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ABSTRACT: Herein, we present the results of a computational study that em-
ployed various simulation methodologies to build and validate a series of molec- AE
ular models of a synthetic triple-helical peptide (fTHP-S) both in its native state
and in a prereactive complex with the catalytic domain of the MMP-2 enzyme.
First, the structure and dynamical properties of the fTHP-S substrate are inves-
tigated by means of molecular dynamics (MD) simulations. Then, the propensity

fTHP-5

of each of the three peptide chains in fTHP-S to be distorted around the scissile

peptide bond is assessed by carrying out potential of mean force calculations. Subsequently, the distorted geometries of fTHP-S
are docked within the MMP-2 active site following a semirigid protocol, and the most stable docked structures are fully relaxed
and characterized by extensive MD simulations in explicit solvent. Following a similar approach, we also investigate a hypo-
thetical ternary complex formed between two MMP-2 catalytic units and a single fTHP-5 molecule. Overall, our models for the
MMP-2/fTHP-5 complexes unveil the extent to which the triple helix is distorted to allow the accommodation of an individual

peptide chain within the MMP active site.

D 1 atrix metalloproteinases (MMPs) constitute a family of

zinc- and calcium-dependent enzymes involved in the
hydrolysis of a variety of proteins in the extracellular environ-
ment." Proteomics efforts have characterized different MMP
substrates, allowing the assignment of functional roles to these
enzymes during matrix remodeling, growth factor and cytokine
release, and inflammation and immune responses.2’3 As a result,
MMPs are considered to be principal mediators of important
physiological processes like morphogenesis, wound healing,
and tissue repair, but their hydrolytic activity has been also
linked to the progression of arthritis, cancer, and cardiovascular
diseases.**

In animals, the extracellular matrix is an intricate network of
macromolecules that, in addition to providing mechanical prop-
erties to tissues, also contributes to modulate cellular activity.”’
Collagen is the most abundant protein in the extracellular
environment where the MMPs operate. Its prevailing tridimen-
sional structure is a triple helix, which makes collagen highly
resistant toward most proteinases, except several members of
the MMP family.® However, structural analyses have shown
that the triple helix of collagen is too wide to be accommodated
within the active site of the MMPs, raising numerous questions
concerning how collagen degradation proceeds.”"

The original models for the collagen triple-helix structure
were based on low-resolution fiber diffraction data.'"'* In addi-
tion, high-resolution structures of a limited number of triple-
helical peptides (THPs) have provided new insight into the
hydration, hydrogen bonding, and sequence-dependent helical
parameters in collagen."*~"? All of the crystal structures of THPs
are slight variants of the most abundant collagen sequence that
consists on the repetition of several Gly—Pro—Hyp triplets per
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chain (Hyp stands for 4R-hydroxyproline). Only two examples
of THP structures include a small fragment of a real collagen
sequence,'**® so the molecular details of most of the THPs
synthetized to date as models of biologically relevant collagen
fragments remains unsolved.

THP molecules were initially designed to establish relation-
ships between amino acid sequence and triple-helix stability.”!
In addition, a few THPs have been tested as collagenous bio-
materials with a promising future in wound-healing applica-
tions."” The interaction of collagen with other macromolecules
has also been analyzed using these small collagen models.**
Thus, kinetic parameters for MMP binding to and/or
hydrolyzing a variety of THPs have been reported in several
studies.”> ™" Interestingly, the MMPs hydrolyze analogous
peptide bonds in natural collagen and in the corresponding
THP models. In addition, it has been shown that the isolated
catalytic domain of the MMPs possesses triple-helical peptidase
activity against THPs but not against collagen.m29 The re-
ported K values are larger for the THPs than for the
corresponding natural collagens, suggesting that the longer
collagen molecule establishes additional interactions with the
enzyme compared to those present in the MMP---THP com-
plexes. However, detailed structural data for a THP or collagen
molecule interacting to or bound within an MMP active site are
still scarce.

Initial modeling of MMP interactions with triple-helical
substrates confirmed that the active-site cleft in the catalytic
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domain of the MMPs is not able to accommodate an intact
triple helix.”* " A single a chain has to be slightly freed from
the triple-helical association and aligned, under considerable re-
arrangement of the scissile peptide bond backbone, within the
active-site cleft by forming f-strand-like hydrogen bonds.”®
Thus, the MMPs must locally unwind triple-helical collagen
before they hydrolyze the peptide bonds.” Atomic force micro-
scopy has allowed the direct visualization of MMP-9 during its
interaction with collagen II fragments.'® In addition, protein—
protein docking analyses complemented with NMR measure-
ments have been employed to gain some insight on the
interaction of a mutant MMP-1 enzyme with a THP model of
collagen 1.3 Finally, the Glu200Ala mutant form of the MMP-1
enzyme has been observed by X-ray crystallography in a non-
productive complex (the scissile peptide bond is not placed
within the active site) with a THP model of collagen IL.*

On the basis of different computational techniques and
molecular models generated in previous work, the main aim
of this article is to build a realistic molecular model of the
prereactive complex formed between a synthetic THP molecule
and the catalytic domain of an MMP in its active form. To this
end, we selected a fluorogenic triple helix called fTHP-5 and
the catalytic domain of the MMP-2 enzyme. On one hand,
MMP-2 is the most ubiquitous matrix metalloproteinase in
vertebrates, where it degrades different types of collagen,
fibronectin, elastin, and all types of unfolded collagens.3 In
addition, it has been identified as a validated target for cancer
therapy.®® On the other hand, fTHP-5 is a model for the al
chain of collagen type II in the region that is specifically
recognized by the MMPs (Scheme 1).>* The design of the
fTHP-S model introduced several modifications in the a1(II)
sequence to place a fluorophore at Ps and a quencher at Py'. In
addition, five Gly—Pro—Hyp triplets were added at each end to
improve the global stability of the helix (T, = 41 °C). Kinetic
analyses confirmed that this triple helix is recognized by
MMP-2 (K, = 2.0 uM and k,, = 0.049 s™*) and that the enzyme
cleaved fTHP-S at the Gly(P;)—Leu(P,’) and Gly(P;")—GIn(P,’)
peptide bonds (Gly,,s—Leus; and Gly;,3—Gln; in the collagen
I triple helix).>®

Our computational work started by building an initial struc-
ture for the fTHP-5 molecule, and taking into account previous
parametrization results,*® we investigated the dynamical
behavior of the THP by means of molecular dynamics (MD)
simulations. Once the stable structure of the fTHP-S molecule
is known, we investigated the intrinsic propensity of each of the
three a chains in the fTHP-5 molecule to bind the MMP-2
active site. Thus, we performed potential of mean force (PMF)
calculations to estimate the energy profile for the partial
unwinding of each THP chain around the scissile peptide bond,
evolving from a helical conformation to a nearly f-strand
conformation that can enter the MMP-2 binding crevice. From
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the PMF simulations, the distorted geometries of the fTHP-S
molecules were then docked within the MMP-2 active site
following a semirigid protocol and using molecular-mechanics
Poisson—Boltzmann (MM—PB) scoring. The most stable
docked structures were fully relaxed and characterized by
extensive MD simulations in explicit solvent. As a result, we
obtained models for f{THP-5 binding within the MMP-2 active
site that unveil the extent to which the triple helix is distorted
to allow the accommodation of an individual @ chain within
the MMP active site as well as the contacts that could drive
this deformation. Following a similar approach, we also built a
computational model of a hypothetical ternary complex formed
between two MMP-2 catalytic units and a single fTHP-5 mole-
cule. Overall, the various MMP-2/fTHPS models provide new
insight into the catalytic mode of action of MMP-2 and con-
stitute a firm basis for future studies on the role played by the
rest of the characteristic MMP domains in the recognition and/
or destabilization of either THP or natural collagen.

B MATERIALS AND METHODS

Scheme 2 outlines the workflow of the methodologies and
procedures that were used to construct the most likely
MMP-2/fTHP-5 models and that will be described in detail.

