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ABSTRACT: The proteolysis of collagen triple-helical structure "\__/ﬁ\../
(collagenolysis) is a poorly understood yet critical physiological '
process. Presently, matrix metalloproteinase 1 (MMP-1) and collagen
triple-helical peptide models have been utilized to characterize the
events and calculate the energetics of collagenolysis via NMR
spectroscopic analysis of 12 enzyme—substrate complexes. The
triple-helix is bound initially by the MMP-1 hemopexin-like (HPX)
domain via a four amino acid stretch (analogous to type I collagen
residues 782—78S). The triple-helix is then presented to the MMP-1
catalytic (CAT) domain in a distinct orientation. The HPX and CAT
domains are rotated with respect to one another compared with the X-
ray “closed” conformation of MMP-1. Back-rotation of the CAT and

HPX domains to the X-ray closed conformation releases one chain out

of the triple-helix, and this chain is properly positioned in the CAT domain active site for subsequent hydrolysis. The
aforementioned steps provide a detailed, experimentally derived, and energetically favorable collagenolytic mechanism, as well as
significant insight into the roles of distinct domains in extracellular protease function.

B INTRODUCTION

Collagens are the most abundant proteins in the human body
and the main components of the extracellular matrix. The
biophysical properties of collagens are related to their unique
molecular structure that consists of three polyproline II-like
chains, staggered by one residue and coiled to form a triple-
helix."”* Triple-helical structure provides collagens with excep-
tional mechanical strength, broad resistance to the proteolytic
enzymes, and a distinct topology for protein—protein
interactions.> The proteolysis of collagen is integral for
numerous physiological functions including morphogenesis,
tissue remodeling, and wound healing and has been recognized
as a contributing factor to multiple pathologies.

MMPs are a family of zinc-dependent proteolytic enzymes
with the ability to catalyze the degradation of extracellular
matrix components, including collagens. The collagenolytic
MMPs are minimally composed of a CAT and an HPX domain
connected by a linker of variable length.* Although mechanisms
by which MMPs catalyze the hydrolysis of collagen have been
postulated,”™"* they are often contradictory and not validated
on a molecular level. Understanding the roles of the individual
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domains and the molecular interactions that facilitate MMP-
catalyzed collagenolysis is still a scientific challenge.

In a broader context, a great variety of metallopeptidases are
multidomain,™* with little knowledge as to how domains
cooperate to enhance proteolysis of macromolecular substrates.
The present study has exploited advanced NMR approaches to
document the interactions between MMP-1 and collagen-
model triple-helical peptide (THP) substrates. The THPs
encompass the MMP-1 cleavage site (residues 772—786) in the
al chain of type I collagen (see Materials and Methods). To
examine MMP—THP complexes, prodomain free full-length
(FL) MMP-1 with a cadmium ion replacing the active site zinc
and Glu219 mutated to Ala was utilized. This MMP-1 was
unable to degrade the THP and therefore permitted
examination of the interaction between the two species and
any intermediates formed prior to catalysis. In addition, the
interactions of the individual CAT and HPX domains with
THPs were studied. Ultimately, the accumulated structural data
was used to develop the first detailed mechanism for the
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collagenolytic process, and the energetics of this mechanism
was evaluated explicitly.

B MATERIALS AND METHODS

Peptide Synthesis and Analysis. The a1(1)772—786 THP was
assembled using Fmoc solid-phase chemistry by methods described
previously.'>'® 3C,'N-labeled Fmoc-amino acids were purchased
from Cambridge Isotope Laboratories. Fmoc-Gln was prepared from
3C,'*N-labeled Gln (Cambridge) as described'” and was coupled
using 4-fold excesses of amino acid, N,N-dicyclohexylcarbodiimide,
and N-hydroxybenzotriazole. All other '*C,'*N-labeled amino acids
were coupled using 1.1-fold excesses of amino acid, 1-fold excess 2-(6-
chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluoro-
phosphate (HCTU), and 2-fold excess N-methylmorpholine (NMM).
All unlabeled amino acids were coupled using 4-fold excesses of amino
acid, 3.9-fold excess HCTU, and 8-fold excess NMM. The couplings of
3C,"*N-labeled amino acids were followed by double coupling of
unlabeled amino acids. The sequence of a1(I)772—786 THP is as
follows, with the labeled residues underlined and in bold:

1|3 l|9 2|5
Chain 1T (GPO) 4—-GPQGIAGQRGVVGLO- (GPO) 4
Chain 2T (GPO) 4-GPQGIAGQRGVVGLO- (GPO) 4
Chain 3T (GPO) 4—-GPQGIAGQRGVVGLO- (GPO) 4

