the active site that mediates the
contact between the catalytic Zn1 ion and the carbonyl group of
the scissile peptide bond. Further analyses of this simulation
were not pursued because the main purpose of the MMP-
2(CAT-FIB)/fTHP-5 trajectory was to provide a set of relaxed
snapshots for building the three different configurations of the
full-length MMP-2 enzyme in complex with fTHP-5 as
described in Methods.
Stability of the MMP-2(FULL)/fTHP-5 Trajectories. On

the basis of the MD snapshots extracted from the MMP-
2(CAT-FIB)/fTHP-5 simulation and those of the unbound
full-length MMP-2 enzyme, we built three different models of
the MMP-2/fTHP-5 complex using a semirigid docking
protocol to add the HPX and linker regions. The models can

be categorized in terms of the global arrangement of HPX with
respect to the CAT-FIB domains. Thus, in the MMP-2(X)/
fTHP-5 model, HPX is initially oriented as in the 1CK7 crystal
structure, but in the MMP-2(D-1)/fTHP-5 and MMP-2(D-
2)/fTHP-5 models, HPX is placed in two alternative positions
as suggested by our previous simulations.28 However, it must be
noticed that the starting situation of the HPX domain is derived
from former simulations in the absence of the fTHP-5
substrate, and therefore, the relative interdomain orientation
in the initial docking models corresponds most likely to a
conformational state different from that intended to be
sampled. For this reason, each of the three models of the
full-length MMP-2 enzyme in a prereactive complex with
fTHP-5 was fully relaxed by performing a 200 ns MD
simulation.
Figure 1 displays the time evolution of the rmsd values

corresponding to the backbone atoms of the whole MMP-2
enzyme and of the separate protein domains (CAT, FIB, and
HPX). The crystallographic coordinates of 1CK7 were chosen
as the reference structure, which results in large rmsd values for
the whole MMP-2 protein because of the different disposition
of the FIB domains and, more importantly, of the HPX domain
in the D-1 and D-2 models. The rmsds of the CAT, FIB, and

Figure 1. Time evolution along the MMP-2/fTHP-5 trajectories of the root-mean-square deviation (rmsd) computed for selected backbone heavy
atoms (in angstroms).
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HPX domains with respect to 1CK7 present lower values (∼2−
4 Å) that are indicative of reasonable secondary structure
stability. To better assess the stability and changes undergone
by each of the MMP-2 domains, the rmsd values were further
segregated into distinct motifs (e.g., the Ω-loop in the CAT
domain, subdomains FIB1−FIB3, etc.), and the corresponding
plots are included in the Supporting Information.
The global rmsd plot in Figure 1 for the MMP-2(X)/fTHP-

5 configuration suggests that the MMP-2 multidomain
arrangement changes significantly during the first half of the
simulation and then reaches a structurally stable state during
the last 100 ns. For the MMP-2(X)/fTHP-5 trajectory, the
global behavior of the rmsd value computed for all the
backbone atoms seems to correlate with that of the whole FIB
domain (see Figure 1). As the rmsd plots for the three FIB1−
FIB3 subdomains (Figure S2 of the Supporting Information)
are rather stable, it turns out that the intradomain
reorganization among the FIB subdomains is the dominant
event during the first 100 ns of the simulation. On the other
hand, the segregated rmsd plots point out that the tertiary
structure of HPX smoothly evolves during the second half of
the simulation, which is mainly ascribed to the distortion of the
HPX3 blade rather than to an interblade rearrangement (Figure
S2 of the Supporting Information).
For the MMP-2(D-1)/fTHP-5 trajectory, the global rmsd

plot seems to be well equilibrated after 20 ns, but the rmsd plot
for the CAT domain suggests that the search phase in this
model is probably longer. Thus, we found that the
conformation of the Ω-loop, which partially delimits the active
site, suffers a sharp transition at ∼90 ns. This transition involves
a change in the configuration of the Thr428-Lys429-Asn430-
Phe431-Arg432 backbone and results in the approach of Phe431,
the gatekeeper of the S1′ pocket, to the Leu24B(P1′) side chain.
Finally, the rmsd plots for the MMP-2(D-2)/fTHP-5
simulation indicate that all the structural elements evolve in
equilibrium during this simulation, except the FIB2 subdomain
whose rmsd value jumps from ∼1.5 to ∼3.0 Å at t = 100 ns
(Figure S4 of the Supporting Information).
To analyze the relative position of the HPX and FIB1−FIB3

domains with respect to CAT, we monitored the evolution of
the Euler angles that characterize the relative orientation of two
rigid coordinate systems placed at the center of mass of the
considered domains (Figures S5−S8 of the Supporting
Information). Thus, the corresponding polar plots confirm
that the FIB3 subdomain reorients with respect to CAT at
∼100 ns during the MMP-2(X)/fTHP-5 simulation that, in
turn, induces a larger rotational motion of FIB2 (see Figures S7
and S8 of the Supporting Information). Similarly, the FIB2 and
FIB3 subdomains reorient moderately at the middle of the
MMP-2(D-1)/fTHP-5 trajectory, whereas the three FIB
modules remain in a stable position along the MMP-2(D-2)/
fTHP-5 simulation. No substantial rearrangement of the HPX
orientation with respect to the CAT domain is observed in any
of the simulations.
To further assess the stability of the trajectories, we analyzed