Scheme 2

Relaxed fTHP-5 model

MMP-2THP-5/MMP-2
Ternary complex

1

| Relaxed

Structural information

Relaxed
MMP-2/THP-5 models

Initial structures for the
MMP-2/THP-5 complexes

MD Simulation of the fTHP-5 Molecule in Aqueous
Solution. Initial coordinates for the fTHP-S backbone atoms
were built from the amino acids sequence using the TCL/TK
triple-helical collagen building script (THe BuScr).”” This
program, which is based on a statistical parametrization of
the triple helix derived from the available X-ray structures of short
THPs,*® readily works with standard residues (including
hydroxyproline) but requires additional data (helical propen-
sities) for nonstandard residues. For this reason, the nonstandard
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residues L-2-amino-3-(7-methoxy-4-coumaryl) propionic acid
(t-Amp) and N-2,4-dinitrophenyl (Dnp) were initially replaced
by the standard amino acids serine and lysine, respectively, in
the primary sequence included in THe BuScr. Subsequently, we
edited the file with the coordinates of the backbone atoms in
the initial triple-helical structure to obtain the fTHP-5 sequence
shown in Scheme 1 and to include the N-terminal hexanoic
acid (Cg). Finally, the side chains for the standard and
nonstandard residues were added using the LeAP program of
Amber 9.%°

The nonstandard L-Amp, Dnp, Hyp, and Cy residues were
parametrized within the context of the parm03 AMBER force
field.** Thus, these residues capped with Ace and Nme groups
were optimized in solution (ether) at the HF/6-31G** level of
theory exploring several conformers (four for L-Amp and three
for Dnp). Then, the electrostatic potential, computed at the
B3LYP/cc-pVTZ level of theory”* using the IEF-PCM
model,”” was employed in a two-step RESP procedure** to
obtain the atomic charges. Some missing parameters in the
parm03 force field for the NO, substituent in Dnp were taken
from the parm99 and the gaff force fields.**°

The geometry of the nonstandard residues was initially
relaxed within the triple helix by restrained minimizations and
molecular dynamics (MD) simulations using the SANDER
module of Amber10.*” Thus, all residues but the nonstandard
ones were harmonically restrained using a force constant of 100
kcal/(mol A%) during the following calculations that employed
a generalized Born (GB) continuum solvent model for water:*®
(a) 2500 cycles of energy minimization; (b) three consecutive
MD simulations (100 ps each) at 400, 350, and 300 K; and (c)
2500 cycles of energy minimization. Subsequently, fTHP-5 was
surrounded by a water box that extended 25 A from the protein
atoms, which resulted in an approximate box size of 76 X 82 X
199 A3 (~35000 water molecules). Six Cl~ counterions were
included to neutralize the system.

Solvent molecules and counterions were conveniently relaxed
by running energy minimizations and a 50 ps long MD simula-
tion. Prior to thermalization, fTHP-5 was minimized so that the
removal of bad contacts in the initial geometries is guaranteed.
The solvated fTHP-S was gradually heated to 300 K during
120 ps of MD. Then, Langevin dynamics was employed to
control the temperature (300 K) using a damping factor of
2 ps~'. Periodic boundary conditions were applied, and the
PME approach was used for nonbonded interactions.* The
time step of integration was 2.0 fs, and the SHAKE procedure
was applied to every X—H bond.*® A 50 ns MD simulation was
run using the NAMD program.>' Coordinates were saved every
2000 time steps, and analyses were performed for the last 40 ns.

Targeted MD Simulations and Potential Mean Force
Calculations on the fTHP-5 System. We carried out a series
of three targeted MD simulations and PMF calculations to
force the central region of one of the A, B, or C chains of
fTHP-S to adopt a conformation that could be more prone to
binding by MMP-2. The initial THP coordinates for the relaxed
fTHP-S (A state) were taken from the model generated by
THe BuScr and refined with LEaP. Subsequently, this model
was immersed in a water box that extended 15 A from the
solute atoms (we employed a smaller solvent box in the
expensive PMF calculations than the one used in the previous
MD simulations to save computer time). The system was then
subjected to energy minimization and thermalization using
the SANDER program followed by 10.0 ns MD simulation at
constant NPT, which was run using the PMEMD module in
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Amber10*” and using the same prescriptions and parameters to
those of the former MD simulation. The deformed states were
generated by constraining the backbone of the Pro,;-Gln,,-
Gly,;-Leuy,-Argys-Gly,s segment in the A, B, or C THP chains
to a root-mean-squared deviation (rmsd) value of 0 A from a
reference structure taken from a previous MD simulation of the
Michaelis complex between the MMP-2 catalytic domain and a
decapeptide (Ace-Gly-Pro-Gln-Gly-lle-Ala-Gly-GIn-Nme; C1)
mimicking the collagen sequence of chain a1 of collagen type 1.>*
With respect to this reference structure, the average structure of
the Pro,;-Gln,,-Gly,;-Leu,y,-Arg,s-Gly,s backbone in the native
A state has an rmsd value of 1.5 A.

To drive the A(native) — B(distorted) transition smoothly
along the targeted MD simulations, we added a harmonic
penalty that forces the selected atoms in the sampled structure
at a given rmsd from the reference structure using the following
equation

E= %K(rmsd(t) — rmsd,)*

where K stands for the harmonic constant and rmsd, is the
targeted rmsd value. In our case, 11 intermediate configurations
were generated, spanning the range of 1.5 A separating the A
and B structures of fTHP-S. These initial configurations were
then used as starting points for umbrella-sampling MD simula-
tions with the rmsd constraint shown above. For each con-
figuration, the force constant for the harmonic constraint was
gradually reduced from 500 to 100 kcal/(mol A%) in steps of
50 kcal/(mol A*) over a period of 0.250 ns of NPT simulation.
Each configuration was then sampled with the final constraint
of 100 kcal/(mol A%) by carrying out a 10 ns NPT MD simula-
tion, from which the last 8 ns were used for data accumulation.
All of the targeted simulations were performed using the
ABMD code implemented®” in the SANDER program. Finally,
the potential of mean force (PMF) along the rmsd coordinate
was constructed by applying the one-dimensional weighted
histogram analysis method (WHAM)>* on data taken at every
0.5 ps of the 8 ns production dynamics.

Docking of the fTHP-5 Molecule within the MMP-2
Active Site. The details of the computational procedure to
dock the distorted fTHP-5 molecule within the active site of
MMP-2 are as follows. (1) First, we selected 30 equally spaced
structures from the last 8.0 ns of each targeted MD simulations
of fTHP-S with partially distorted A/B/C chains in the vicinity
of the scissile bond and having an intermediate rmsd value of
0.60 A with respect to the reference structure. Each structure
contained both the coordinates of the solute atoms and a 3.0 A
layer of water molecules around the solute. (2) From our
previous 20 ns MD study of the Michaelis complex formed
between the MMP-2 enzyme and the C1 peptide,”> we took
20 snapshots of the solute atoms solvated by a 3.0 A layer of
solvent molecules. (3) Each one of the fTHP-5 structures was
docked within the MMP-2 active site by superposing the back-
bone atoms of the Pro,;-Gln,,-Gly,;-Leu,,-Arg,s-Gly,s segment
in one of the A/B/C chains onto their counterpart atoms in the
C1 decapeptide and then removing the C1 atoms. Only the
solute peptide/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/fTHP-5(A), MMP-2/fTHP-5(B),
and MMP-2/fTHP-5(C) were generated, depending on the
A/B/C chain of fTHP-S bound to MMP-2. Each set included
30 X 20 = 600 structures. (4) For every single MMP-2/fTHP-S
model, steric clashes between the MMP-2 and fTHP-S atoms
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were iteratively identified and relaxed. The coordinates of the
clashing residues were relaxed by carrying out 1000 conjugate
gradient steps followed by 25 ps of MD using the AMBERO3
force field and a distance-dependent dielectric constant (& =
4r,j). A high temperature value (500 K) is 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 that the loop over all of the steric clashes is completed,
the coordinates of the MMP-2 and fTHP-5 residues involved in
the steric clashes were simultaneously optimized. (5) The total
energy of the partially relaxed MMP-2/fTHP-5 models is not
useful to obtain a compensated energetic description because
the number and identity of the MMP-2/fTHP-S residues that
are structurally relaxed is different in each model. Hence, we
estimated the MMP-2---fTHP-5 binding energy to assess the
stability of the models. The required energies were obtained by
using the molecular mechanical (MM) Poisson—Boltzmann
Surface area (MM—PBSA) approach, which has been applied to
perform many classes of approximate binding-energy calcu-
lations, including for protein—protein complexes.*® Hence, we
performed single-point MM—PBSA energy calculations using
the SANDER program on the MMP-2/fTHP-5 complexes and
on the separated MMP-2 and fTHP-5 fragments. These cal-
culations were performed for all of the models using the PBSA
program in Amberl0Q with similar settings to those detailed
below for the MM—PB analyses of the MD simulations. (6)
The structural quality information of the most stable MMP-2/
fTHP-5 models was analyzed by means of the WHAT CHECK
program.”’ Finally, the water molecules from the 3.0 A solvent
layer of the separate MMP-2 and fTHP-S fragments that did not
show any steric clash among protein atoms or other water
molecules were included back in the most stable models for
setting up the corresponding MD simulations (see below).

