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ABSTRACT: Collagenases are the principal enzymes responsible for Magnets - >
the degradation of collagens during embryonic development, wound - e
healing, and cancer metastasis. However, the mechanism by which Magnetic Collagen
these enzymes disrupt the highly chemically and structurally stable Beads Trimer
cpllagen triple helix rejmains incompletely underst.ood. We used a ug_ * o e
single-molecule magnetic tweezers assay to characterize the cleavage of @
heterotrimeric collagen I by both the human collagenase matrix
metalloproteinase-1 (MMP-1) and collagenase from Clostridium ) »
Y Antibody Streptavidin e =

histolyticum. We observe that the application of 16 pN of force causes

an 8-fold increase in collagen proteolysis rates by MMP-1 but does not

affect cleavage rates by Clostridium collagenase. Quantitative analysis of these data allows us to infer the structural changes in
collagen associated with proteolytic cleavage by both enzymes. Our data support a model in which MMP-1 cuts a transient,
stretched conformation of its recognition site. In contrast, our findings suggest that Clostridium collagenase is able to cleave the
fully wound collagen triple helix, accounting for its lack of force sensitivity and low sequence specificity. We observe that the
cleavage of heterotrimeric collagen is less force sensitive than the proteolysis of a homotrimeric collagen model peptide,
consistent with studies suggesting that the MMP-1 recognition site in heterotrimeric collagen I is partially unwound at

equilibrium.

B INTRODUCTION

Extracellular matrix (ECM) remodeling by matrix metal-
loproteinases (MMPs) is a critical process during embryonic
development,l_4 cancer metastasis,” aneurysm formation,6 and
atherosclerosis.” Collagen I is an abundant ECM protein whose
primary purpose is to give structure to tissues and organs.8
Collagen I commonly assembles into homotrimeric a;(I); or
heterotrimeric a;(I),a,(I) triple helices.” While the hetero-
trimer is the common assembly found in healthy adult tissues,”
the homotrimer is observed in fetal”'® and fibrotic
tissues,” '3 as well as cancer cell cultures.”'* % At present,
the physiological significance of the differences in homo- and
heterotrimeric collagen distribution is unclear.

Collagen I is cleaved by multiple MMPs, including MMP-1,
MMP-8, MMP-13, and MMP-14.”"® Structural and biochem-
ical data indicate that the MMP-1 active site is too small to
accommodate the collagen triple helix, which must be disrupted
prior to proteolysis.”*’ Two previously proposed models are
that collagen may unwind prior to proteolysis, potentially
presenting a flat ribbon to MMP that can fit edgewise into the
active site,”” or that spontaneously formed collagen loops are
captured and cut by MMPs.*' Both models account for the
correlation between thermodynamic stability and resistance to
MMP-mediated proteolysis observed in previous studies.”*
However, the models predict different geometries for the
catalytically competent MMP—collagen complex.

Previous studies have examined the effect of mechanical load
on the proteolytic degradation of collagen gels and collagen-

-4 ACS Publications  © 2012 American Chemical Society

containing tissue explants.zs_33 However, a mechanistic
interpretation of these studies is complicated due to the
structural complexity of collagen I, which assembles into fibrils
containing many thousands of trimeric units. Recent studies
have also investigated the effect of mechanical load on the
proteolysis of collagen trimers at the single molecule level >**°
In a previous publication, we used magnetic tweezers to
examine the mechanism by which MMP-1 cleaves an
engineered homotrimeric collagen model peptide.** Engineered
collagen peptide trimers have been extensively used to study
both collagen conformational dynamics and MMP proteolytic
mechanisms.””**¥”  Consistent with inference from bulk
measurements,” our observations suggested that the collagen
Moreover,
unwinding is exquisitely sensitive to mechanical stretch: 13
pN of extensional force (similar to forces likely experienced by
individual trimers in vivo) exerted on a homotrimeric collagen I
model protein induced an 80-fold increase in proteolysis
rates.>*

The relevance of the unwinding model to the proteolysis of
full-length, post-translationally modified heterotrimeric collagen
I, and indeed to the many other collagen-cleaving enzymes in
addition to MMP-1, has not been directly tested. Here we
characterize the effect of applied load on the proteolysis of full-
length, post-translationally modified heterotrimeric @, (1), (1)

triple helix unwinds prior to proteolysis.>*
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collagen I by MMP-1 and by collagenase isolated from
Clostridium histolyticum.>®** Human MMP-1 cleaves collagen
I at a specific recognition site. In contrast, bacteria from the
genus Clostridium secrete collagenases with much lower
sequence specificities in order to dissolve tissue in the context
of gas gangrene and other necrotic diseases.*”*' The
comparison of these two enzymes thus offers a potential
means to probe the structural and biophysical origins of
collagenase activity and sequence specificity.