the evolution of the approximated free energy of the solvated
MMP-2 models by conducting MM-PB calculations. The
GMM‑PB energies computed for the three simulations are plotted
versus time in Figure 2. For the MMP-2(X)/fTHP-5
simulation, the wide fluctuations of the adjacent GMM‑PB
average suggest that the model relaxes from the initial
conformation to a more stable conformation during the first
90−100 ns. Similarly, the accumulated GMM‑PB average for the

MMP-2(D-1)/fTHP-5 model tends to decrease during the first
60−70 ns and then remains stable. It is also apparent that the

Figure 2. Solute energy plus solvation free energy (GMM‑PB) plots for
the various MMP-2/fTHP-5 configurations. The gray dotted curve
represents the raw data points. The red and green curves represent the
evolution of the accumulated average and the adjacent average,
respectively. The adjacent-average curve, which better displays the
fluctuations of GMM‑PB on the long time scale, was obtained by
considering the closest 100 data points around each value along the
simulation time and assuming that the GMM‑PB plots are reflected at the
two ends of the time interval.
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MMP-2(D-2)/fTHP-5 model presents a shorter relaxation
phase in terms of the GMM‑PB energies; the GMM‑PB plot
fluctuates around a stable average value after only ∼30−40 ns.
When all the results are taken together, it seems that the

initial placement of the HPX domain in the full-length MMP-2/
fTHP-5 models generated by the semirigid docking analyses
needs to be refined by tens of nanoseconds of MD simulation
during which the relaxation phase of the multidomain structure
in the various models is accompanied by the dampening of the
increasing/decreasing trends of the structural deviations and
the energetic fluctuations. Therefore, we adopted a conservative
approach and decided to discard the first 100 ns of the three
trajectories when conducting the rest of our statistical analyses.
Overall Structure of the MMP-2/fTHP-5 Models. Figure

3 displays a series of surface representations of the average
structures obtained from the last 10 ns of the MMP-2(X)/

fTHP-5, MMP-2(D-1)/fTHP-5, and MMP-2(D-2)/fTHP-5
simulations. To help characterize the changes in the location
and orientation of the HPX and FIB domains induced by the
presence of the fTHP-5 triple helix bound to the CAT domain,
Figure 3 also shows (in lighter colors) the positioning of the
HPX and FIB domains resulting from the last 10 ns of the
parent simulations of the MMP-2 enzyme in its free form.35 In
this way, the plasticity of the FIB modules upon binding of
fTHP-5 becomes apparent. On one hand, in the X
configuration, the FIB3 subdomain moves away from the
active site cleft when fTHP-5 is bound that, in turn, also drives
the reorientation of the FIB1 and FIB2 domains as suggested
by the Euler plots (Figures S6−S8 of the Supporting
Information). On the other hand, the rearrangement of the
FIB3 subdomains in the D-1 and D-2 configurations occurs in
the opposite direction, approaching the fTHP-5 substrate and

Figure 3. Different views (90° turned) for a surface representation of the average structures obtained from the last 10 ns of the MMP-2/fTHP-5
simulations. For comparison, the average structures of the HPX and FIB domains obtained from the last 10 ns of the corresponding MMP-2
simulations are also displayed in lighter colors. The MMP-2 structures were superposed over the MMP-2/fTHP-5 structures using the backbone
coordinates of the CAT domain.
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the active site region to form direct contacts with fTHP-5 (see
below).
The HPX domain in the MMP-2(X)/fTHP-5 model

maintains its relative situation with respect to CAT, with only
slight modifications in the average position of the HPX side
chains. This lack of response could be caused by the stability of
specific CAT···LNK (Gln435 N···Pro463 O, Ile438···Pro459, and
Asp416 Oδ···Thr465 Oγ) and CAT···HPX (Tyr427···Pro514,
Pro417···Pro506, and Gly418 O···Arg491 Nη) interdomain contacts
that contribute to anchor HPX in a position similar to that
experimentally observed in the crystal structure of proMMP-2.
Curiously, in the MMP-2(D-1)/fTHP-5 and MMP-2(D-2)/
fTHP-5 configurations, the HPX domain responds to the
presence of the triple-helical peptide in spite of being placed at
the rear of the CAT domain where, a priori, it does not interfere
with the binding of substrate molecules. However, its average
location changes with respect to that observed in the fTHP-5-
free enzymes as shown in Figure 3. This “upward” displacement
of the HPX domain is probably related to the absence of stable
CAT···HPX interdomain contacts and is probably a side effect
of the changes in the location of the FIB subdomains caused by
fTHP-5.
With regard to the structure of the fTHP-5 ligand, we