Preparation of Protein Samples. The cDNA encoding for full-
length MMP-1 (N106—N469) (FL-MMP-1 hereafter), the CAT
domain of MMP-1 (N106-G261), and the HPX domain (T274-N469)
was amplified from truclone c-DNA (origene) by polymerase chain
reaction (PCR) and cloned into the pET21 (Novagen) expression
vector using Ndel and Xhol (New England BioLabs) as restriction
enzymes. The recombinant vector was transformed into Escherichia coli
strain BL21(DE3) Codon Plus RIPL, and colonies were selected for
ampicillin and chloramphenicol resistance. The bacteria were grown in
LB media. When a cell density corresponding to 0.6 A was reached,
the expression of the protein was induced by adding 0.5 mM of
isopropyl -p-thiogalactoside (IPTG) and the incubation at 37 °C was
continued for another 5 h. The full-length protein as well as the
isolated domains precipitated in the inclusion bodies, and these were
solubilized, after lysis of the cells, in a solution of 8 M urea, 20 mM
dithiotreithol (DTT), and 20 mM Tris—HCl (pH 8.2). The
solubilized FL-MMP-1 and HPX were diluted with a buffer containing
6 M urea, 10 mM CaCl,, 0.1 mM ZnCl,, 20 mM cysteamine, and 20
mM Tris—HCI (pH 8) and refolded by using a multistep dialysis
against solutions containing SO0 mM Tris—HCI (pH 7.4), 4 M urea, 10
mM CaCl,, 0.1 mM ZnCl,, S mM f-mercaptoethanol, and 1 mM 2-
hydroxyethyl disulfide, against a solution containing 50 mM Tris—HCI
(pH 7.2), 2 M urea, 10 mM CaCl,, 0.1 mM ZnCl,, and 0.15 M NaC],
and then against the same solution without urea and with 0.3 mM
CdCl, instead of ZnCl,. The protein was purified by size exclusion
chromatography on the HiLoad 26/60 Superdex 75 pg (Amersham).
For the expression of *C- and ““N-enriched FL-MMP-1 and HPX,
bacteria were grown in minimal medium containing '“N-enriched
(NH,),SO, and "*C-enriched glucose (Cambridge Isotope Laborato-
ries).'® Samples of 2H,"*C,'*N-enriched FL-MMP-1 protein were
obtained by adapting E. coli cells in medium with different percentages
of deuterium, until 100% was reached, and then growing the cells in
OD2 Silantes media CDN. The inactive mutants E219A of FL-MMP-1
and CAT were produced using the Quick-Change site-directed
mutagenesis kit (Qiagen), and the expression and purification of the
protein and of its '*N- and ">C,"*N-enriched versions were completed
using the same procedure described above. Samples of cadmium(II)-
substituted FL-MMP-1 and CAT proteins were prepared by exhaustive
dialysis against a buffer containing SO mM HEPES (pH 6.8), 10 mM
CaCl,, 0.15 M NaCl, and 1 mM CdCl,.

NMR Measurements. The experiments for assignment and
mobility measurements of the THP were performed on peptide
samples at concentrations ranging between 0.2 and 0.8 mM in the
same buffer as FL-MMP-1. For FL-MMP-1, CAT, and HPX, all NMR
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experiments were performed on samples at a concentration of 0.2 mM.
In all titrations with the THP, the THP was substoichiometric with
respect to the protein to avoid excessive broadening in the NMR
experiments. The binding of the THP to the labeled FL-MMP-1 was
evaluated by adding increasing amounts of THP to 0.2 mM protein.
The final concentration of the THP was 0.08 mM, providing a FL-
MMP-1:THP ratio of 1:0.4. The Ky value for binding of the THP to
FL-MMP-1 is 0.92 4#M,"® and under these experimental conditions, the
THP is 99% bound to FL-MMP-1. To monitor the effects of the THP
on the HPX domain, a 0.2 mM solution of protein was titrated with
increasing amounts of THP up to a final concentration of THP of 0.16
mM with a HPX:THP ratio of 1:0.8. The Kj value for binding of the
THP to the HPX domain is 10.9 #M,'® and under these experimental
conditions, the THP is 85% bound to the HPX domain.

NMR experiments were performed at 298 and 310 K and acquired
on Bruker AVANCE spectrometers operating at 500, 700, 800, and
900 MHz and equipped with triple resonance cryoprobes. All spectra
were processed with the Bruker TOPSPIN software packages and
analyzed by the program CARA (Computer Aided Resonance
Assignment, ETH Ziirich).*° The backbone resonance assignment
was obtained by the analysis of HNCA*' and HNCACB** spectra
acquired at 900 MHz and by the analysis of HNCO,** HN(CA)CO,**
and CBCA(CO)NH25 acquired at 500 MHz. Protonless experiments,
CON,*® CACO,*® CBCACO,*® and CC-flopsy*® were performed at
700 MHz. The assignment of the aliphatic side chain resonances was
performed through the analysis of 3D (H)CCH-TOCSY> spectra
acquired at 500 MHz, together with 3D "“C- and 'N-NOESY-
HSCLC28 spectra at 900 MHz. The 'H, 13C, and *N chemical shifts
have been deposited in BMRB under the accession number 18083.

The experiments for the determination of "N longitudinal and
transverse relaxation rates and "H—'SN NOE were recorded at 298 K
and 700 MHz on SN-enriched samples. The N longitudinal
relaxation rates (R;) were measured using a sequence modified to
remove cross-correlation effects during the relaxation delay.””
Inversion recovery times ranging between 2.5 and 2000 ms, with a
recycle delay of 3.5 s, were used for the experiments. The '*N
transverse relaxation rates (R,) were measured using a CPMG
sequence® with delays ranging between 8.5 and 1000 ms with a
refocusing delay of 450 ys. The relaxation data are reported in Table
S2, Supporting Information.

THP Structure Calculation. Backbone dihedral angle constraints
were obtained from N, 13C’, *Ca, *Cf, and Ha chemical shifts,
using the TALOS prediction program.>' Distance constraints for
structure determination were obtained from 3D *N- and '*C-NOESY-
HSQC spectra. The cross-peak intensities were integrated using the
integration routine implemented in CARA and converted into
interatomic upper distance limits after calibration using the program
CYANA. Automatic calibration was done by setting a distance of 4.6 A
for the median of the volumes. Then, CYANA>? was used to calculate
a family of 600 structures of the central region of the THP starting
from randomly generated conformers in 20 000 annealing steps. The
30 structures with the lowest Target Function values were selected to
form a structure family. The solution structure statistics are reported in
Table S9, Supporting Information. Structure calculation statistics was
provided by CYANA, and the structural quality was evaluated using
the program PROCHECK NMR.** The structure was minimized
using the program AMBER and deposited in PDB (PDB code: 2LLP).