MD Simulations of the MMP-2/fTHP-5 Complexes.
The two most favorable docking structures that placed the B or
C chain of the partially distorted fTHP-5 molecule within the
MMP-2 active site were further analyzed by means of MD
simulations. The initial structures of the MMP-2/fTHP-5(B)
and MMP-2/fTHP-5(C) models were surrounded by a peri-
odic box of TIP3P water molecules that extended 20 A from
the protein atoms. In addition, three ClI™ counterions were
placed to neutralize the systems. This resulted in a total of 4430
protein atoms being solvated by ~46 000 water molecules. The
parmO03 version of the all-atom AMBER force field was used to
model the system.* For the calcium ions, we employed similar
settings to those described elsewhere.®® For the zinc ions,
we used a set of MM parameters that have been developed and
tested by us in a previous work.’> In particular, for the
catalytic Zn,, a mixed bonded and nonbonded representation
was adopted in which the metal ion is linked to the His,y;—Ng,
His,y,—N¢, and His,;;—Ne atoms (1CK7 numbering) and the
bridging [Zn—(OH,)]**+"O0C—Gluy,, water molecule
by explicit MM bonds. In contrast, the carbonyl group of
the scissile peptide bond in the fTHP-5 molecule that is sup-
posed to be the fifth ligand around Zn, is represented by the
standard nonbonded parameters. This mixed description
allows flexible substrate binding at the apical position of the
Zn; site.

Energy minimizations and MD simulations were performed
with the 2.7 version of the NAMD program.>’ Solvent mole-
cules and CI” counterions were initially relaxed by means of
energy minimizations and 100 ps of MD. Then, the full systems
were minimized and heated gradually to 300 K during 120 ps of
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MD. Finally, a 100 ns MD simulation was performed for the
MMP-2/fTHP-5(B) and the MMP-2/fTHP-5(C) models with
a time step of 2 fs. Harmonic restraints with force constants of
5—20 kcal/(mol A) were imposed in selected enzyme/substrate
distances during the first 12 ns (Ala;o,—O-+N—Glny,(P,),
Ala;g4—N--O=Glny,(P,), Zn;O=Glyy(Py), Alajg,—O-+N—
Leuy,(P,’), Leu;g;—N--O—Leu,(P,’), Proy,;—O--N—Arg25-
(Py'), and Tyrys—N--O—Arg,s(P,)) to allow MMP-2 to relax
in the presence of the B or C chain of fTHP-5 within the active
site. The SHAKE algorithm was used to constraint all of the
R—H bonds, and periodic boundary conditions were applied to
simulate a continuous system. A nonbonded cutoff of 10.0 A
was used, whereas the particle-mesh-Ewald (PME) method
with a grid spacing of ~1 A was employed to include the con-
tributions of long-range interactions. Langevin dynamics was
employed to control the temperature (300 K) using a damping
factor of 2 ps™', whereas pressure control (1 atm) employed
Berendsen bath coupling. Coordinates were saved every 5 ps,
and only the last 70 ns from each trajectory were considered
for analysis using the ptraj program included in the Amber10
package and some other specific software developed locally.
Clustering analyses were performed using MMTSB-tools.*”’

Construction of the Ternary Complex MMP-2---fTHP-
5+*MMP-2. From the most likely model of the MMP-2/fTHP-
S complex in which chain B of fTHP-S occupies the MMP-2
binding site, we constructed a model of a hypothetical ternary
complex formed between two catalytic MMP-2 units and one
fTHP-S molecule. This ternary model, which preserves the
overall structure and the binding motifs characteristic of the
parent MMP-2/fTHP-5 binary complex, includes a second
catalytic domain bound to the central region of chain C in
fTHP-S, which turned out to be solvent-exposed along the
MMP-2/fTHP-5(B) simulation.

To build the initial structure of the MMP-2/fTHP-5/MMP-2
complex, we applied a computational protocol that closely
resembles that employed to set up the initial binary complexes.
First, we carried out targeted MD and PMF calculations on
the MMP-2/fTHP-5(B) model in which the backbone of the
Pro,;-Glny,-Gly,3-Leuy,-Arg,s-Gly,s segment in the chain C
was constrained to different rmsd values from the same ref-
erence structure derived from the MMP-2/C1 simulation. In
these calculations, which were started from the snapshot at
50 ns of the MMP-2/fTHP-5(B) trajectory, we used the same
settings and prescriptions as those that have been described for
the isolated fTHP-5 molecule except that data accumulation in
the PMF windows extended up to S ns.

The details of the computational procedure to dock the
MMP-2/fTHP-5 complex within the active site of a second
MMP-2 unit were again very similar to those commented above.
Thus, we selected 45 equally spaced structures from the last 4.0 ns
of the MMP-2/fTHP-5(B) targeted MD simulations having an
intermediate rmsd, value of 0.50 A. The set of selected MMP-2/
fTHP-S structures was then duplicated, creating thus two identical
sets: L (ligand) and H (host). Then, each one of the MMP-2/
fTHP-S structures in the L set was docked within the MMP-2
active site of one H structure by superposing the backbone
atoms of the Pro,-Gln,,-Gly,s-Leu,,-Arg,s-Gly,; segment in
the distorted C chain onto their counterpart atoms in chain B
of fTHP-5 in the H structure followed by removing all of the
fTHP-S atoms in the H structure. In this way, a set of ternary
complexes including 45 X 45 = 202S structures was generated.
Subsequently, steric contacts were relaxed, and the docked
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Figure 1. (a) Stick representation of the last snapshot obtained from the S0 ns MD simulation of fTHP-S in water. Carbon atoms from chains A, B,
or C are colored in green, orange, and gray, respectively. (b) Zoomed view around the scissile peptide bond in chain A showing the main interchain
H bonds and the position of structural water molecules. (c) Evolution of the average helical twist angle (in degrees) along the sequence of the
fTHP-S molecule in its free state and in complex with the MMP-2 catalytic domain.

complexes were energetically scored by means of the same
computational procedure as that used for the binary complexes.

Finally, the most likely MMP-2/fTHP-5/MMP-2 docking
model was immersed in a periodic solvent box that extended
20 A from the protein atoms and extensively relaxed by carrying
out a 100 ns MD simulation performed with the NAMD 2.7
program. All of the force-field parameters and the rest of the
MD settings were again identical to those employed in the
simulations of the MMP-2/fTHP-5 complexes.