examined first the helical twist angle against sequence as
averaged for the three chains (Figure S9 of the Supporting
Information) and found that fTHP-5 maintains its triple-helical
structure in the prototypical N- and C-terminal (Pro-Hyd-Gly)
triplets. In contrast, the helix is gradually untwisted in the
central region where the scissile Gly23B(P1)−Leu24B(P1′)

peptide bond is located. Comparison with the helical twist
angles computed for the MMP-2(CAT)/fTHP-5(B) trajectory
shows that inclusion of the FIB and HPX domains does not
modify the structure of fTHP-5 in complex with MMP-2,
excepting minor variations in the average values of the twist
angles in the nonprototypical region. It may be also interesting
to note that the particular location of the HPX domain with
respect to CAT, as sampled in the X, D-1, and D-2 models,
does not perturb the untwisting of the triple helix along its
sequence.
Besides the partial twisting/untwisting of the triple helix, the

fTHP-5 molecule in its free form also exhibits global bending
motions from linear to curved structures.35 However, in the
presence of the full-length MMP-2 enzyme, we visually
detected that the triple helix adopts a bent shape (C-shaped)
during the MMP-2(X)/fTHP-5 simulation whereas it remains
quite extended or adopts a slightly S-shaped form in the MMP-
2(D-1)/fTHP-5 and MMP-2(D-2)/fTHP-5 trajectories (see
the fourth view of each model in Figure 3). This observation
was confirmed by conducting clustering analyses considering all
the Cα atoms of the THP chains [the representative clusters
obtained for the MMP-2(X)/fTHP-5, MMP-2(D-1)/fTHP-5,
and MMP-2(D-2)/fTHP-5 trajectories are shown in Figure
S10 of the Supporting Information]. The clustering analyses
also emphasize that the central region of the helix is quite rigid
in the three simulations, as a result of the binding of chain B of
fTHP-5 within the MMP-2 active site. In contrast, the N- and
C-terminal tails are rather flexible, although the flexibility of the
C-terminal moiety is reduced in the MMP-2(D-2)/fTHP-5

Figure 4. (a) View of the active site region of the MMP-2(X)/fTHP-5 model corresponding to the QM/MM-optimized structure derived from a
representative MD snapshot. Atoms included in the QM region are shown in ball-and-stick representation. Some specific distances (in angstroms)
are also indicated. (b−d) Schematic representations of the most important MMP-2···fTHP-5 interactions.
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simulation, most probably because of its interaction with FIB3
(see below).
MMP-2···fTHP-5 Binding Interactions. The fTHP-5

molecule binds to the MMP-2 enzyme by establishing a
number of polar and hydrophobic contacts. The backbone of
chain B of fTHP-5 around the scissile peptide bond aligns in an
extended conformation within the MMP-2 active site, and
several fTHP-5 residues give stable interactions with important
binding sites of the MMP-2 CAT domain situated in strand β4,
the Ω-loop, and the so-called S3 and S1′ hydrophobic pockets
(see Figure 4 and Table S1 of the Supporting Information).
These MMP-2(FULL)···fTHP-5 contacts are similar to those
previously observed in the MMP-2(CAT)/fTHP-5(B)
model.35 For example, in the three MMP-2/fTHP-5
simulations, the Pro21B(P3) residue of fTHP-5 interacts closely
with the Tyr182 and Phe195 side chains at the S3 pocket, while
Leu24B(P1′) makes contact with Leu191, Val400, and His403 side
chains at the entrance of the relatively large S1′ hydrophobic
pocket. Some differences across the models can be found in the
number of the most persistent (percent occupancy of >50)
polar contacts [two, five, and seven contacts in MMP-2(X)/
fTHP-5, MMP-2(D-1)/fTHP-5, and MMP-2(D-2)/fTHP-5,
respectively], which reflect a slightly different arrangement of
the fTHP-5 substrate within the active site (see Figure 4).
A particular characteristic of the fTHP-5 binding mode in the