MMP-1—-THP Structure Calculations. The structure correspond-
ing to the THP bound to the HPX domain was calculated using
HADDOCK by imposing as “active residues” those experiencing the
largest decrease in signal intensity and a water accessibility larger than
50% in the THP (1Tv23, 'Tv24, TG2s, TL26, 2Tv23, 2Tv24, 2G2S,
126, 323, 324, 3TG25, 3TL26) and HPX domain (R291, G292,
E311, E313, N315, F316, 1317, S318, V319, F320, Q323, N326). The
solvent accessibility was calculated with the program NACCESS.** For
calculating the structure of the FL-MMP-1 bound to the THP, active
residues were those which experienced the largest decrease in signal
intensity and water accessibility larger than 50% on the FL-MMP-1
and THP (N171, G178, N180, F207, R208, E209, H218, H222, H228,
G233, Y237, S239, T241 for CAT; 'TP14, 'TQ15, 'TG16, 17117, TA18,
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TG19, 'TQ20, 'TR21, 'Tv23, Tv24, 'TG2s, TL26, 2TV23, V24,
Gas, TL26, 3Tv23, 3Tva4, 3TG2s, 3TL26 for THP; R291, G292,
E311, E313, N31S§, F316, 1317, S318, V319, F320, Q323, N326 for
HPX).

Each calculation in HADDOCK consists of the following stages:
randomization of orientations and rigid body minimization, semirigid
simulated annealing in torsion angle space, and flexible solvent
refinement where the structures obtained after the semirigid simulated
annealing are refined with explicit solvent.*® In each calculation, the
two MMP-1 domains were kept semirigid, allowing full flexibility of
the linker. It should be noted that extensive docking calculations and
simulations demonstrated that, despite the linker being relatively long,
only the IT chain is accessible to the CAT domain once the HPX
domain is bound to the 1T and 2T chains. Input files for docking
calculations in HADDOCK were prepared from the PDB file of MMP-
1 (PDB code: 2CLT) and from the member of the energy minimized
family of 30 structures of THP closest to the average structure. Then,
to generate the structural complexes reproducing the different stages
of the THP unwinding, starting from the open/extended full length
MMP-1, iterative docking calculations were performed by imposing a
set of unambiguous restraints to selected residues (233, 241, 243, 247,
250, 271, 272, 300, 301, 316, 318, and 326) in order to induce a
reorientation of the HPX and CAT domains toward the closed
conformation of the X-ray structure.

The Crystallography & NMR System (CNS) potentials in
HADDOCK were used to calculate the free energies of MMP-1—
THP complexes. The first step was based on the experimentally
determined, initial MMP-1—THP complex, and the free energy was set
at 0 kcal/mol. The fourth step was based on the closed MMP-1
structure determined by X-ray crystallography.®® The second and third
steps were manually calculated. The energy of the four MMP-1-THP
complexes were minimized as to draw a reasonable pathway based on
the experimental restraints (the experimentally detected contacts of
the THP with the HPX and the CAT domains) and to the reaction
mechanism.

B RESULTS

Assignment and Relaxation Measurements of Triple-
Helical Structure. To assign residues in each individual THP
chain, standard 3D spectra for backbone assignment were
acquired on "C,"N-enriched samples. A large number of
signals corresponding to four distinct chains were identified and
sequence-specific assigned (Figure 1). One of the four
(ultimately designated 4M), accounting for about 30% of the
total spectral intensity, displayed sharper signals and a distinct
pattern of resonances with respect to the other three chains
(designated 1T, 2T, and 3T). Carbon direct detection
experiments’’ permitted the full assignment of the labeled
amino acids in each peptide chain despite overlapping signals.

Longitudinal (R;) and transverse (R,) relaxation rates of the
backbone amide nitrogens of the THP were consistent with
trimeric (1T, 2T, and 3T) and monomeric (4M) species
(Figure 2A). The negative NOE values observed for the 4M
chain suggest that this monomeric peptide is characterized by
fast motions and high flexibility and behaves as a random coil
polypeptide in solution. The position of chains 1T, 2T, and 3T
in the triple-helix were unequivocally identified by the analysis
of the connectivities in the 3D N and '*C NOESY-HSQC
spectra. The calculated THP structure (Figure 2C, and Figure
S1 in Supporting Information) showed a left-handed super-
helical arrangement with all dihedral angles falling in the
polyPro II region of the Ramachandran plot. Up to 71
interchain NOE connectivities were observed (Table SI,
Supporting Information), uniformly spread along the labeled
stretches in the THP. The distribution and number of
interchain NOEs indicated a fully intact triple-helical structure.
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Figure 1. '"H—""N HSQC spectra of a1(1)772—786 THP at 298 K. All
resonances belonging to the THP (1T-3T) and to the monomeric
chain (4M) have been assigned. For each residue, the appearance of
three cross-peaks corresponding to triple-helical structure [because the
three strands in a triple-helix are staggered by one residue (see
Materials and Methods), the "*N-residue in each peptide chain of the
THP would be in a different environment with respect to neighboring
residues] and one cross-peak corresponding to a monomeric state has

. 64—67
been observed previously.**~¢’.