B MATERIALS AND METHODS

Materials. Recombinant, post-translationally modified human
collagen I was purchased from Fibrogen (San Francisco, CA).
Pyridoxal S’-phosphate (PLP), biotin hydrazide, collagenase from
Clostridium histolyticum (C1639), collagenase substrate (N-[3-(2-
furyl)acryloyl]-Leu-Gly-Pro-Ala), and bovine serum albumin (BSA,
part number A2153) were purchased from Sigma Aldrich (St. Louis,
MO). Dynabeads MyOne T1 and M280 superparamagnetic beads
were purchased from Invitrogen (Carlsbad, CA). An antibody
targeting a sequence near the collagen C-terminus* was purchased
from Millipore (clone SD8-G9; Billerica, MA). The MMP-1 gene was
purchased from the Harvard Plasmid Database. A Zeiss Axiovert
100TV with a 10X objective and equipped with a CMOS camera
(Thorlabs) was used for the single-molecule proteolysis experiments.
MMP-1 was expressed, purified, and activated, and the magnetic
tweezers apparatus was calibrated as described previously in Adhikari
et al.** The N-terminus of the collagen trimer was biotinylated using
PLP and biotin hydrazide as described previously.**~*°

Single-Molecule Assay. Microfluidic flow chambers were
assembled as described in the Supporting Information. Collagen
molecules were attached to the glass coverslip by an anti-C-terminus
collagen antibody that binds specifically to intact trimeric collagen.*
The biotinylated N-terminus was attached to streptavidin-coated
superparamagnetic beads (Figure 1).
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Figure 1. Force-dependent collagen cleavage assay. Collagen trimers
are attached to the glass surface via an antibody targeting a sequence
close to the C-terminus, and to a streptavidin-coated magnetic bead via
N-terminal biotinylation. Force is applied to the collagen by
modulating the height of the permanent magnets above the flow cell
(Supporting Information).

Control experiments were performed to ensure specific attachment
of the beads to the coverslip surface via collagen trimers. We
systematically removed the attachment moieties one at a time and
quantified the number of attached beads. A significant number of
beads were observed to be attached to the coverslip surface only when
both antibody and biotinylated collagen were present (Supporting
Information). We further probed the specificity of attachment by
quantifying the number of attached beads as a function of collagen
concentration. At sufficiently low collagen concentrations, the number
of surface-bound beads per field of view increased approximately
linearly with increasing collagen concentration, demonstrating that the
availability of collagen trimers limited the recruitment of beads, and
implying a preponderance of attachments through single trimers
(Supporting Information). We observe that a single, rate-limiting step
precedes MMP-1-mediated bead detachment (see Results). This

observation provides independent confirmation that the beads are
tethered by single trimers.

To confirm that bead detachment was the result of collagen
proteolysis, we characterized the effect of both MMP-1 and
Clostridium collagenase on both the collagen antibody and on
streptavidin using SDS PAGE (Supporting Information). We found
that neither the antibody nor streptavidin was cut by either protease at
an appreciable rate (Supporting Information). We also monitored
bead detachment as a function of applied force in the absence of any
protease (Supporting Information). The slow detachment rate
observed at higher forces (15 pN) in the absence of proteinase was
comparable to the rate extrapolated for force-mediated biotin—
streptavidin dissociation*® and is small compared to the proteinase-
mediated detachment rates observed at these forces.