MMP-2/fTHP-5 complexes is related to the entry of one or
two water molecules in the vicinity of the catalytic Zn1 ion that
mediate the contact between Zn1 and the carbonyl group of
Gly23B(P1), instead of the direct Zn1···OC interaction
observed between the CAT domain of MMP-2 and small
peptide substrates.9 As mentioned in Methods, the apical
coordination position around the Zn1 ion occupied either by
the Gly23B carbonyl or by the incoming water is described by
nonbonded parameters, allowing thus the ligand exchange at
this position during the MD simulation. To further characterize
the structure of the Zn1 site in the presence of fTHP-5, we
conducted a QM/MM optimization of a representative
snapshot extracted from the MMP-2(X)/fTHP-5 trajectory at
t = 100 ns (see Figure 4a) in which the Zn1 ion and its ligands,
the Gly23B(P1)−Leu24B(P1′) moiety, and the nearby water
molecules are included in the QM region. The optimized QM/
MM structure shows interatomic distances and angles that are
very similar to those observed during the MD simulation (see
the Supporting Information for details), showing thus that the
structure of the Zn1 complex sampled by the MD simulations
corresponds to a stable coordination environment and is likely
not an artifact of the MM parametrization. Furthermore, the
QM/MM structure and the MD data indicate that the presence
of the water-bridged Gly23B(P1) CO···(H2O)1−2···Zn1
interactions probably enhance the prereactive character of the
MMP-2/fTHP-5 complex. For example, as seen in Figure 4a,
the orientation of the Gly23B(P1)−Leu24B(P1′) amide linkage is
adequate for the nucleophilic attack of the metal-bound O atom
in the Zn1−(H2O)···

−OOC−Glu404 moiety toward the C atom
of Gly23B(P1) (e.g., the MD Zn−O···CO average distance
amounts to 3.3 ± 0.2 Å for the X and D-1 models and 3.1 Å in
the QM/MM-optimized model) following a reaction pathway
with assistance of the Glu404 carboxylate similar to that
determined computationally for the hydrolysis of a decapeptide
catalyzed by MMP-2.8

Besides the key interactions associated with the placement of
chain B of fTHP-5 within the narrow MMP-2 active site, other
fTHP-5 residues in its chain A also make statistically relevant

contacts with the MMP-2 CAT domain in the three sampled
MMP-2/fTHP-5 models (Table S1 of the Supporting
Information). These contacts involve substrate residues from
P5 (Amp19A), which interacts with Tyr182 and Phe195 outside the
S3 pocket, to P5′ (Dnp28A), which contacts Tyr395 at the
connection between CAT and FIB3. We also observed highly
abundant interactions between CAT and chain C in the MMP-
2(D-1)/fTHP-5 and MMP-2(D-2)/fTHP-5 models, but not
for the MMP-2(X)/fTHP-5 model.
A few interactions between some fTHP-5 residues and the

noncatalytic domains (i.e., HPX and FIB) have been detected,
although their precise identity is different for each MMP-2/
fTHP-5 model. For the MMP-2(X)/fTHP-5 simulation, these
contacts are scarce and mainly limited to the hydrophobic
interaction between the nonstandard residue Dnp in chains B
and C and residues Met504 and Leu507 located in the first blade
of the HPX domain (84−94% occupancy). Other less abundant
HPX···fTHP-5 contacts are Gly483 O···Arg31C(P8′) Nη with a
frequency of 40%, Arg482 O···Arg31B(P8′) Nη and Glu484 Oε···
Arg31C(P8′) Nε with a frequency of 15%, Arg482 O···
Hyp34B(P11′) Oγ with a frequency of 12%, and Phe512···
Dnp28B(P5′) with a frequency of 13%. In contrast, in the MMP-
2(D-1)/fTHP-5 and MMP-2(D-2)/fTHP-5 models, the FIB3
subdomain is the only MMP-2 domain apart from CAT that is
adequately placed to interact directly with the fTHP-5
substrate. During the last 100 ns of the MMP-2(D-1)/fTHP-
5 simulation, we observed abundant polar interactions [Cys363
O···Hyp34B(P11′) Oγ (85%), Asp392 Oδ···Arg31B(P8′) Nη (66%),
and Arg368 O···Arg31A(P8′) Nη (53%) (Table S1 of the
Supporting Information)] and hydrophobic contacts
[Met373···Val30B(P7′) (78%), Met373···Pro33C(P10′) (46%), and
Tyr360···Hyp34B(P11′) (32%)]. The same FIB3 sites interact with
Pro33C(P10′) and Pro36C(P13′) in the MMP-2(D-2)/fTHP-5
model.
To complement the information provided by the analyses of

the H-bond and vdW contacts, we also analyzed the PB
electrostatic potential mapped onto the solvent-excluded
molecular surface area of selected MD snapshots (see Figure
5). Perhaps the most remarkable observation is that the fTHP-5
region around the scissile peptide bonds, which exhibits a local
concentration of positive charge because of the presence of Arg
residues at the P2′ and P8′ locations amid neutral fTHP-5
residues, is electrostatically stabilized by the predominantly
negative potential over the THP-contacting surface of the
MMP-2 CAT and FIB domains. Hence, the combined surface
of the CAT and FIB domains seems to “solvate” specifically the
fTHP-5 region that mimics the segment of the α chain of
collagen type II that is recognized by the MMPs.