NMR experiments repeated at 310 K showed that uniform
spreading of NOEs was maintained, indicating that the THP
structure was still intact despite conditions being in the vicinity
of the melting point [T, for a1(I)772—786 THP = 313 K]. In
addition, no relevant changes in chemical shifts, apart from the
normal small drifts with temperature, were detected for any
position in any of the three chains. Thus, it appeared that no
region of the THP was prone to unwinding. The intactness of
the triple-helical structure of the THP at physiological
temperature (310 K) has been further verified by analyzing a
set of 'TH—"N HSQC spectra collected at 298, 310, and 316 K
(Figure S2, Supporting Information). Only at 316 K was the
intensity of the THP cross-peaks drastically reduced with only
the resonances corresponding to the 4M chain remaining
visible and intense.

NMR spectroscopic evaluation of MMP-1 bound to a
triple-helix. Structural data representative of interactions
between MMP-1 and al(1)772—786 THP in solution have
been obtained by monitoring reciprocal effects on NMR
spectra. The assignments of the FL-MMP-1 and its isolated
domains were available elsewhere.'® The FL-MMP-1, CAT, and
HPX samples were found to be stable under the NMR
experimental conditions for at least one month, and the
al(1)772—786 THP was stable in the presence of the
inactivated proteins for more than two weeks.

In the presence of unlabeled a1(I)772—786 THP, the
'"H-N TROSY-HSQC signals of FL-MMP-1 underwent
intensity decrease both in the CAT and HPX domains without
any sizable chemical shift perturbation (Figure 3B). After the
addition of increasing concentrations of THP, the spectra of the
isolated CAT and HPX domains also showed a decrease in
height for several signals (Figure 3A). This can be explained by
(a) an adduct of each of the two domains with the THP
increasing the molecular weight, producing an increase in
transverse relaxation rates and generalized decrease in signal
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Figure 2. (A) Experimental (bars) and theoretical (dots) R;, R,, and NOE values for rigid triple-helical (1T, 2T, and 3T) and nontriple-helical (4M)
structure estimated from atomic coordinates of THPs using the program HYDRONMR and assuming for THP an S” value of 0.80 at 298 K, typical
for proteins. The THP structure was obtained by modeling the peptide on the crystal structure of an analogous THP (PDB code: 2d3h) and then
refined with experimental NMR constraints. (B) Intensity changes per residue observed at 310 K in the *C,"*N THP upon the addition of unlabeled
CAT (0.2 equiv), HPX (0.2 equiv), or FL-MMP-1 (0.2 equiv). Residues showing signal overlap are indicated by stars. The only overlap is residue
Gly16 from chain 3T with an impurity. (C) Solution structure of the THP. The three chains forming the THP are 1T (magenta), 2T (orange), and
3T (blue). (D) Schematic section of the THP with the stretch of chain 1T facing the active site of the CAT domain in blue and the HPX binding
regions on chains 1T and 2T in red. (E) The adduct where the THP is still in a compact triple-helical conformation, with the CAT and HPX
domains binding the cleavage site and the C-terminal region of the labeled stretch, respectively.

intensity, and (b) the difference in chemical shift between the
complex and the two interacting moieties generating a
quasislow exchange regime which produces further broad-
ening.*® Comparison of the signal intensities (Figure 3A and
3B) indicated a larger overall decrease of the signal height in
FL-MMP-1 with respect to the isolated domains. The pattern
of the modulated residues on the isolated HPX domain clearly
defined stretches 291-292 and 311-326 as the ones
interacting with the THP (Figure 3C). Similar sites of
interaction between «a1(1)772—786 THP and FL-MMP-1
HPX domain were observed by hydrogen—deuterium exchange
mass spectrometry.” At the same time, the pattern of NH
cross-peaks experiencing height decrease in the isolated CAT
domain showed that the affected nuclei belon§ed to the active
site crevice (residues 160—199 and 216—224""). The intensity
decrease was much more pronounced, at the same THP
concentration, for HPX than for CAT, consistent with the
higher affinity of the former for a1(I1)772—786 THP (see also
below).*

To explore the binding sites for MMP-1 on the THP, the
interaction of '3C,'*N-labeled «1(I)772—786 THP with
unlabeled samples of FL-MMP-1 and its isolated CAT and
HPX domains was monitored through "H—""N TROSY-HSQC
at 298 and 310 K. By analyzing the signals of NH nuclei along
the THP chains in the presence of the HPX domain, a decrease
in signal heights without any sizable chemical shift perturbation
was immediately apparent (Figure 2B). This decrease was more
clearly pronounced for the nuclei belonging to the C-terminal
region of the labeled stretch (Val23—Leu26). The monomeric
chain 4M was only modestly affected, with a uniform
distribution of the signal height decrease. These results
demonstrated a specific localized interaction of HPX with the
THP and indicated that this region was relevant for collagen
recognition and binding. A much more modest and relatively
uniform decrease in signal intensity of the THP was observed
in the presence of the isolated CAT domain (Figure 2B). A
more substantial effect was observed for CAT domain
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interaction with the monomeric chain 4M but only at 298 K
(not shown). Most THP resonances were sizably affected by
FL-MMP-1, whereas the monomeric chain was negligibly
affected (Figure 2B). The decrease in height of the THP signals
was more pronounced in the presence of FL-MMP-1 than in
the presence of the isolated domains, analogously to what was
previously observed for the protein resonances and consistent
with prior studies of MMP-1 kinetics.** The above observa-
tions, taken together, indicated that (a) the isolated HPX
domain had a relatively strong and localized interaction with
the THP, while this domain did not show any significant
affinity for the monomeric chain 4M; (b) the isolated CAT
domain had preferential affinity for 4M compared with the
THP (Figure S3, Supporting Information); (c) FL-MMP-1
interacted strongly with the THP and minimally bound 4M.
Thus, the HPX domain of the full-length protein drives the
interaction with the THP and creates the conditions for the
further interaction of the CAT domain with the THP, whereas
this interaction is negligible for the isolated CAT domain. Such
behavior mechanistically defines the critical function of the
HPX domain in collagenolysis.