Prior to proteolysis, the flow cell was introduced into the magnetic
trap under low force (~1—2 pN) to remove loose beads. Any beads
that detached were washed out with 1x PBS. To initiate the proteolysis
experiments, either MMP-1 (3 uM) or Clostridium collagenase (0.9
units mL™") was introduced into the flow cell. Several fields of view
were sampled at each time point in order to observe an adequate
number of tethered beads, yielding 100—1000 beads observed per
experiment. Measurements were taken until no further bead
detachment was observed.

B RESULTS

In our assay collagen cleavage results in bead detachment from
the coverslip, as monitored using brightfield microscopy. A
minority of beads remain attached to the coverslip even at long
times. These beads were considered to be permanently and
nonspecifically attached to the coverslip (Supporting Informa-
tion). Excluding nonspecifically attached beads, the fraction of
beads remaining at the coverslip surface is well-described by a
single exponential:

f =f0exp(—kt) (1)

where f, is the fraction of beads at time ¢, f is the fraction of
beads at time t, and k is the bead detachment rate in s’
(Figure 2). The experiment was repeated for forces between 0.2
pN and 16.5 pN with 3 uM MMP-1. An applied force of 16.5
pN leads to an 8-fold increase in the observed proteolysis rate.
The observed rates, kg, are well described by the Bell
. 47 .
equation®’ (Figure 3):

kobs = kF:OeXp(E)

kyT (2)
Equivalently, eq 2 can be recast in terms of D:
kgT . | k
D= B—ln(—Obs ]
o ke 3)

Here F is the applied load, D is a distance parameter that
describes the degree to which applied load alters the observed
rate constant, and kgT is the thermal energy. Although it
represents a simplification of the complex dynamics that
characterize biological macromolecules, eq 2 has proven
successful in describing the effect of mechanical load on
nucleic acid hairpin unfoldin§,48_50 protein—protein®' and
protein—ligand interactions,***'~>* protein unfolding,**** and
motor protein kinetics.**"** In general, the magnitude of D
corresponds to the size of a change in conformation that
accompanies the rate-limiting step. In the case of collagen
proteolysis, a reasonable interpretation of D is that it reflects
the change in collagen length that accompanies proteolysis.
Equation 2 thus relates observed kinetic rates to the effect of
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Figure 2. Single-molecule collagen proteolysis kinetics. (a) The cleavage rate of heterotrimeric collagen by MMP-1 increases upon application of
force (red 0.25 pN, blue 10.7 pN, black 16.7 pN). (b) The rate of proteolysis by Clostridium collagenase remains essentially unaltered upon the
application of force (red 0.25 pN, blue 5.2 pN, black 15 pN).
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Figure 3. Effect of force on collagen heterotrimer proteolysis. (a) MMP-1; (b) Clostridium collagenase. Collagen proteolysis by MMP-1 (a) is fit to
the Bell equation, yielding a characteristic distance D = 0.57 + 0.01 nm. The proteolysis rate measured in bulk solution (blue; see Supporting
Information) closely matches the extrapolated single-molecule rate at zero force. Proteolysis by Clostridium collagenase (b) does not show obvious
force dependence, with D ~ 0 nm. The bulk proteolysis rate (blue) is consistent with rates measured in the single-molecule assay. Clostridium
collagenase and MMP-1 concentrations were used such that the bead detachment rates at zero force are roughly comparable.
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Figure 4. Energy landscapes illustrating the effect of force on collagen proteolysis by MMP-1. The MMP-1/collagen complex exists in an equilibrium
between the MC and stretched MC* states (left). The affinity of both states for MMP-1 is similar, but MMP-1 preferentially cleaves MC* due to the
increased accessibility of the individual collagen strands. Because the overall length increases in MC*, application of an external load adds a biasing
energetic potential (middle), that stabilizes MC* (right), thus facilitating proteolysis.

mechanical load on the underlying energetic landscape (Figure solution (0.15 + 0.01 min™") (Supporting Information). In

4).

The data were fit to eq 2 to yield D = 0.57 + 0.01 nm and
kp_o = 0.14 = 0.01 min™". The value of ky_, is identical to the
bead detachment rate measured at 0.25 pN within the error of
the measurement. Moreover, the fit value for kp_, is also in
good agreement (within experimental error) with the rate
extrapolated from the bulk proteolysis measurements in

13261

the case of MMP-1, the single-exponential kinetics that we
observe indicate that a single, rate-determining step governs the
overall rate of proteolysis, consistent with selective cleavage at
the MMP-1 recognition site.””