Energetic Analyses. The average values of the GMM‑PB
energy terms for the MMP2/fTHP-5 complexes and their
standard errors are reported in Table 1 considering only the last
100 ns of each trajectory. As seen in Figure 2, the GMM‑PB
energies oscillate rapidly on the subnanosecond time scale, but
they also exhibit lower-amplitude oscillations on longer time
scales as shown by the evolution of the adjacent averages. This
suggests that the GMM‑PB energetic terms behave as correlated
fluctuating quantities, and therefore, we also estimated the error
of their average values by means of block averaging.74 Table 1
also collects the MM-PB data for the unbound states of the
MMP-2 and fTHP-5 molecules, which are useful for performing
comparative analyses and estimating the binding energy of the
complexes.
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To rank the X, D-1, and D-2 configurations of the MMP-2/
fTHP-5 complexes according to their relative stability, we
combine the average GMM‑PB values of the respective
simulations. Thus, the MMP-2(D-1)/fTHP-5 model would
be more stable than the MMP-2(X)/fTHP-5 and MMP-2(D-
2)/fTHP-5 models by +1 and +72 kcal/mol, respectively.
However, the propagation of the standard error (se) or the

block-averaging error (be) estimate associated with the
individual energy terms results in large statistical uncertainties
for these ΔG differences: 4.5 and 4.4 kcal/mol (se) and 14.9
and 15.2 kcal/mol (be), respectively. Therefore, we cannot
discriminate between the MMP-2(X)/fTHP-5 and MMP-2(D-
1)/fTHP-5 states because their relative ΔG is much smaller
than the statistical uncertainty. In contrast, the MMP-2(D-2)/
fTHP-5 state can be safely ruled out as being accessible to the
MMP-2/fTHP-5 complex because the corresponding ΔG is
much larger than either the se or the be. Curiously, it turns out
that the binding of fTHP-5 contributes to destabilize
specifically the positioning of the HPX domain in the D-2
orientation given that the native MMP-2(D-2) model is scored
by only ∼15 kcal/mol above D-1 using an equivalent MM-PB
approach.28 On the other hand, it is not unreasonable to expect
that the MMP-2(X)/fTHP-5 and MMP-2(D-1)/fTHP-5
models have a similar stability because (a) in the absence of
fTHP-5, the results of comparable MM-PB analyses28 point out
again that the parent models are energetically alike and (b)
either the HPX domain in MMP-2(X)/fTHP-5 or the FIB3
subdomain in MMP-2(D-1)/fTHP-5 gives only weak to
moderate interactions with the fTHP-5 substrate.
To better characterize the relative stability of the MMP-2/

fTHP-5 models, we also analyzed their absolute configurational
entropy (Sconf) by means of the Schlitter approximation. Thus,
we computed the plots of Sconf versus simulation time during
the last 100 ns for the whole MMP-2/fTHP-5 systems or its
various protein domains (Figure S11 of the Supporting
Information). The Sconf limiting values for the three models
after accumulated sampling for 100 ns are close to each other:
35.5, 35.6, and 35.4 kcal mol−1 K−1 for the X, D-1, and D-2
models, respectively (the Sconf values of the three parent models
in the native MMP-2 form are also quite similar). Although
these entropy calculations are rather approximate because of
the limited sampling size and the well-known overestimation of
Sconf by Schlitter’s method, the similarity of the Sconf plots
suggests that the inter- and intradomain mobility of the MMP-
2/fTHP-5 models should have only a minor entropic impact on
their relative stability.
Finally, we estimated the binding energy (ΔbindG) by

combining the average GMM‑PB terms from the independent
MD trajectories for the complexes, the native triple-helical state
of the fTHP-5 protein,35 and the three MD trajectories of the
unbound form of full-length MMP-2 in the X, D-1, and D-2

Figure 5. Electrostatic potential mapped onto the molecular surface of
representative MD snapshots extracted from the MMP-2/fTHP5
simulations. The calculations were performed both in the full MMP-2/
fTHP5 models including the coordinates of the triple helix (left) and
in the MMP-2 models after the fTHP-5 substrate had been removed
(right). Red indicates negative potential and blue positive potential.

Table 1. Average Values for the MM-PB Energy Components (in kilocalories per mole) from the MMP-2/fTHP-5 MD
Simulations (last 100 ns) Reported in This Work, the MD Simulations of the Isolated MMP-2 (last 100 ns) in the X, D-1, and
D-2 Orientations, and the fTHP-5 System (last 40 ns)a