Upon addition of FL-MMP-1 to the THP, a general decrease
in the intensities of the THP interchain NOEs was observed,
reflecting the decrease in intensity of all THP signals already
discussed. However, a significant fraction of the 71 interchain
NOEs (marked with asterisks in Table S1) showed a more
pronounced decrease. Strikingly, the corresponding length-
ening of interchain distances in the C-terminal region of the
THP always involved chain 3T. Conversely, in the N-terminal
region of the THP, it was chain 1T that weakened its contacts
with either chain 2T or 3T. These data thus indicated that the
THP was distorted toward unwinding when bound by FL-
MMP-1. The addition of the isolated HPX domain to the THP
performed under the same experimental conditions showed a
less pronounced decrease in the intensities of the THP
interchain NOEs, with fewer connectivities experiencing a
sizable reduction in intensity with respect to that observed
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Figure 3. (A) Intensity changes per residue observed at 310 K for isolated "N FL-MMP-1 domain upon the addition of unlabeled THP (0.4 equiv).
(B) Intensity changes per residue observed at 310 K in isolated "N CAT and HPX domains upon the addition of unlabeled THP (0.8 equiv). (C)
"H—"N HSQC spectra shows HPX domain before (blue) and after (red) the addition of THP (0.8 equiv). Residues experiencing a large decrease in

signal intensity are labeled in the spectra.

upon addition of the FL-MMP-1. In particular, only two
interchain NOEs in the peptide stretch Val23—Leu26 (marked
with triangles in Table S1) showed a more pronounced
decrease in signal intensity versus six observed in the presence
of FL-MMP-1. This experiment confirmed that the interaction
mode of the HPX domain with THP is essentially the same as
in the full-length enzyme, but that the interaction is reinforced
in the latter case.

Structures of MMP-1-THP Complexes. A series of
structures were calculated*' to further examine molecular
interactions in the FL-MMP-1-THP complex. First, the
association of the isolated HPX domain with the THP was
studied to determine the energetically most favorable binding
conformations by using the decrease in height of the FL-MMP-
1 and HPX domain signals as restraints (see Materials and
Methods). To probe all of the possible binding conformations,
calculations were performed with the active residues alter-
natively placed on one, two, or all three chains of the THP. The
solutions were not energetically equivalent. The interaction
with only one chain at a time was always unsatisfactory, while
the interaction with all three chains simultaneously was
practically impossible given the topology of the system. The
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only reasonable solutions were with two THP chains
interacting with the protein at the same time. This result can
be easily visualized if one recognizes that the MMP can interact
with any of the three THP faces (chain pairs 1T-2T, 2T-3T, or
3T-1T) (Figure 2D). The adduct where the HPX domain binds
mainly chains 1T-2T gave both the best combination of energy
values and proper orientation of the CAT domain. Indeed, the
HPX domain alone assumed somewhat different orientations
when it interacted with chains 2T-3T and 3T-1T, and this
caused a less plausible guidance of the CAT domain toward the
Gly-Ile region in any of the three chains (see below). This
result is in perfect agreement with the experimentally observed
lengthening of the interaction of 3T with 1T and 2T (Table
S1) in the very region of the THP indicated as facing the HPX
domain.

The structure of the FL-MMP-1—THP adduct was calculated
by imposing as active residues those already considered to dock
the isolated HPX domain, and adding those around the THP
amide bond to be cleaved (Glyl6-llel7) and those which
experienced the largest decrease in signal intensity and water
accessibility for the CAT domain in the FL-MMP-1-THP
complex (see Materials and Methods). As noted above, the
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Figure 4. The initial steps of collagenolysis. (A) Closed (left) and open/extended (right) forms of FL-MMP-1 in equilibrium. (B) The extended
protein binds THP chains 1T-2T at Val23—Leu26 with the HPX domain and the residues around the cleavage site with the CAT domain. The THP
is still in a compact conformation. (C) Closed FL-MMP-1 interacting with the released 1T chain (in magenta). (D) After hydrolysis, both peptide
fragments (C- and N-terminal) are initially bound to the active site. (E) The C-terminal region of the N-terminal peptide fragment is released.

isolated CAT domain has negligible affinity for both THP and
the isolated 4M at 310 K with very little affinity for the latter
only appearing at 298 K, while the CAT domain as part of the
FL-MMP-1 interacted strongly with the THP and minimally
bound 4M, and thus reductions in signal intensity due to 4M
binding were negligible. Additional constraints were obtained
by imposing the carbonyl oxygen of Glyl6 to be close to the
catalytic metal ion, and the hydrophobic Ilel7 side-chain to
point toward the S’ pocket, as proposed for the enzyme—single
polypeptide adduct.*” In the FL-MMP-1-THP adduct (Figure
2E), the THP was still in a compact triple-helical conformation,
with the CAT and HPX domains binding the cleavage site and
the C-terminal region of the labeled stretch, respectively. The
flexibility of the linker region was critical for this process,
supporting the role of FL-MMP-1 Gly271 in collagenolysis.*’
In these experiments, the HPX domain showed a marked
preference for binding to chains 1T-2T and allowed the CAT
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domain to face chain 1T (but not chain 2T or 3T) at the Gly-
Ile region that is subsequently cleaved. Again, this is consistent
with the perturbation of the interhelical NOEs (Table S1). In
this respect, it was recently demonstrated that the Ile17 residue
in one of the three chains at the site of hydrolysis has a distinct
chemical shift, a higher J-coupling value, increased dynamics,
and decreased local stability.** The present chain-specific
assignment unambiguously establishes that the abnormal Ile17
residue belongs to chain 1T, the one that is facing the CAT
domain in the present structure and is thus the one ready to
undergo hydrolysis.