Energetic Analyses of the MD Trajectories. To estimate
the relative stability of the MMP-2/fTHP-5 models, we com-
puted various free-energy components by performing MM—PB
calculations®*®" over 2000 snapshots extracted from each MD
simulation every 100 ps. The snapshots were postprocessed
through the removal of all solvent molecules and counterions.
The MM—PB energy, which should be interpreted as a phys-
ically based scoring function, was computed according to the
following equation

+ A Gnonpolar

solv

PB
Gym-ps = Envm + AG,

solv

(1)
PB

where Eyp, is the molecular mechanics energy, AG,y, is the
electrostatic solvation energy obtained from Poisson—Boltzmann
calculations,®* and AG ™™ is the nonpolar part of solvation
energy. The latter nonpolar term was estimated by means of
two different computational alternatives: (a) AGRPO™ =
AH:SIuvie—solvent + }/MSA) where AH:shlV\ie—solvent is the solute—
solvent van der Waals energy, whereas the cavitation free-
energy contribution to the nonpolar solvation energy is
determined by a molecular surface area dependent term, and
(b) the nonpolar contribution to the solvation free energy is
simply estimated by a solvent-accessible surface area (SASA)
dependent term, AGEPOR" = gSASA + b.

The SANDER program included in Amberl0 was used to
compute (no cutoff) the molecular mechanics energy terms
(Eypp), whereas the electrostatic contributions to the solva-

tion free energy were determined using the PBSA program also

8560

available in Amberl10. In the PB calculations, atomic charges
and radii were taken from the parmO3 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 A, and the points at the boundary of the grid
were set to the sum of Debye—Hiickel potentials. The van der
Waals interaction energies between solute and solvent atoms
were determined for a water shell of 12 A thickness around
the solute with no cutoft using SANDER. To estimate the
cavitation energy, the surface tension proportionality constant
y was set to 69 cal mol™' A™% and the molecular surface area
(MSA) was determined using the MOLSURF program in-
cluded in Amberl0, applying Bondi radii for the solute atoms
and a water probe radius of 1.4 A. The default settings in the
PBSA program for computing the SASA-dependent A GOk
were used (a = 7.2 cal mol™* A2 and b = 0).

B RESULTS

Structure and Dynamics of fTHP-5. The fTHP-S triple
helix was built from sequence, as described in the Materials and
Methods, and its phase space was sampled in water by means of
50 ns of MD. Taking into account that the simulation did not
start from an experimental structure, the different analyses were
performed for the last 40 ns of the trajectory to ensure a com-
plete relaxation of the triple helix in solution. Figure 1a displays
the last geometry obtained from the simulation, which confirms
that the system remains triple helical. This can be further con-
firmed by analyzing the presence of the characteristic H-bond
pattern observed in the crystal structures of other THPs.* For
instance, we see in Figure 1b and Table S1 that highly abundant
Gly—NH---OC—X interchain H bonds between a glycine amino
group in one chain and the carbonyl from the X residue in the
repeating (Gly—X—Y) triplet from an adjacent chain occurred
along the simulation (81—100% of occupancy and 2.9—3.2 A of
average distance between heavy atoms). Additional H-bond
contacts are observed in the central region of the fTHP-S helix
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Figure 2. (a) View of a deformed fTHP-S molecule around the scissile peptide bond in chain A. (b) Free-energy profile along the rmsd coordinate
for the deformation of the fTHP-5 chains to approach an extended conformation around the scissile peptide bond.

because of the presence of residues other than proline and
hydroxyproline in the X and Y positions of the (Gly—X—Y)
triplets, respectively. For instance, less frequent H-bond con-
tacts (58—86% of occupancy) have been characterized between
selected side chains and the carbonyl groups from another poly-
peptide chain (see Table S2). Water also mediates Gly—C=
O-+-(H,0)--HN—X interchain contacts in the nonprototypical
region of fTHP-S during more than half of the trajectory
(68—97% of the simulation time). The rather short average life
of these contacts, oscillating between 5 and 16 ps, indicates that
water molecules bridging chains are often exchanged. However,
even when there is a constant flux of water molecules, the
interchain contacts remain rather stable.

THPs are flexible molecules capable of changing (bending)
from a linear to a curved (subtly C shape or S shape) struc-
ture.>**® The overall dynamics of the fTHP-5 molecule can be
analyzed by performing a principal component analyses (PCA)
of the Ca covariance matrices. The first five PCA modes
account for ~90% of the variance of the backbone Ca atoms
(Table S3). These modes can be grouped in three subfamilies
representing each a different global movement. Thus, the first
two modes, which account for the majority of the structural
variability of the triple helix, correspond to the twist/untwist
motion of the helix. The second subfamily, constituted in part
by the third and by the fourth mode, describes orthogonal
bending motions of the whole THP backbone. Finally, the third
subfamily corresponds to the fifth mode and describes a zigzag
movement of the triple helix.

The helical structure of collagen molecules can be con-
veniently described by computing the unit twist angle (6) and
the unit height (h) along the triple helix. Following pre-
scriptions described elsewhere,*® we averaged the 6 and h data
for the nonprototypical triplets located in the central region of
the helix (from Gly,; to Args;) during the last 40 ns of the
fTHP-S trajectory. Interestingly, the resulting values (6 = 52 +
7°and h = 9.0 + 0.2 A) are in between those calculated from
previous simulations of a prototypical THP (POG10: 0 = 64 +
1° and h = 8.8 + 0.2 A) and of a triple helix whose central
region mimics a fragment from type III collagen (T3-785: 0 =
47 + 5° and h = 9.1 + 0.2 A). This structural result correlates
with the stability ordering of these three triple helices in terms
of the melting temperature: 41 °C for fTHP-5, 60 °C for the
prototypical helix, and 25 °C for the last one.**** We have also
analyzed the variation of the twist angles along the sequence
of the fTHP-5 molecule. In Figure 1c we see that the twist
angle fluctuates between 60—70° for all the residues in both
(Gly—Pro—Hyd); extremes, whereas 6 ranges between 45° and
60° in the central region. Thus, the twist angle deviates from
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the standard (prototypical) behavior because of the lack of Pro
and Hyp residues occupying the X and Y positions of the
(Gly—X-Y) triplet, respectively. In addition it is also clear that
the triple helix is partially unwound around the scissile peptide
bond as compared with the (Gly—Pro—Hyd) regions.

Deformation of fTHP-5: Targeted MD Simulations and
PMF Calculations. To gain knowledge on the structural
response of fTHP-5 when the central region of its triple-helical
structure is slightly distorted as well as to estimate the asso-
ciated energetic penalty, we carried out targeted MD simula-
tions and PMF calculations for the conversion of each one of
the A/B/C chains in the relaxed fTHP-S structure into a locally
constrained form in which the backbone atoms of the Pro,;-
Gln,,-Gly,s3-Leuy,-Arg,s-Gly,; residues adopt an stretched
conformation more prone to fit along the MMP-2 binding
crevice. As mentioned in the Materials and Methods, the ref-
erence structure for independently distorting each one of the
three fTHP-5 chains was taken from a previous simulation in
which the C1 decapeptide binds to MMP-2 in an extended
conformation that is stabilized by H-bond contacts connecting
the important backbone positions in the 4 strand and the Q
loop of the enzyme with the corresponding backbone amide
groups of the peptidic substrate.

Figure 2a shows a characteristic snapshot from one of the
targeted MD simulations corresponding to a reference rmsd,
value of 0.60 A with respect to the distorted form. Inspection of
this model and the various structural analyses (H-bond inter-
chain contacts, helical parameters) confirm that the deforma-
tion induced around the Gly,;—Leu,, bond in chain A hardly
alters the global structure of the triple helix. We also found that
the relative weight and dynamical features of the most imp-
ortant PCA modes along the targeted MD trajectory closely
resemble those of the unrestrained MD simulation. The only
remarkable change is the loss of two of the characteristic
interchain H bonds, namely, the Gly,;—NH:-O—Pro,, and
Gly,y—NH:--O—Pro,, interactions between the A---B and C--A
chains that are replaced in the distorted fTHP-S state by
H-bond contacts with water molecules and an alternative
Gly,c—NH:-:O—Gln,, interaction, respectively. Similar struc-
tural observations were carried out in the other two targeted
MD simulations aimed to distort chains B or C.