system E̅MM ΔG̅solv
PB ΔG̅solv

nonpolar G̅MM‑PB

MMP-2(X)/fTHP-5 −1969.1 (5.0) [34.5] −7316.4 (4.3) [32.9] 661.5 (1.6) [2.1] −8622.2 (3.2) [13.1]
MMP-2(D-1)/fTHP-5 −2175.4 (5.4) [35.5] −7123.8 (4.5) [34.0] 674.3 (1.6) [4.7] −8623.1 (3.2) [7.1]
MMP-2(D-2)/fTHP-5 −2274.3 (5.2) [30.2] −6972.7 (4.2) [21.8] 694.1 (1.5) [2.8] −8551.2 (3.0) [13.4]
fTHP-5b 1455.9 (1.4) [2.8] −1336.2 (0.7) [2.7] −37.8 (0.7) [3.0] 83.2 (1.2) [5.2]
MMP-2-(X)b −2624.6 (3.3) [31.6] −6667.2 (2.8) [30.6] 611.4 (1.0) [3.8] −8680.2 (1.9) [7.7]
MMP-2-(D-1)b −2779.2 (3.6) [36.0] −6529.2 (3.1) [35.9] 623.0 (1.0) [3.0] −8685.7 (2.1) [11.6]
MMP-2-(D-2)b −2936.0 (3.5) [43.8] −6364.3 (2.8) [36.5] 629.1 (1.1) [5.2] −8671.6 (2.0) [12.7]
MMP-2(X) + fTHP-5 → MMP-2(X)/fTHP-5 −800.4 (6.2) [46.9] 687.0 (5.2) [45.0] 87.9 (2.9) [5.3] −25.2 (3.9) [16.1]
MMP-2(D-1) + fTHP-5 → MMP-2(D-1)/fTHP-5 −852.1 (6.6) [46.9] 741.6 (5.5) [49.5] 89.1 (2.0) [6.3] −20.6 (4.0) [14.6]
MMP-2(D-2) + fTHP-5 → MMP-2(D-2)/fTHP-5 −794.2 (6.6) [53.3] 727.5 (5.1) [42.6] 102.8 (2.0) [6.6] 37.2 (3.8) [19.2]

aRelative MM-PB energies for the complex formation are also included. Standard errors of the mean values and block average error estimates are
given in parentheses and brackets, respectively. bCalculated using the snapshots of MD simulations reported previously.28,35
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orientations.28 The resulting ΔbindG values are −25, −21, and
+37 kcal/mol for the X, D-1, and D-2 configurations,
respectively (see Table 1). Perhaps the most interesting
observation arising from the ΔbindG estimations is that the
formation of the MMP-2(X)/fTHP-5 and MMP-2(D-1)/
fTHP-5 complexes would be thermodynamically favorable (i.e.,
ΔbindG < 0), supporting thus the stability and relevance of these
computational models. As expected, the electrostatic and
dispersion forces between the two proteins provide the driving
force for the formation of the complex. For example, the ΔE̅MM
change for the binding process leading to MMP-2(X)/fTHP-5
has a value of approximately −800 kcal/mol, which
compensates for the desolvation penalty for binding measured
by the ΔΔG̅solv

PB and ΔΔG̅solv
nonpolar values of +687 and +88 kcal/

mol, respectively. Unfortunately, the large magnitude of the
ΔE̅MM and ΔΔG̅solv values and their ample fluctuations, which
are a consequence of the relatively large size of the molecular
fragments involved in the binding process and the broad
contact area between them, limit the accuracy and precision of
the MM-PB estimations of protein−protein binding energies.
In fact, the actual values of the MM-PB binding energies in
Table 1 should be taken with caution because of the limitations
of the MM-PB method, the lack of entropic contributions, and
the large statistical uncertainty of the computed values, which
lies in the interval of ∼4−16 kcal/mol depending on the error
estimation considered (standard error or block averaging
error).

■ DISCUSSION
In spite of its physiological and pathological relevance, we still
lack detailed structural information about the enzyme/substrate
interactions operating in the collagen hydrolysis catalyzed by
the MMPs. This has prompted us to analyze three different
models for the interaction of the ubiquitous full-length MMP-2
enzyme with the synthetic collagen-like fTHP-5 in a prereactive
state, in which the triple helix is partially unfolded and the
scissile peptide in chain B of the THP is placed within the Zn1
active site. It may be interesting to remark that, because of the
structural and dynamical complexity of the two biomolecules,
the construction of the MMP-2/fTHP-5 complex is far from
being a straightforward molecular modeling task. In fact, the
initial structures of such complexes can be accessed only by
relying heavily on the previous structural knowledge that has
been acquired through a continuous effort focused on the
computational study of the MMP-2 enzyme.8−10,28,35,40,75

Subsequently, the obtained MMP-2/fTHP-5 models are subject
to extensive MD simulations in explicit solvent that are
indispensable for the proper relaxation of the MMP-2
interdomain arrangement and the MMP-2···fTHP-5 mutual
orientation through collective motions on the nanosecond time
scale. Thus, the final MMP-2/fTHP-5 models comprise an
ensemble of structures that are extracted from the second half
of the 200 ns MD trajectories.
With regard to the stability of the MMP-2/fTHP5

complexes, the structural analyses of the MD trajectories
confirmed that the partially unfolded fTHP-5 substrate remains
well anchored to the enzyme, mainly through polar and
hydrophobic interactions located along the active site cleft of
CAT as described in the legend of Figure 4. The identity and
average distances of some of these interactions vary across the
models, a fact that seems to be associated with the reorientation
of the hydrolyzable peptide bond as a result of the entrance of
one or two water molecules that mediate the Zn1···O

Gly23B(P1) contact. However, in the three models, the scissile
Gly23B(P1)−Leu24B(P1′) amide bond remains well oriented to
react with the catalytic machinery of the enzyme (i.e., the zinc-
bound water molecule and the conserved Glu404).