The Mechanism of Collagenolysis. A detailed mecha-
nism of collagenolysis was developed from examination of
structures of MMPs and MMP—peptide complexes and
docking experiments. MMP-1 is in equilibrium between
open/extended and closed structures (Figure 4A). The HPX
domain then binds chains 1T and 2T of the THP and, because
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of the flexibility of the linker, the CAT domain is guided toward
the Gly16-1le17 portion of chain 1T (Figure 2E). This structure
(repeated in Figure 4B) would thus correspond to the first
event of collagen recognition by MMP-1. Visual inspection of
the complex at this point suggested that a back-rotation of the
CAT and HPX domains would need to occur to achieve the X-
ray crystallographic closed FL-MMP-1 conformation. To
approximate this action, the residues at the interface between
the HPX and CAT domains in the X-ray structure of FL-MMP-
1 in the closed form®® were imposed as constraints in a docking
calculation. In the resulting structure, with the CAT and HPX
domains arranged in the X-ray crystallographic closed
conformation, the THP was visibly unwound (Figure 4C).
The domain movement drove chain 1T into the active site,
allowing the polypeptide to establish a number of H-bonding
interactions and the carbonyl oxygen of the cleavage site amide
bond to coordinate the metal ion. This result is consistent with
the experimentally observed weakening in NOEs for the
interaction of chain 1T with chains 2T and 3T at the THP
cleavage site (Table S1). Interestingly, the destabilization of the
THP obtained in the present calculation, besides liberating the
N-terminal part of chain 1T for hydrolysis, also caused a partial
detachment of chain 3T near the C-terminus of the THP
(Figure 4C), consistent with the observed lengthening in NOEs
of chain 3T (Table S1). The position that the two peptide
fragments would assume after cleavage in the present model
(Figure 4D and 4E) was almost superimposable to the X-ray
crystallographic structure of the complex between the MMP-12
CAT domain and the two fragments obtained by enzymatic
cleavage of the al(I) collagen model Pro-Gln-Gly-Ile-Ala-Gly
hexapeptide at the Gly-Ile bond.** The active site is highly
similar in all MMPs, and it is reasonable to assume that the
hydrolysis of the polypeptide chain proceeds with the same
mechanism. Moreover, as MMP-12 catalyzes the hydrolysis of
peptides at the same bonds (Gly-Ile) as MMP-1,* basing the
posthydrolysis complex of MMP-1 on the structural data on
MMP-12 is appropriate.

HADDOCK™" was then utilized to calculate the free energies
of MMP-1-THP complexes to determine if the proposed
mechanism of collagenolysis was sterically and energetically
possible. To provide an accurate computational outcome, two
steps were added between the initial MMP-1-THP complex
(Figure 4B) and the X-ray closed structure complex (Figure
4C). The intermediate structures were generated in such way as
to provide a smooth conformational transition between the
initial and final states (as illustrated in Figure S4, Supporting
Information). At the initial MMP-1-THP complex (Figure
4B), the rmsd of FL-MMP-1 from the closed form observed in
the X-ray crystallographic structure is 4.2 A. As the rmsd of FL-
MMP-1 approaches 3.9, 3.0, and 1.1 A of the X-ray closed
structure, the total free energy of the complex becomes —50,
—100, and —300 kcal/mol, respectively. Thus, the calculated
energy’’ of the complex in Figure 4C is —300 kcal/mol
compared with the initial complex in Figure 4B. Figure S4 is a
four-frame movie which illustrates the structural and energetic
changes simultaneously. Considering that the activation
energies for FL-MMP-1-catalyzed hydrolysis of soluble type I
collagen and type I collagen fibrils are 26.0—49.2 and 101 kcal/
mol, respectively,'>*® the free energy change associated with
the collagenolysis mechanism described here is more than
sufficient to account for catabolism of soluble and fibrillar
collagen.
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B DISCUSSION

There are a great variety of enzymes that utilize multiple
domains to catalyze reactions. Extracellular metallopeptidases
that act on macromolecular substrates are often multidomain,
including members of the MMP, ADAM (a disintegrin and
metalloproteinase), ADAMTS (a disintegrin-like and metal-
loproteinase domain with thrombospondin type 1 motifs) and
meprin families, and procollagen C-endopeptidase/bone
morphogenetic protein 1.'* It has long been recognized that
selected members of the MMP family catalyze the hydrolysis of
collagen, and that these MMPs utilize multiple domains to
efficiently perform this function. The collagenolytic MMPs
include MMP-1, MMP-2, MMP-8, MMP-9, MMP-13, MT1-
MMP, and MT2-MMP.*7° In the cases of MMP-1, MMP-8,
MMP-13, MT1-MMP, and MT2-MMP, efficient collagenolytic
activity for the isolated enzyme requires both the CAT and
HPX domains.>' ¢ The linker region between these domains
also participates in collagenolysis, either by direct binding of
substrate®” or by allowin% for the proper orientation of the
CAT and HPX domains.”* % The gelatinase members of the
MMP family (MMP-2 and MMP-9) possess three fibronectin
type II (FN 1) inserts within their CAT domains, and these
inserts possess similar type I collagen binding sites.’"** On a
mechanistic level, little is known as to how these domains
participate in the collagenolytic process.