Even though the backbone rearrangement in the vicinity of
the Gly,;—Leu,, linkage resulted in small and well-localized
structural changes of the fTHP-S molecules, the energetic
impact of the geometric constraint turned out to be quite sig-
nificant regardless of the A/B/C chain being distorted, as
shown by the calculated free-energy profiles along the rmsd
coordinate (Figure 2b). Thus, free energy increases steadily
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from the relaxed structure at rmsd ~1.5 A to the more extended
chains at low rmsd values. Integration of the PMF profiles
within the 0.4—1.5 rmsd interval allows us to obtain the
following estimations of the free-energy change required to
deform the fTHP-S structure: 9.9, 10.4, and 11.8 kcal/mol for
the A/B/C chains, respectively. Moreover, the population of
fTHP-S structures having rmsd values with respect to the
reference (extended) conformation below 0.25 A was very
scarce all along the targeted MD simulations in spite of the
relatively large harmonic constraints that were applied (~4 kcal
mol™" A™% per atom). Hence, these results suggest that the local
unwind of the fTHP-S triple helix prior to substrate binding
within the active site and catalysis could be a major
contribution to the overall free-energy cost of MMP-2-assisted
hydrolysis. This effect could be due to the disruption of the
characteristic H-bond pattern of the triple helix occurring upon
the distortion of the backbone conformation, which in turn may
affect the efficiency of the intramolecular dipole—dipole align-
ment and solvent stabilization of the triple-helical structure.

Construction and Validation of the MMP-2/fTHP-5
Models: Docking Calculations, MD Simulations, and
Energetic Analyses. Our automated docking protocol
produced a total of 1800 initial complexes by superposing a
set of relaxed structures of the MMP-2 catalytic domain in com-
plex with the C1 peptide, which were generated by a former
MD simulation, onto the locally deformed fTHP-S structures
extracted from the three targeted MD simulations. Steric
clashes between the MMP-2 and fTHP-S atoms were partially
relaxed through a combination of constrained energy
minimizations and short MD simulations, and, finally, the
quality of the docked structures was reassessed by MM—PB
energy calculations and by counting the remaining bad con-
tacts. However, the ratio of docked structures that had few
or no serious steric collapses was rather low, which was not
entirely unexpected given that the employed fTHP-$ structures
largely retained their compact and bulky triple-helical arrange-
ment. As a matter of fact, 90% of the MMP-2/fTHP-S docked
structures in which chain A of the substrate molecule was
occupying the binding site presented ample interprotein
overlaps that prevented any further model-building operation,
whereas the local relaxation of the remaining 10% of structures
scored very poorly in terms of the final MM—PB binding
energies (ie., positive values of thousands of kilocalories per
mole) and the abundance of bad contacts. However, the same
computational protocol was able to partially relax >96% of the
docked structures when chains B and C were placed within the
MMP-2 binding crevice. Moreover, visual inspection of the 3 or
4 most stable models, which had relatively low binding energies
of a few tens or hundreds of kilocalories per mole and only a
handful of bad contacts, confirmed that they were reasonable
structures for subsequent model-building operations. Thus, the
most stable docking models for the MMP-2/fTHP-5(B) and
MMP-2/fTHP-5(C) complexes were then analyzed by the
WHAT CHECK program, which detected wrong conforma-
tions for two and three protein side chains, respectively. These
problems were corrected manually, and the side chains were
relaxed again through constrained minimizations.

Although the semiflexible docking calculations generated two
models for the interaction of the catalytic domain of MMP-2
with the slightly deformed fTHP-S molecule, it is clear that,
owing to the size and complexity of the fTHP-S substrate, fur-
ther relaxation of the models by means of extended MD simula-
tions was necessary to assess better the nature and importance
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of the interprotein interactions. Moreover, the possible re-
arrangement of the MMP-2 enzyme in response to the pres-
ence of the triple helix or the role played by specific water
molecules mediating the enzyme/substrate interaction are
neglected in these docking analyses. In addition, they cannot
provide insight into the dynamical behavior of the helix bound
to the enzyme. To explore these and other relevant issues
related with the placement of the triple helix within the MMP-2
active site, we performed 100 ns MD simulations of the two
most favored MMP-2/fTHP-S docked structures in aqueous
solution.

The time evolution of the rmsd values along the MD simula-
tions with respect to the 1CK7 crystal structure indicates
that the structure of the MMP-2 catalytic domain is well-
equilibrated in the two simulations (Figure S2 in the
Supporting Information). The same plots show a transition in
the global MMP-2 structure after 30 ns in the MMP-2/fTHP-
5(C) configuration, and, accordingly, only the last 70 ns were
analyzed in each trajectory. The average rmsd values, 1.8 =+
0.1 A for the backbone atoms without including the N-terminal
fragment, suggest that the structure of the catalytic domain of
the enzyme is not significantly distorted in the presence of the
THP molecule. This is fully confirmed by the superposition of
the average structures of the MMP-2 catalytic domain onto the
1CK?7 crystal structure. The largest shift arises at the N-terminal
coil, which was positioned in the superactivated conformation
in our simulations, and in the characteristic S (or Ca/Zn) and
Q loops that contact the fTHP-S molecule (see Figure S3).

The MD simulations started at the docked models reveal that
the triple helix of fTHP-S is largely distorted in its central re-
gion to achieve a proper binding to the MMP-2 active site,
which seems to be somewhat in contrast with the small
structural changes experienced by MMP-2. Thus, the evolution
of the helical twist angle against sequence averaged for the three
a chains in the bound fTHP-S molecule (Figure lc) clearly
shows that the triple helix is unfolded in the central region
around the scissile peptide bond (Gly,;—Leu,,) in the two
MMP-2/fTHP-5 complexes. Moreover, the unfolding is much
more pronounced when chain B binds within the MMP-2
active site (the average helical twist angle becomes negative at
the central region). To analyze further the changes in the triple
helix associated to its binding to MMP-2, we also determined
the percentage of occurrence and the average interatomic
distance of the Gly—NH:--O—X H bonds that characterize the
triple-helical structure. The notable rearrangement of chains B
or C upon substrate binding results in the weakening and/or
the removal of several interchain H bonds in the area (see
Table S1). Although some Gly—NH--O—X contacts remain
mediated by water molecules, the characteristic H-bond pattern
of the triple-helical structure is clearly lost in the central region
of the fTHP-5 molecule.

To analyze the global dynamics of the partially unfolded
fTHP-S molecule bound to MMP-2, we performed clustering
analyses of the substrate conformations by grouping them into
clusters by considering the rmsd values of the backbone Ca
atoms. Figure 3a displays the cluster representatives obtained
for the MMP-2/fTHP-5(B) and the MMP-2/fTHP-5(C)
simulations. Comparison of the clustering results confirms that
the fTHP-5 molecule is globally more flexible when chain B is
located in the MMP-2 active site. The different clusters mainly
arise because of the movement of the prototypical terminal
fragments of fTHP-S that maintain their triple-helix con-
formation all along the simulations. In contrast, the central
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Figure 3. (a) Ribbon models of the MMP-2 catalytic domain in complex with fTHP-S. For fTHP-S, the centroids determined by the clustering
analyses are shown with a thickness proportional to their relative weight. (b) View of the MMP-2 active site in complex with chain B or chain C of
fTHP-S. For clarity, the other fTHP-5 chains are not represented. (c) Schematic representation of the most important MMP-2---fTHP-$ interactions.

region of the fTHP-S molecule that interacts with the catalytic
domain of the enzyme is best described by segments of ex-
tended coils in all of the clusters. In addition, Figure 3a also
shows that the MMP-bound fTHP-5 molecule is considerably
bent and that the relative orientation between the curved
fTHP-5 with respect to the MMP-2 catalytic domain depends
on the identity of the chain (B or C) being located within the
active site.