8 Hence, the
ability of the various models to represent the equilibrium state
of the MMP-2/fTHP-5 complex needs to be further assessed in
terms of their average MM-PB energies and configurational
entropies (see Table 1). Although these energetic analyses yield
approximate free energies, they allow us to safely discard the
MMP-2(D-2)/fTHP-5 model, which is much less stable than
the MMP-2(X)/fTHP-5 and MMP-2(D-2)/fTHP-5 config-
urations. The MM-PB energy difference between the latter
models is smaller than the corresponding statistical uncertainty,
and accordingly, the two of them are a priori reasonable
candidates for describing the prereactive MMP-2/fTHP-5
complex.
The most likely models mainly differ in the positioning of the

HPX domain with respect to CAT. In the MMP-2(X)/fTHP-5
model, HPX is close to the catalytic site cleft as in the available
crystal structures of pro-MMP-2 while HPX is located at the
rear of CAT and distal to the active site groove during the
MMP-2(D-1)/fTHP-5 simulation. The fact that these models
have similar MM-PB energies and limiting Sconf values can be
seen as an indication that the HPX domain could sample
different configurations in the prereactive MMP-2/THP
complexes. In addition, it turns out that the FIB modules
also undergo a notable rearrangement in their average location
and relative orientation in response to the presence of the
bound fTHP-5 substrate (see Figure 2). Thus, the structure and
relative stability of the computational models highlight the
plasticity of the multidomain MMP-2 enzyme, in which the FIB
and HPX domains could adopt distinct conformational states
around CAT. This observation is in line with a variable degree
of interdomain flexibility that has been invoked in previous
works to explain the initial events in the collagenolysis catalyzed
by the MMPs.18,76 Thus, conformational freedom between the
different domains is considered to be important for displacing
the MMPs along collagen fibrils and for unwinding and/or
perturbing the triple helix to accommodate a single peptide
chain in the active site. Evidence confirming this interdomain
flexibility has been obtained for a number of MMPs using
different experimental22−26 and computational techni-
ques.28,40,77 Unfortunately, gaining more detailed knowledge
about the extent and significance of the MMP-2 interdomain
freedom and its role during collagenolysis will require a
considerable amount of MD sampling and/or the application of
sophisticated meta-dynamics techniques, because of the large
number of degrees of freedom and the long time scales
involved in the collective motions of the MMP-2 domains. In
addition, the substantial relaxation experienced by our initial
docking models during the MD trajectories also suggests that
other computational approaches based on semirigid docking
protocols are unlikely to unveil all the details related to the
plasticity of MMP-2.
For the MMP-2 enzyme, the actual role of its noncatalytic

domains in THP binding and the identity of the collagen
binding domain still remain controversial given that both FIB
and HPX have been involved in the interaction of MMP-2 with
other macromolecules. On one hand, it has been shown that an
MMP-2 mutant lacking HPX is unable to cleave collagen type I
fibrils, whereas the MMP-2 mutant lacking FIB generates the
classical 1/4 and 3/4 cleavage products.15 Thus, the specific
collagenolysis performed by MMP-2 is seemingly determined
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by HPX, not by FIB. On the other hand, it has also been
reported that a FIB deletion mutant of proMMP-2 (inactivated
by the propeptide) fails to bind type I collagen, whereas
binding is observed for the wild type and the HPX deletion
mutant proenzymes.78 In line with this result, a variety of
studies have concluded that virtually all the collagen binding
properties of MMP-2 reside in the FIB domains.5,31,79 Very
recently, several MMP-2/THP complexes have been built by
means of docking calculations and MD simulations.77 In these
complexes, the THP molecules are forced to interact
simultaneously with a group of residues from the three FIB
modules; that is, the resulting complexes are not catalytically
relevant given that the active site of the CAT domain remains
unoccupied. Although the HPX domain does not interact with
the THP moieties either, the authors of this computational
study77 have proposed on the basis of approximate normal
mode analyses that a significant displacement of HPX could
allow it to interact with the THP to prevent further unwinding.
Regardless of the adequacy of the constraints imposed in this
study, which may be questionable, it still remains unclear how
the CAT domain finally reorients itself to contact and
hydrolyze the partially unwound substrate. In contrast, our
MMP-2/fTHP-5 models, with a partially unfolded triple helix
aligned parallel to the enzyme active site groove and its middle
α chain ready to be broken, may provide a first glimpse of the
important contacts in the prereactive state.
Certainly, our computational models of the MMP-2/fTHP-5