We performed analogous experiments with crude collagenase
from Clostridium histolyticum. The application of force does not
appreciably alter proteolysis rates for this enzyme (Figure 2;
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Figure S7, Supporting Information). Measurement of collagen
cleavage in a bulk solution experiment yields an extrapolated
cutting rate of 0.50 + 0.03 min~", which is in good agreement
with rates observed in our single molecule assay at 0.25 pN
force (0.58 + 0.07 min™").

B DISCUSSION

Previous studies have shown that collagen trimer proteolysis by
MMP-1 follows Michaelis—Menten-type kinetics.” The single
exponential kinetics observed in our data suggest the presence
of a single rate-limiting step. While force dramatically increases
cutting rates, it does not appreciably alter the apparent affinity
of MMP-1 for the collagen trimer.** We therefore infer that the
force-dependent step follows MMP-1 binding but precedes
strand cleavage. Although more comprehensive kinetic models
are possible,® a kinetic framework with one force-sensitive step
is adequate to describe the collagen proteolysis rates we observe
in this and our previous study:

ky ky(F) kea
M+C=MC=—MC* —>M+P
k_y k_,(F)

Here M is MMP-1, C is the collagen trimer, MC is the initial
collagen—MMP complex, MC* is the cleavage competent
complex, and P is the proteolyzed product. The discrete helical
and stretched conformations assumed here are consistent with
the generally cooperative nature of collagen unfolding.®’ The
kinetic model above implies that a rapid and force-dependent
conformational equilibrium (Ky), defined as kyg/k_yr),
likely corresponding to the unwinding of the MMP-1 binding
site, precedes a slower cutting step (k). Assuming a rapid
equilibrium between C, C*, and MC* and subsaturating MMP
concentrations, the rate of collagen disappearance is:

dl:C] _ kcut

dt Ky KanlMILC] (4)

Here K, is a dissociation constant defined as k_,/k,. Equation 4
yields the apparent first-order rate constant kg

k kcut K [M]
obs = 2(F)
K (8)
The force-dependent equilibrium K,y can be expressed as:
FD
K = Ky p—g\exp| —
2(F) 2(F=0) XP( kT ) ©)

where K, r_q) is the equilibrium constant in the absence of force
and D is the increase in length accompanying the transition
from MC to MC*. Substitution into eq S yields

k FD

ko= 2K rg[Mexp| —
obs K Z(F—O)[ ] Xp(kBT) )
Equation 7 is identical to eq 2 with kp_ = kcutKZ(F=0) [M]/Kp. In
summary, mechanical force shifts the equilibrium toward the
proteolytically vulnerable conformation by increasing the
fraction of collagen trimers in the stretched, C* state. This
results because mechanical load tilts the energy landscape by
subtracting an energetic term of F X D (Figure 4).

In our earlier report, we observed that proteolysis of a
homotrimeric collagen model peptide is accompanied by a
force-sensitive increase in length (D) of 1.4 + 0.25 nm, in
excellent agreement with that expected for the complete

unwinding of the MMP-1 recognition site in the collagen triple
helix>* In contrast, cleavage of heterotrimeric collagen is
accompanied by a length increase of D = 0.57 + 0.01 nm.
Previous results show that the MMP-1 binding site in
heterotrimeric collagen is both thermodynamically less stable
and more susceptible to proteolysis than that of homotrimeric
collagen.” Computational modeling and NMR measurements
of conformational dynamics likewise indicate that the
heterotrimeric MMP recognition site is destabilized relative
to the canonical collagen triple helix.*"*> The smaller D,
relative structural instability, and relative proteolytic suscepti-
bility of the heterotrimeric MMP-1 recognition site support the
conclusion that it is approximately half unwound even in the
absence of applied load (Figure ).
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Figure S. Energetic landscape for collagen proteolysis by MMP-1. (a)
The heterotrimeric MMP-1 binding site is partially unwound even in
the absence of applied load. Approximately 6 times the thermal energy
(6 kgT) separates the MC and MC* states (black; see text). A 0.57 nm
increase in length accompanies the transition from MC to MC*. An
external load of 15 pN stabilizes MC* by 8.6 pN-nm, or ~2 kT (red).
(b) Approximately 8 kgT separate MC and MC* for the homotrimeric
MMP-1 recognition site (black; see text). A 1.4 nm length increase
accompanies the transition to the stretched state, resulting in ~5 kgT
stabilization of MC*at 15 pN of load (red).