Concerning the direct contacts between fTHP-5 and MMP-2,
our structural analyses indicate that fTHP-5 binds through a
series of polar and hydrophobic contacts in a similar fashion to
that of small peptide molecules (Figure 3b,c). Most of the
enzyme/substrate contacts involve the triple helix chain that is
placed within the active site of the enzyme and sites S;—S;’
of the catalytic domain. For instance, we observed in the
two simulations highly persistent Ala;o,—NH:--O—Gln,, and
Glny,—NH:--O—Ala,y, contacts at S, with the simultaneous
placement of the Leu,, side chain within the S,” hydrophobic
pocket. However, there are also noticeable differences in some
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of the MMP-2/fTHP-5 contacts depending on which fTHP-5
chain (B or C) is aligned in the active-site groove. Thus, at the
scissile peptide bond, the Gly,; carbonyl group of fTHP-5 (P,)
remains coordinated to the catalytic zinc ion during 100%
of the MMP-2/fTHP-5(B) simulation, but this contact is
weakened and becomes mediated by water molecules along the
MMP-2/fTHP-5(C) trajectory. This change slightly increases
the distance between the nucleophile (Zn,-coordinated water
molecule) and the carbonyl group of the scissile peptide bond
from 2.9 + 0.1 A for MMP-2/fTHP-5(B) to 3.3 + 0.2 A for
MMP-2/fTHP-5(C). There are also significant differences in
the occupation of the S; hydrophobic pocket built by the side
chains of Tyr g, His g3, and Phe 4. As expected, the P; Pro,,
from chain B is buried within the S; pocket in the MMP-2/
fTHP-5(B) model. In contrast, residues Pro,, and Leu,, from
chain B together with Pro,; from chain C interact with the S;
residues in the MMP-2/fTHP-5(C) simulation. Overall, we
conclude that the MMP-2/fTHP-5(B) configuration results in
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Table 1. Average Values for the MM—PB Energy Components (in kcal/mol) for the Various MD Trajectories Examined in This

Work?

EMM

Egas
MMP-2/fTHP-5(chain-B) -324.1 (27)
MMP-2 —1262.3 (2.7)
fTHP-5 1487.5 (2.1)
interaction energy —549.4 (0.7)
MMP-2/fTHP-5(chain-C) —2297 (2.5)
MMP-2 ~1159.1 (22)
fTHP-5 148022 (1.0)
interaction energy —550.8 (0.8)
isolated fTHP-5 14559 (1.4)
MMP-2/fTHP-5(B,C)/MMP-2 —1809.6 (2.9)
MMP-2! —1166.0 (1.9)
FTHP-S 1578.8 (0.9)
MMP-2* —1205.4 (2.0)
interaction energy MMP-2---fTHPS---MMP-2 —1017.3 (1.3)

A Gfﬁvb A (_;;lé)lgpolar GMM-PB
—2885.3 (2.3) 120.4 (0.1) —3087.2 (1.4)
151.6 (0.8)° —3056.0 (1.6)°
—2022.8 (2.4) 64.9 (0.1) —3220.2 (1.0)
—1311.2 (0.5) 732 (0.1) 249.5 (0.8)
448.8 (0.6) —17.7 (0.1) —118.3 (02)
—2916.1 (2.0) 1183 (0.1) —3025.7 (1.4)
155.8 (0.8)° —2988.2 (1.6)°
—2080.5 (1.8) 67.9 (0.0) —3171.8 (1.1)
—1294.3 (0.6) 72.6 (0.1) 258.4 (0.8)
458.8 (0.7) —222 (0.1) —114.2 (0.3)
—1336.2 (0.7) 72.0 (0.1) 193.6 (1.2)
—4654.9 (2.3) 166.8 (0.4) —6297.7 (1.7)
359.1 (1.0)° —6105.4 (2.0)°
—2096.8 (1.5) 65.8 (0.0) —3197.0 (1.1)
—1374.9 (0.5) 75.9 (0.1) 279.1 (0.7)
—1989.0 (1.6) 672 (0.0) —3127.2 (1.7)
802.9 (1.0) —41.1 (1.2) —255.5 (0.5)

“Standard errors of the mean values are indicated in parentheses. Interaction energies for the MMP-2/fTHP-S complexes were obtained using the
one-trajectory approximation. The MM—PB calculations were done using snapshots from the last 70 (MMP-2/fTHP-S complexes) or 40 ns (fTHP-S).

dw

nonpolar

YData that include the vdW interaction energy between the solute and water molecules (i.e, AGIP™" = AH{S\e—solvent + YA) are given in italics.

more stable MMP-2.--fTHP-S contacts favorable for substrate
binding and catalysis.

To investigate the relative stability of the MMP-2/fTHP-5
configurations, we evaluated their approximate free energy
(Gympg) in aqueous solution as described in the Materials and
Methods. First, we plotted the evolution of the Gygypp values
(including the vdW interaction between solute and explicit
waters) along the MD trajectories to make sure that they were
reasonably equilibrated and fluctuated smoothly during the last
70 or 40 ns of the simulation time (Figure S4 in the Supporting
Information). Then, the mean values for the various energetic
terms that are combined into the MM—PB scoring function
were computed (Table 1).

From the Gyppp data in Table 1, the relative stability of the
two models can be assessed directly. Thus, it turns out that
binding of fTHP-S to the MMP-2 catalytic unit through chain B
is energetically much more favorable than binding through
chain C by 68 kcal/mol in terms of Gygpp with solute—water
vdW interactions. The same energy difference amounts to
62 kcal/mol when the simpler SASA term is used to estimate the
nonpolar solvation. Although the MM—PB method used in this
work can be considered as a physically based scoring function,
it predicts neither highly accurate free-energy differences nor
absolute binding energies because of limited sampling, the
inclusion of solvent continuum, and, perhaps most importantly,
the neglect of the solute configurational entropy. However, the
large magnitude of the observed Gyppp differences and their
relatively low statistical uncertainty suggest that we can safely
assign the MMP-2/fTHP-5(B) configuration as the most likely
model for representing the MMP-2/fTHP-S complex.

Table 1 also collects the mean MMPB energies of the MMP2
and fTHP-S molecules (including now only the SASA nonpolar
contribution) that were computed using coordinates extracted
from the MD simulations of the MMP-2/fTHP-S complexes
and fTHP-S. On the basis of these data, we see that the larger
stability of MMP-2/fTHP-5(B) stems mainly from the lower
energetic distortion suffered by the MMP-2 catalytic domain
upon substrate binding. In effect, the average MM—PB energies of
fTHP-S in the MMP-2/fTHP-5(B) and MMP-2/fTHP-5(C)

trajectories are similar, 249 and 258 kcal/mol, respectively, more
than SS kcal/mol above that for the relaxed fTHP-S molecule.
Similarly, the equivalent MMP-2---fTHP-S interaction energies
that must compensate for the fragment deformation have values
of —118 and —114 kcal/mol. In contrast, the MM—PB destabi-
lization of the MMP-2 moiety is about 50 kcal/mol larger in
MMP-2/fTHP-5(C). These observations seem to be consistent
with the results of the structural analyses that show that the
S and Q loops present larger deviations with respect to the
reference X-ray structure in the MMP-2/fTHP-5(C) config-
uration.