Several models have been proposed previously for
collagenolysis. It has long been noted that the collagen triple-
helix does not fit into the CAT domain active site cavity.®
Models have generally accounted for the steric clash of the
triple-helix with enzyme active sites by (a) requiring active
unwinding of the triple-helix by an MMP**® and/or (b)
considering that the site of hydrolysis within collagen has a
distinct conformation, or conformational flexibility, rendering it
more susceptible to proteolysis than other regions in collagen.’
Active unwinding could be achieved via molecular tectonics,
where each of the three collagen chains has a specific binding
interaction with different domains.® Unwinding might also be
accompanied by a conformational change in the active site of
the MMP."® The “vulnerable” site hypothesis proposes that the
distinct cleavage site region within collagen is alone responsible
for collagenolysis.'* Alternatively, there may be destabilization
of the triple-helix and/or stabilization of an unwound triple-
helix upon MMP binding."> As mentioned earlier, a recent
study demonstrated that the Ile residue in one of the three
chains at the site of hydrolysis has a distinct chemical shift, a
higher J-coupling value, increased dynamics, and decreased
local stability.** This suggests that a single locally dynamic
chain, rather than a labile region with three comparably
dynamic chains, is the determining factor for collagen to be
cleaved by MMPs.**

The present a1(I)772—786 THP has been reported to be
hydrolyzed by FL-MMP-1 at the physiological cleavage site'>'¢
and therefore represented a suitable substrate for analyzing the
collagenolytic process in solution. THPs have been shown, in
numerous studies, to be highly accurate structural analogues of
native collagen. Most importantly, results obtained from MMP
studies with THPs have been recapitulated using collagen. For
example, specific residues within the MMP-1 HPX domain
were shown to be important for activity toward THPs.*
Mutation of these residues significantly effected MMP-1
collagenolytic activity.”® Similarly, demonstration that the
CAT domain of collagenolytic MMPs had inherent (albeit
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low) activity toward triple-helices was initially observed with
THPs," followed by collagen."

The *C—""N enriched THP allowed us to assign the three
chains around the cleavage site and to explore its structural
features and dynamic properties. The presence of four different
polypeptide chains, three of which form the homotrimer and
the fourth isolated in solution, was apparent from the analysis
of the NMR spectra. The signals of the isolated chain were
much sharper and shifted with respect to those of the THP.
The signals of the corresponding amino acids within the THP
were not superimposable, with sizable differences for some
residues. Thus, in the homotrimeric THP, the corresponding
amino acids in each of the three chains e)g)erience a different
environment, in concert with prior studies.®*"®’ The relaxation
data were consistent with the rodlike structure of the THP as
well as with the unfolded state of the isolated chain.

Reaction of the a1(I)772—786 THP with the CAT and HPX
domains of MMP-1 and with the full-length protein was
monitored by NMR spectroscopy. From the point of view of
the substrate, we observed changes induced by the (a) isolated
CAT domain, (b) isolated HPX domain, and (c) FL-MMP-1
on the THP and monomeric peptide. From the point of view of
the enzyme, we observed changes induced by the THP and
monomeric peptide on the (a) isolated CAT domain, (b)
isolated HPX domain, and (c) FL-MMP-1. Thus, interactions
of 12 complexes were monitored. Combined with the structure
and assignment of the three chains for the THP based on
experimental constraints, the present work resulted in the
identification of MMP—collagen interactions that is only
speculative at the actual cleavage step, which cannot occur
here because the enzyme is inactive. The structure of the
cleaved peptide bound to FL-MMP-1 was thus derived from a
prior experimental result (see below).*

The affinity of the THP for the HPX domain was higher than
that observed for the CAT domain. An opposite behavior was
observed for the unfolded peptide. Prior studies have
demonstrated that the MMP-8 CAT domain digests a THP
much slower than the analogous single-stranded peptide (t;/, =
3 and 20 h, respectively).®® Conversely, full-length MMP-1
and MMP-8 preferred a THP compared with the analogous
single-stranded peptide.® Deletion of the HPX domain from
MMP-1 had little or no effect on activity toward SSPs, while
activity toward THPs was reduced by as much as 99%.'>
Therefore, it appears that the HPX domain plays the pivotal
role in collagenolysis by promoting the binding of MMP-1 to
triple-helical structure. The interaction of the isolated CAT
domain with the THP involved the residues around the active
site crevice. However, the specificity for the THP observed for
the HPX domain was not evident for the CAT domain. This
suggested that the CAT domain alone cannot efficiently
unwind the THP in order to properly bind the chain to be
cleaved. More importantly, the experiments performed on the
FL-MMP-1 showed an overall reinforcement of the interaction
with the THP that is consistent with a cooperative behavior of
the CAT and HPX domains. The HPX domain binds THP
chains 1T and 2T downstream to the cleavage site, at Val23—
Leu26. The CAT domain must bind the substrate with a
specific orientation to hydrolyze the peptide bond. The
interaction of the HPX domain with the Val23—Leu26 region
of the THP facilitated the correct positioning of the CAT
domain in front of the cleavage site. Our results indicate a
mechanism by which distinct chains of the triple-helix are
recognized by FL-MMP-1, access to the triple-helix is achieved
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by back rotation of the CAT and HPX domains, and a single
locally dynamic chain allows Ile17 to enter the S’ pocket of the
CAT domain.