NMR,*® bulk kinetics,** and computational modelingzm2 all

suggest that the energy difference between the partially wound
and fully disrupted heterotrimeric MMP-1 binding site is
approximately 10—15 kJ mol™, or ~6 kyT (Figure Sa, black
trace). Because the apparent affinity of MMP-1 for trimeric
collagen is not noticeably load-dependent, we assume that ~6
kyT also separates MC and MC* for the heterotrimeric MMP-1
recognition site. Bulk kinetics show that the cleavage of
homotrimeric collagen I is approximately 10-fold slower than
the heterotrimer.””* Assuming that this difference in rates
reflects an increase in unwinding energy (i.e., k. is the same for
homo- and heterotrimers but K, is not) the additional energy
required to unwind the homo- vs heterotrimer recognition site
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is AAG = kBT In(‘KZ,hetero/*KZ,homo)J where KZ,homo and Kl,hetero
are the unwinding equilibrium constants for the homo- and
heterotrimers. AAG thus calculated is ~2 kT, implying that
approximately 8 kT separates the MC and MC*states for the
homotrimer (Figure Sb, black trace). This calculation is
consistent with the greater thermodynamic stability of the
homotrimeric MMP-1 recognition site.®

The present model explains why the homotrimeric MMP-1
recognition site is less susceptible to proteolysis in the absence
of force, but much more sensitive to the effect of mechanical
load. The homotrimeric recognition site is fully wound at
equilibrium, thus making it more difficult for MMP-1 to isolate
and cleave one strand at a time. In contrast, our data suggest
that the heterotrimer is already partially unwound, thus making
local disruption of the triple helix by MMP-1 more
thermodynamically feasible. However, a larger increase in
length accompanies complete unwinding of the homotrimer
versus the heterotrimer (Figure S). Thus, a force of 15 pN
stabilizes the unwound state of the homotrimer by 15 pN X 1.4
nm, or $ kgT (Figure Sb; red trace). In contrast, a comparable
load stabilizes the unwound heterotrimeric MMP-1 recognition
site by only 15 pN X 0.57 nm, or 2 kgT (Figure Sa, red trace).
In summary, although homotrimeric collagen is more stable
than heterotrimeric collagen in the absence of load, it is much
more sensitive to the effect of mechanical stretch.

While applied strain may influence proteolysis by Clostridium
collagenase in other circumstances, in our assay the rate of
collagen proteolysis by Clostridium collagenase has no
noticeable dependence on applied force, thus suggesting that
negligible changes in collagen length accompany proteolysis. In
contrast to MMP-1, Clostridium collagenase has low sequence
specificity (Supporting Information).”” In addition, a recent
crystal structure for Clostridium collagenase G suggests that this
enzyme may catalyze conformational transitions in the context
of the full collagen fibril that are not probed in our assay, for
example, a fibril “squeezing” mechanism where in collagenase G
rearranges the collagen microfibril to capture a single trimer
prior to proteolysis.®® These observations suggest that
Clostridium collagenase cuts collagen independent of the
unwinding transition that is apparently a prerequisite for
proteolysis by MMP-1. This scenario is consistent with the
function of Clostridium collagenases, which is to dissolve tissue
in the context of bacterial infection.

Camp et al. report that force decreases the rate of collagen
trimer proteolysis by Clostridium collagenase approximately 10-
fold* Although the two assays are ostensibly similar, it is
conceivable that subtle differences in experimental conditions
may account for the difference in outcomes. For example, the
Clostridium collagenase used in both our study and by Camp et
al. consists of a cocktail of several enzymes with distinct
activities. Further investigation may prove interesting in
understanding both collagen and Clostridium collagenase
structural dynamics.