Ternary Complex MMP-2:+fTHP-5--MMP-2. Apart from
vdW contacts between the side chain of Leu,, in fTHP-S chain
C and some solvent-oriented Q-loop residues of MMP-2, the
central segment of chain C exhibits an unwound and solvent-
accessible conformation during the MMP-2/fTHP-5(B)
simulation. Hence, the question that naturally arises is whether
or not the structure of the binary MMP-2/fTHP-S complex is
compatible with the binding of a second catalytic unit that
could anchor chain C of fTHP-5. To build a model of this
hypothetical complex and to assess further its feasibility, we
resorted to the same methodology that was used for the binary
complexes. Thus, we performed first targeted MD simulations
and PMF calculations on the MMP-2/fTHP-5(B) config-
uration that were aimed to force the central residues of chain C
in fTHP-S to approach the conformation of the MMP-bound
C1 peptide substrate. These preliminary calculations showed
that although the Pro,;-Glny,-Gly,s-Leu,,-Arg,s-Gly,s residues
in chain C had already lost their helical structure in the MMP-
2/fTHP-5(B) complex, the energetic cost of constraining their
backbone atoms is still significant. Thus, the estimated free-
energy change from the integration of the PMF profile within
the 0.5—1.8 rmsd interval amounts to 4.9 kcal/mol, which
is ~5 kcal/mol below the free energy for the equivalent
deformation of the isolated fTHP-5 molecule. In addition, these
simulations provided suitable structures for carrying out the
semiflexible protein—protein docking calculations, which in
turn rendered a set of ternary complexes that had very few or
no steric clashes.
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Figure 4. (a) View of the ternary complex formed between two MMP-2 catalytic domains and one fTHP-S molecule. (b) Schematic representation
of the most important MMP-2---fTHP-S interactions involving the second MMP-2 unit and chain C of fTHP-S.

For the sake of brevity, we focus now on the presentation of
the most remarkable features of the MMP-2/fTHP-5(B,C)/
MMP-2 model that was relaxed by a 100 ns MD simulation
started at the most stable docked structure. Concerning the
overall structure of the two MMP-2 catalytic domains, the rmsd
plots indicate that the first domain is well-equilibrated all along
the simulation, having an average rmsd of 2.5 + 0.1 A (1.8 +
0.1 A for backbone atoms), whereas the second domain,
which binds to chain C of fTHP-3, suffers a structural transition
around 20 ns and thereafter its rmsd fluctuates at higher values:
29 + 0.1 and 2.3 + 0.1 A for all-heavy atoms and backbone
atoms, respectively. The larger departure of the second MMP-2
unit from the reference structure is mainly due to the rearrange-
ment of the f3—pf4 and Q loops as well as the B3-sheet re-
sidues. Visual inspection of MD snapshots suggests that these
structural rearrangements can be induced by unfavorable
contacts with the bulky side chains of the nonstandard Dnp,,
residues in chains B and C. The two MMP-2 units only
establish a few polar and vdW interactions among residues
belonging to the £ loop of the first MMP-2 unit and the $3—£4
loop of the second one (e.g,, Gln,3,—C=0---H—N§—Hisg, and
Pro4--Pro,,; these interactions are >10 A beyond the Zn,
sites). However, we found again that the triple-helical
conformation of fTHP-5 is completely lost in its central region
but remains unaltered at the two ends comprising the
prototypical —(Gly—Pro—Hyp);— triplets.

Figure 4 displays a close view of a representative MD snap-
shot of the MMP-2/fTHP-5/MMP-2 complex, which illus-
trates the placement of the B and C fTHP-5 chains into the two
different binding pockets. On one hand, the polar and hydro-
phobic interactions between the chain-B residues and the first
MMP-2 catalytic domain observed during the MD simulation
closely reproduce those that were characterized for the binary
complex, both in terms of the identity of the involved residues
and in terms of their relative abundance (Figure 3). On the
other hand, chain C and the second MMP-2 unit give similar
contacts as shown in Figure 4b. For example, the Pro,, ring and
Leu,, side chain lie within the S; and S, hydrophobic pockets
all along the MD simulation, whereas the backbone carbonyl
groups of Gly,; (P,) and Leu,, (P,’) form H-bond interactions
with the backbone amide groups alongside the 4 sheet. However,
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the overall fitting of chain C to the second MMP-2 binding crevice
is less optimal than that between chain B and the first MMP-2
unit because the chain-C residues form fewer H-bond contacts
and the corresponding catalytically important Znl---O=C-—
Gly,; interaction is rather weak (Figures 3 and 4).

Table 1 also collects the results of the MM—PB energetic
analyses carried out on the MMP-2/fTHP-5/MMP-2 trajec-
tory. As in the case of the binary complexes, we observed first
that the MM-—PB free-energy components were well-
equilibrated and fluctuated around its mean value during the
last 70 ns. Consistent with the geometrical analyses, the com-
parison of the mean Gyp_pp for the separated MMP-2 units shows
that the second MMP-2 unit is destabilized by ~70 kcal/mol with
respect to the first one. Similarly, the energetic penalty for the
distortion of the fTHP-S substrate in the ternary complex
increases by ~30 kcal/mol with respect to the Gyp_pp values
observed in the binary complexes. However, the MM—PB
estimations for the interaction energy among the three protein
fragments, —255 kcal/mol, is ~137 kcal/mol below that of the
parent MMP-2/fTHP-5(B) complex. Therefore, on the basis
of the present MM—PB analyses, the larger distortion of the
MMP-2 and THP fragments could be compensated for by the
stronger protein—protein interactions, and, consequently, for-
mation of the ternary complex cannot be ruled out. Never-
theless, it is also clear that the computation of absolute free
energies of binding, which is an extremely challenging com-
putational and theoretical task, would be necessary to assess
better the stability of the hypothetical ternary complexes.

B DISCUSSION

As mentioned in ealier, THP molecules have been useful
models to understand triple-helix structure and stability as well
as to investigate the interaction of collagens with extracellular
matrix proteins like the MMPs. In addition, they have been
proposed as interesting biomaterials for future applications.
However, very limited structural information is available for
most of the triple helices synthetized to date. This knowledge
gap can be filled by molecular simulations. Thus, starting from
the amino acid sequence it is possible to build a triple-helix
model for fTHP-5 (a synthetic collagen II model) that can
be further explored and validated through an extensive MD
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simulation in explicit solvent (provided that appropriate
parameters are derived for the nonstandard residues). In fact,
the MD simulation characterizes in detail the structure and
dynamics in aqueous solution of fTHP-5. We observed that the
triple helix remained stable during all of the simulation
time, which is in agreement with the melting temperature
(T, ~41 °C) measured for this THP.>* However, the
simulation also points out that the triple helix is far from
being rigid, undergoing frequent and ample twist/untwist and
bending movements that are characterized by the PCA analysis.
Compared with the prototypical terminal fragments, the central
region of fTHP-S is slightly unwound with interchain H bonds
mediated by exchangeable water molecules. This partial loss of
the helical character around the scissile peptide bond, also
observed for other THPs,* is supposed to be important for the
hydrolytic activity performed by enzymes like the MMPs.”%%”

The collagen triple helix has to locally unwind prior to
hydrolysis because only one chain can be accommodated within
the narrow active site of the MMP enzymes. Similarly, it is
commonly assumed that peptide substrates align in an extended
fashion by establishing a number of polar and hydrophobic
interactions with the so-called S;—S;’ sites of the enzyme. To
evaluate the structural and energy impact associated to the
distortion of one chain of the fTHPS molecule (A, B, or C)
to adopt a peptidelike configuration more suited for MMP
binding, we performed three independent series of targeted
MD simulations and PMF calculations. Curiously, the structural
analyses of the constrained simulations revealed that in the
absence of MMPs the deformation induced around the scissile
peptide bond has only a minor and localized effect that does
not modify the global structure of the triple helix. The energy
penalty for the local unfolding around the Gly,;(P;)—
Leu,,(P,’) peptide bond in chain A, B, or C of fTHP-S is
estimated to be around 10 kcal/mol regardless of the peptide
chain, which shows that none of them has an intrinsic
preference to be the first one hydrolyzed in the active site of
the MMPs. Although the PMF calculations were carried out in
the absence of the MMP-2 enzyme, they suggest that fTHP-S
unwinding should be a significant contribution to the overall
energy barrier for the MMP-assisted hydrolytic process.”®
However, we also note that previous PMF calculations per-
formed on a 45-residue model of collagen type I lacking the
prototypical triplets characteristic of fTHP-S and kinetic anal-
yses of collagen I degradation indicate that partially unfolded
vulnerable states could be energetically accessible to some triple
helices in their native states.**®®