During the proposed collagenolysis pathway, the coordina-
tion of the three His residues to the active site Zn** is not
perturbed upon binding of the THP carbonyl oxygen. The
active site-coordinated water molecule has been removed in all
steps for homogeneity, without implying its presence or
absence. Prior studies with MMP-12 indicated that the water
can remain coordinated in the presence of the carbonyl
oxygen.**

The present study has presented a detailed mechanism for
collagenolysis that, while aesthetically pleasing, needs to be
considered in light of energetics. The rapid movement of the
CAT and HPX domains between open and closed forms of full-
length MMP'® (Figure 4A) indicates that all forms have
essentially the same free energy, where the closed form is
enthalpically favored and the open forms are equivalently
entropically favored. The initial binding of the HPX domain to
the THP does not necessarily shift this equilibrium. The
subsequent binding of the CAT domain to the THP in front of
the Gly-Ile sequence of chain 1T to be cleaved (Figure 4B) is
enthalpically favored and entropically disfavored. We exper-
imentally observed that the isolated CAT domain has negligible
affinity for the THP, gaining the ability to bind once held in
place by the HPX domain in FL-MMP-1. The proposed back-
rotation of FL-MMP-1 toward the X-ray closed structure and
the associated liberation of chain 1T from the compact THP
structure (Figure 4C) again implies a balance of enthalpic gains
(the closing of FL-MMP-1 and the establishment of productive
contacts between chain 1T and the active site of MMP) and
losses (the breaking of the H-bonds between chain 1T and the
other two THP chains). As discussed earlier, the free energy
change associated with the collagenolysis mechanism can
readily account for collagen catabolism. The final cleavage
step yielding the complex in Figure 4D is energetically
favorable.*®

The open—closed equilibrium of MMP-1 (Figure 4A) was
observed by NMR spectroscopy and small-angle X-ray
scattering,18 and the formation of the initial FL-MMP-1—
THP complex (Figure 4B) was demonstrated in the present
work. The FL-MMP-1-THP complex in which one strand of
the triple-helix is displaced from the other two (Figure 4C) was
strongly supported by changes in intensity of the interhelical
NOEs upon THP binding (Table S1) and is an energetically
and mechanistically feasible route between the complexes in
Figures 4B and 4D. The binding mode of the cleaved fragments
(Figure 4D and 4E) had been revealed by X-ray crystallog-
raphy.* Thus, Figure 4 represents an experimentally based and
energetically favorable description of the entire chain of events
that lead to the initial cleavage of type I collagen by FL-MMP-1
and provides the basis for understanding catabolism of collagen
fibrils.”” The overall favorable energetics of the collagenolytic
mechanism resolves the long-standing enigma as to why an
external energy source (such as ATP) is not needed for
collagen catabolism.

Our proposed mechanism does not explicitly account for the
displacement of water present in collagen fibrils.”® However,
water associated with fibrillar collagen may ultimately aid
collagenolysis. Collagen fibrils have at least three populations of
water, the first tightly bound, the second found in the
interstices of microfibrils, and the third localized in the
interfibrillar space.”"’> By accessing the edge of fibrils (see
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below), MMPs may have considerably less water to “strip” from
the triple-helix. Individual triple-helices have two hydration
shells, one of water directly hydrogen bonded to the
polypeptide chain and one interacting only with other water
molecules.”>”* Hydration patterns in triple-helices are sequence
dependent and affect molecular packing of triple-helices.”>”*
Single water bridges between backbone atoms stabilize triple-
helices in regions of low Pro/Hyp content but are highly
dynamic in nature and thus may facilitate unwinding in these
regions including the one neighboring the MMP cleavage site.”
In addition, it has been proposed that the release of the two
water layers from the triple-helix promotes catalytic turnover.”®
We have shown that as the substrate is docking into the
metalloproteinase active site, water movement in the environ-
ment slows down.”” Water then helps trap the substrate in the
active site.

MT1-MMP has been shown to cleave collagen efficiently
without its HPX domain when it is cell-surface bound.” In
similar fashion, MMP-1 CAT can catalyze collagen hydrolysis
when membrane tethered.”” Cell surface collagenolysis may be
facilitated by collagen binding integrins groviding strain on the
collagen,é3 protease binding partners,”*®' and/or protease
homodimerization.** Soluble MMP CAT domains can process
triple-helical peptides and collagen but less efficiently then full-
length proteases.'>>” The present model accounts for the need
of the HPX domain for highly efficient collagenolysis without
ancillary contributions from other biomolecules.

In vivo processing of collagen initially involves MMP
interaction with fibrils. MMPs bind to multiple sites in
collagen, but hydrolysis ultimately occurs only at a single
site.”> MMP-1 is a diffusion-based “Burnt Bridge” Brownian
Ratchet capable of biased diffusion on the surface of collagen
fibrils, where the bias is driven by proteolysis.> Surface-bound
MT1-MMP movement is via a similar diffusion mechanism.**
Hydrolysis of collagen proceeds at the outer edge of the fibril.*’
The exposure of the MMP cleavage site by removal of the
collagen C-terminal telopeptide® would permit interactions of
the MMP-1 HPX and CAT domains described in the present
work with triple-helices on the outer edge of the fibril. Once
collagen undergoes initial processing, (a) gelatinolytic MMPs
laterally diffuse on collagen, find the “tails” from the cleaved
sites, denature the triple-helix, and further proteolyze the a
chains® and/or (b) the large collagen fragments undergo
urokinase plasminogen activator receptor-associated protein
(uPARAP)/Endo180-mediated endocytosis, lysosomal delivery,
and cathepsin-catalyzed degradation.gé_89 The present molec-
ular mechanism is well integrated with current knowledge of
fibrillar collagenolysis and is in concert with other real time,
single molecule studies of collagen and collagenolytic
enzymes.”®>”7%7% I 3 broader context, the respective roles
of the individual MMP-1 domains proposed here sheds light on
the mode of action of numerous other extracellular metal-
lopeptidases.
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