A large body of previous work, including single-molecule
studies,”* NMR data,> X-ray spectroscopy, 7 bulk enzymol-
ogy,”?*¥7%*%% and computational modeling*"®* indicate that
disruption of the collagen trimer likely precedes proteolysis by
MMP- 1. However, the majority of previous studies on bulk
collagenous materials indicate that mechanical load results in a
modest, ~2-fold reduction in proteolytic degradation
rates,”**%" whereas our single-molecule measurements ob-
serve an opposite effect. Two possible explanations may
account for this apparent discrepancy. At the single molecule

level, effects stemming from changes in kinetic rate constants
dominate. However, at the bulk scale, diffusive transport can
play a decisive role in modulating the rate of enzymatic
degradation.”” For example, mechanical load leads to a ~10-
fold reduction in the rate of fibrin gel degradation by plasmin.”
This decrease in proteolytic susceptibility likely reflects changes
in the diffusive transport of plasmin rather than changes in the
proteolytic susceptibility of the fibrin molecules as a function of
applied strain.”" It is possible that a similar mechanism might
hold for collagen-based materials. Indeed, previous investigators
have observed marked changes in diffusive transport in
intervertebral disk’>”* and bovine coccygeal annulus fibrosus”*
in response to externally applied strains. We note, however, that
indirect measurements did not demonstrate changes in diffusive
transport of Clostridium collagenase within collagenous
materials in response to external load.***¢

Alternatively, the collagen conformational dynamics present
in fully assembled collagen I fibrils may fundamentally differ
from those of the isolated trimer. In support of this model,
mechanical tension appears to protect isolated collagen I fibrils
from degradation by Clostridium collagenase.”> Clostridium
collagenase G has been proposed to actively pull individual
collagen trimers away from microfibrils.®® Such a mechanism is
distinct from the force-dependent conformational changes that
we observe and could thus offer an elegant explanation for the
differences between our single-molecule measurements and
previous work in bulk samples. Understanding how mechanical
strain influences ECM deposition and degradation remains a
fascinating challenge for the future.

B CONCLUSIONS

The information afforded by our single-molecule assay has
allowed us to construct a biophysical model for the cleavage of
collagen by MMP-1 and Clostridium collagenase. Both enzymes
cleave collagen with a single rate-limiting step under the
conditions assayed. This observation implies that the cleavage
of one strand, likely the first to be cut, is rate limiting, and that
both enzymes likely cut the trimer in a single encounter. Force
markedly increases the rate of MMP-1-catalyzed cleavage for
both homo- and heterotrimeric collagen, indicating that a
stretching structural transition precedes proteolysis by this
enzyme. This stretching transition is consistent with the
proposal that collagen unwinds prior to proteolysis by MMPs.*°

Our results suggest that MMP-1 and collagen I have mutually
evolved to regulate proteolysis based on the narrow geometry
of the MMP-1 active site and the differing accessibilities of the
homo- and heterotrimeric recognition sites (Figure S). This
may account for the differing effects of mechanical load on the
proteolysis of isolated collagen trimers vs intact collagen I
fibrils. At the fibrillar level, applied load may hinder a
conformational transition that precedes proteolysis, thus
protecting load-bearing collagen from degradation (see
Discussion).

It is possible that the sensitivity to proteolytic degradation
that we observe for isolated trimers may have physiological
significance. Many collagens, for example collagen IV, are
trimers in their physiological state.”® Fibrillar collagens, for
instance collagen I, fray to produce partially exposed trimers
during breakdown.”””® Membrane-bound MMP colocalizes
with inte(%rins,79 and colocalization is required for fibrillar
collagen® and localized gelatin, i.e., partially denatured
collagen, degradation.®’ Single integrins can exert >20 pN of
force on the ECM.** A combination of cell-generated traction
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forces and MMP activity may thus help to degrade isolated
collagen trimers (and possibly other ECM molecules) in the
context of ECM remodeling. The involvement of MMPs in
cancer and heart disease, both of which exhibit marked ECM
remodeling during their progression, is consistent with this
hypothesis. The involvement of MMPs in cancer metastasis in
particular has led to a concerted effort to develop MMP
inhibitors as potential pharmaceuticals.**** Small molecules
which influence collagen structure, rather than MMP activity,
may offer an alternate means of modulating ECM remodeling
in a wide variety of disease states.
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