The interaction between the ubiquitous MMP-2 enzyme and
the locally deformed fTHP-5 molecule was first analyzed by
semirigid docking calculations that place chain A, B, or C within
the active site. Because the three identical chains in the fTHP-5
molecule intertwine and are staggered by one residue to form a
right-handed triple helix, the scissile peptide bonds are not
placed in an equivalent position within the tridimensional
structure of the helix'* so that the MMPs can discriminate
among them a priori. This seems to be the case with the MMP-2/
fTHP-S complex because the docking analyses predict that
the MMP-2 catalytic domain cannot bind and hydrolyze chain
A of the fTHP-5 triple helix in the first place. However, the
most stable docked MMP-2/fTHP-S complexes with chain B or
chain C placed in the enzyme active site, which were built from
snapshots of the targeted MD simulations of fTHP-S, retain
most of the helical character in the central region of the
substrate and suggest that the MMP-2 binding crevice can
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recognize triple-helical motifs. Nevertheless, these docked
structures needed to be relaxed by extended MD simulations
not only to optimize the MMP-2---fTHP-S interactions but also
to determine the actual conformation of the fTHP-5 molecule.
As a matter of fact, the triple-helix conformation is completely
lost around the scissile peptide bond during both the MMP-2/
fTHP-5(B) and MMP-2/fTHP-5(C) simulations, showing
that MMP---THP interactions play a key role in the unwinding
process of THP during the MMP-assisted hydrolysis. Inter-
estingly, these enzyme—substrate active-site contacts seem
compatible with the crystal structure obtained for the MMP-12
enzyme in complex with two short peptides mimicking the
position of the two products of the hydrolysis reaction
of a single peptide chain.%” In particular, the interactions with
the peptide bound within the primed side of the active site
(Leu,g;—N:--O—Pep(P,’) 2.9 A, P,’ side chain within the S’
pocket, Pro,;3—0O--"N—Pep(P,’), Tyry,g—N---O—Pep(P,’)) are
well-reproduced by our simulations.

The energetic analyses of the trajectories suggest that the
MMP---THP interactions could partially compensate for the
THP distortion penalty. In this respect, it is interesting to note
that several experimental studies point out that the unwinding
of the triple helix is the rate-determining step during prote-
olysis. Thus, the hydrolysis of different fluorogenic THPs by
MMP-1 and MMP-14 shows that an increase in the thermal
stability of the substrate decreases the ability of the enzymes to
cleave it.>” In addition, kinetic studies on the hydrolysis of two
isoforms (homotrimer and heterotrimer) of type I collagen
performed by MMP-1 has been seen to be compatible with a
mechanism in which the enzyme stochastically promotes the
unwinding of the triple helix as the rate-determining step.”
Finally, the application of an extensional force over a collagen
type I molecule, which presumably unwinds the triple helix,
increases the proteolysis rate catalyzed by MMP-1.""

Besides unraveling the unwound conformation of the MMP-
bound THP substrate, the geometrical and energetic analyses
of the MMP-2/fTHP-5 simulations have produced further
information concerning their structural features and binding
preferences. Most remarkably, the simulations revealed that the
two configurations are not equivalent and support the assigna-
tion of the MMP-2/fTHP-5(B) model with the central chain of
the fTHP-5 molecule bound within the MMP-2 active site as
the most likely one. Earlier experimental evidence obtained for
other MMPs are consistent with our computational results.
Thus, an inspection of the product distribution, as monitored
by HPLC in the time course of the MMP-1 or MMP-13 diges-
tion of a THP model of collagen I assembled in the ala2al
register, has been interpreted by considering that the a2 chain
is the first one to be cleaved.”” In another work, it has been
observed that the Glu,g,Ala mutant of MMP-1 resulted in a
catalytically inactive enzyme that is able to unwind the triple
helix of collagen I. In the presence of this mutant, non-
collagenolytic proteinases can hydrolyze the al(I) chain of
collagen I more rapidly than the active MMP-1 alone, but this
effect of the mutant enzyme is not observed when an inhibitor
is bound within the active site. The authors interpreted these
results by considering that MMP-1 preferentially interacts with
the 2(I) chain of the triple helix and that this would be the
chain to be cleaved in the first place.” In the case of MMP-2,
catalytic parameters (K, and k) for the enzymatic cleavage
of collagen I pointed to the a2 chain as the first to be
hydrolyzed.”® Taking into account that collagen I is supposed
to be assembled in an ala2al register,”* we propose that the
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first collagen chain to be cleaved would be positioned in the
MMPs similarly to that of the B chain in our MMP-2/fTHP-
5(B) model.

Another interesting feature of the MMP-2/fTHP-5(B)
model is that the MMP-2 catalytic domain is not significantly
distorted. In contrast, the fTHP-S triple helix is completely
unwound in the central region that contacts the MMP-2
residues, and the whole THP molecule adopts a curved con-
figuration that retains a significant mobility at the prototypical
N- and C-terminal fragments. This global arrangement of the
bound triple helix resembles that observed in single-molecule
images obtained for the interaction of MMP-9 with collagen II
fragments by atomic force microscopy experiments.10 It is also
compatible with an undisturbed triple-helical structure at the N
and C ends constituted by prototypical collagen triplets. This
observation is in agreement with experimental evidence ob-
tained by measuring the melting temperature of collagen I in
the presence of hydrolytically inactive MMP-1, which showed
that although collagen is partially unwound through its
interaction with the inactive MMP-1 it retains its triple-helical
character.” However, it may be worth noting again that the
enzyme—substrate contacts characterized when chain B is
placed within the MMP-2 active site are well-suited for the
hydrolysis of the scissile peptide bond by the Zn-bound water
molecule assisted by the conserved glutamic acid.”®

According to high-performance liquid chromatography
experiments, MMP-2 degrades triple-helical substrates with
the release of partially digested intermediates in which a cut
through only one or two strands is detected.”® These inter-
mediate species in the hydrolysis of a THP could result from
the interaction of the same substrate molecule with one or two
MMP-2 enzymes. The binding of several collagenases to the
same triple helix has been previously considered in the
formulation of a phenomenological “Brownian ratchet” model
that reproduces the key features of the experimental ob-
servations by two-photon excitation fluorescence correlation
spectroscopy of the interaction of MMP-1 enzymes with a
collagen fibril."® In this work, we found that such molecular
association, in a catalytically competent fashion, can be
accessible when two isolated MMP-2 catalytic domains interact
with the B and C chains of a THP substrate, respectively. Thus,
the docking calculations followed by MD analyses point out
that ternary MMP-2/fTHP-5(B,C)/MMP-2 can be structur-
ally and energetically feasible, although the second catalytic unit
bound to the C chain exhibits a larger distortion and worse
enzyme/substrate contacts. Nonetheless, the stability of these
ternary complexes and their potential relevance may also
depend on the structure of other THP or collagen substrates as
well as the presence of the rest of the MMP-2 domains.

In summary, the application of a broad array of computa-
tional methods together with the experience and results gained
in previous simulations performed on simpler MMP-2 and/or
THP systems have rendered a realistic molecular model of the
prereactive MMP-2/fTHP-S complex that unravels the most
important MMP---THP binding determinants as well as the
structural rearrangement induced in the THP substrate by
the MMP-2 catalytic domain. Several features of this model
(the preference for binding chain B, the global arrangement of
the THP molecule, etc.) are nicely in agreement with experi-
mental proposals, which in turn further supports the interest in
the model and its ability to complement the experimental
observations. Moreover, we believe that the structure of the
MMP-2/fTHP-5 complex reported in this work could be a
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particularly suitable starting point for studying computationally
either the molecular pathway leading to the formation of MMP-2/
THP complexes or the mode of action of full-length MMPs
during their collagenolytic activity.
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