complex cannot answer all the open questions and puzzles
regarding the collagen binding properties of MMP-2 due to the
limited sampling achieved by the simulations and, especially,
the fact that the synthetic fTHP-5 molecules have a triple helix
much shorter than that of natural collagen molecules and less
amino acid diversity than natural collagen molecules. Never-
theless, our calculations can give new insight into the potential
role of HPX/FIB and/or help clarify some of the experimental
observations. For example, we found that the direct interactions
of fTHP-5 with the noncatalytic domains are limited to a few
polar and hydrophobic contacts with FIB3 in the MMP-2(D-
1)/fTHP-5 model, and with HPX in the MMP-2(X)/fTHP-5
trajectory. However, our structural analyses also show that the
FIB3···fTHP-5 and HPX···fTHP-5 contacts represent a minor
contribution to substrate binding in the prereactive state and
that the MMP-2 CAT domain is indeed the most important
binding partner for the fTHP-5 substrate. This seems to be in
full agreement with experimental data showing that the isolated
CAT domain of MMP-1, MMP-3, MMP-9, MMP-12, and
MMP-14 can bind and process synthetic collagen models.80−85

Therefore, it might well be that, for synthetic THP systems
comprising only a few triplets of residues mimicking natural
collagen sequences around the scissile peptide bond, the HPX
and FIB modules would have an only minor effect as suggested
by our theoretical models.
Despite the secondary role of the noncatalytic MMP-2

domains for anchoring the fTHP-5 system, the binding exosites
detected in our simulations are compatible with previous
experimental results obtained for other members of the MMP
family. For instance, binding sites equivalent to those
highlighted by mutagenesis experiments [Arg272 and Phe301
(MMP-1 numbering)] and those observed in the crystal
structure of MMP-1 bound to a THP in a nonproductive way
[Arg272···HypB(P11′) CO, Glu274···HypB(P11′) Oγ, and Phe301···
LeuB(P10′)] are also involved in the interaction of HPX with
fTHP-5 along the MMP-2(X)/fTHP-5 simulation [Arg482 O···

Arg31B(P8′) Nη, Arg482 O···Hyp34B(P11′) Oγ, Glu484 Oε···
Arg31C(P8′) Nε, and Phe512···Dnp28B(P5′) (MMP-2 number-
ing)].19,20 The low percentages of abundance (13−15%)
obtained for these HPX···fTHP-5 interactions are most likely
due to the presence of the non-natural and bulky Dnp residue
at P5′ and of the five prototypical triplets (Gly-Pro-Hyp) from
P9′ to P23′ in the fTHP-5 sequence. In fact, as previously noted,
the HPX domain becomes more significant for facilitating
proteolysis when the THP substrate becomes longer and more
“collagen-like”.19 With respect to the FIB exosites, our
simulations show that only FIB3 is able to make a direct
contact with the fTHP-5 triple helix in the prereactive state.
Previous binding analyses have localized the gelatin binding
pocket of FIB3 around residues Phe355, Trp374, Tyr381, and
Trp387, whereas the pro-MMP-2 crystal structure shows that the
Phe37 residue from the propetide binds within the FIB3
hydrophobic pocket.33,34,37 In the MMP-2(D-1)/fTHP-5
model, none of the fTHP-5 residues directly binds within the
FIB3 gelatin binding site, but a quite stable Met373···Val30B(P7′)
contact and a less frequent Tyr360···Hyp34B(P11′) interaction are
observed in the same region of the FIB3 module. Again, the
sequence of the fTHP-5 substrate could not be adequate for
properly exploring the binding determinants within the FIB3
exosite.
In summary, the semirigid docking calculations have

processed the structural and dynamical information retrieved
from previous simulations of the full-length MMP-2 enzyme
and the MMP-2(CAT)/fTHP-5 complex to build realistic
models of the multidomain MMP-2/fTHP-5 complex in its
prereactive state. The two most important models, which were
validated through MD simulations and scrutinized by different
structural and energetic analyses, indicate that the HPX
domain, either in its front or in its rear location with respect
to CAT, and the FIB subdomains all respond to the presence of
the fTHP-5 substrate by substantially changing their relative
interdomain positioning. However, the simulations strongly
suggest that the HPX and FIB domains can have an only minor
role in substrate binding and catalysis of synthetic THP
systems. Interestingly, they also pinpoint a few binding exosites
in HPX and in the FIB3 module involving MMP-2 residues that
coincide with some of the MMP exosites that have been
determined experimentally. This favorable comparison, which
augments the overall reliability of the present simulations,
points out that the full-length MMP-2/fTHP-5 models would
constitute the natural starting basis for further computational
studies aimed at unraveling the many structural and dynamical
questions concerning the role of the HPX and FIB domains in
their interaction with natural collagen. Surely, this would be a
genuine tour de force for molecular modeling methodologies
because of not only the multidomain structure and flexibility of
MMP-2 but also the presumably complex behavior of collagen.
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(14) Knaüper, V., Cowell, S., Smith, B., Loṕez-Otin, C., O’Shea, M.,
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