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Abstract
Although mechanical stress is known to profoundly influence the composition and structure of the
extracellular matrix (ECM), the mechanisms by which this regulation occurs remain poorly
understood. We used a single-molecule magnetic tweezers assay to study the effect of force on
collagen proteolysis by matrix metalloproteinase-1 (MMP-1). Here we show that the application
of ~10 pN in extensional force causes a ~100-fold increase in proteolysis rates. Our results support
a mechanistic model in which the collagen triple helix unwinds prior to proteolysis. The data and
resulting model predict that biologically relevant forces may increase localized ECM proteolysis,
suggesting a possible role for mechanical force in the regulation of ECM remodeling.

Mechanical stress is known to influence ECM remodeling during embryonic
development1-4, aneurysm formation5, atherosclerosis6, and cancer metastasis7. However,
the molecular pathways by which this regulation occurs remain poorly understood. ECM
proteolytic degradation by matrix metalloproteinases (MMPs) is likewise important both
during embryonic development8-10 and in the progression of a variety of diseases, notably
cancer metastasis11. Prior crystallographic12, bulk enzymological13-17 and atomic force
microscopy studies18 suggest that the collagen triple helix must be disrupted in order for
MMP-catalyzed proteolysis to occur. These observations led us to investigate the possibility
that mechanical load might directly modulate the rate at which MMPs cleave trimeric
collagen.

The crystal structure of MMP-1 shows that its active site is too small to accommodate the
collagen triple helix, implying that the collagen trimer must undergo a large conformational
change during proteolysis12,13,19. The mechanism by which MMPs likely disrupt their
substrates remains unclear. The “unwinding” description prevalent in the literature13 has
recently been challenged by an alternative model in which MMPs capture spontaneously
formed loops prior to proteolysis20. Experiments done on excised whole tissues21-27 or on
reconstituted collagen gels28-31 yield conflicting results as to whether load speeds up21,22 or
slows down23-27,29-31 proteolysis. A quantitative, single-molecule assay performed on a
homogeneous substrate provides a logical means of reconciling these results.

We used a model collagen trimer (Fig 1a) and a high-throughput, single-molecule magnetic
tweezers assay to study the effect of force proteolysis on single collagen model trimers (Fig
1b). We chose the cleavage of collagen I by MMP-1 (collagenase I) for our experiments
because this is arguably the canonical combination of MMP and substrate. By sampling
multiple fields of view, we achieve good experimental statistics (100s – 1000s of molecules
per experiment). Matrix assisted laser desorption/ionization mass spectroscopy (MALDI-
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MS) and native polyacrylamide gel electrophoresis (PAGE) confirm the mass of collagen
monomers (14,398 Da) and oligomerization (data not shown), respectively. MALDI-MS
confirms that MMP-1 cleaves the model peptide at the recognition site (Supp Info). The
concentrations of anti-myc surface attachment antibody, collagen, and magnetic beads were
used such that a large majority of beads were attached to the coverslip via single attachments
(Table S1).

Proteolysis of a tethering collagen trimer results in bead detachment from the coverslip. We
measured bead detachment as a function of time and MMP-1 concentration (Fig 2). The
observed bead detachment kinetics are well-fit by a single exponential plus a constant: f(t) =
ae−kt +c, where f(t) is the fraction of beads still attached at time t, k is the detachment rate,
and c likely reflects non-specifically attached beads. The observation of a single detachment
rate k is consistent with a single, rate-limiting step in trimer proteolysis. Bead detachment
kinetics at a constant force and varying MMP-1 concentration are well-described by a
hyperbolic fit: (Fig 3a)

(Eqn. 1)

Here k is the proteolysis rate, kcat is the maximal turnover rate (min−1), [MMP] is the
MMP-1 concentration, and KD is an effective dissociation constant for MMP-1. Although
the mechanism of collagen trimer cleavage is likely more complex (Supp Info), a simple
kinetic framework is consistent with our data:

where M is MMP, C is collagen, MC is the uncut collagen-MMP complex, P is the cleaved
collagen product, KD = k−1/k1, and the cleavage rate kcat is a function of force (F).

A plot of kcat/KD vs. force is well-fit by a single exponential, suggesting that a single force-
sensitive step dominates the observed kinetics (Fig 3b). Although we do not rule out force
dependence for KD, our present data are adequately described with a single force-dependent
kcat (Supp Info):

(Eqn. 2)

Here F is the applied load, D is the change in length of the collagen upon stretching (Supp
Info) and kBT is the thermal energy (4.2 pN nm). The ratio kcat/KD gives an apparent
bimolecular rate constant at limiting MMP-1 concentration.

We observe an 81±3-fold increase (error calculated using the error in D) in kcat/KD at 13 pN
of load. A fit to the above equation yields an extrapolated kcat(F=0)/KD of 0.11±0.10
μM−1min−1, similar to the value reported in bulk measurements (0.3 μM−1 min−1)33, and D
= 1.42 ± 0.25 nm. We note that the rise per amino acid is 0.29 nm in trimeric collagen model
peptides34, the contour length per amino acid is 0.4 nm in unfolded proteins35, and the
MMP-1 recognition site is 14 residues long. Together, these observations predict an increase
in length of 1.5 nm if the MMP-1 recognition site unwinds and stretches to its full extent, a
figure that is in excellent agreement with our measured D.
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We propose a model in which a 1.4 nm increase in length, or “stretch,” precedes proteolysis
(Fig 4). Our present data are also consistent with comparable MMP-1 affinities for the
relaxed and stretched trimer conformations. Finally, a model in which the collagen trimer is
cleaved in a single processive encounter most easily explains the single-exponential bead
detachment kinetics that we observe under all the conditions assayed. Together, these
observations support the model shown in Fig 4, in which MMP-1 cleaves a transient,
stretched collagen conformation during one processive encounter. Mechanical force
stabilizes the stretched intermediate, accounting for the exponential increase in proteolysis
rates with applied load. Our model is consistent bulk enzymological studies that were also
interpreted to support the idea that a structural transition within the trimer is the rate-limiting
step in proteolysis15,16,33.

Several bulk studies show modest, ~two-fold decreases in proteolysis rates with mechanical
load23-27,29-31. These studies are arguably more difficult to interpret owing to the greater
structural and molecular complexity of the samples. Despite this proviso, apparent
differences with our results plausibly stem from the structural differences between isolated
collagen trimers and collagen fibrils, which contain hundreds of trimers36. For example,
triple helix unwinding is likely facile in our experimental geometry, but may well be more
constrained within the intact fibrils present in most bulk measurements. Tensile load on the
fibrils may further constrain helix unwinding, thus leading to decreased proteolysis rates.
This picture is consistent with a report in which slower proteolysis in excised corneal tissue
under applied load was argued to correlate with a transition in mechanical properties from
entropic to energetic elasticity24. It is interesting to speculate that mechanical stress may
thus protect load-bearing fibrils from digestion while simultaneously hastening the
degradation of isolated trimers. Such a mechanism would facilitate ECM remodeling
without compromising tissue mechanical integrity.

The rapid increase proteolysis rates with load that we observe may have direct biological
relevance. Individual ECM proteins likely experience loads comparable or greater to the 13
pN used in the present study: cells exert forces up to 10 nN per focal adhesion37, individual
integrin-ECM protein interactions range from 20 to 100 pN in strength38, and fibronectin
partially unfolds in response to cellular traction forces39. Both cellular force production and
MMPs appear to be essential for tumor cell motility in three dimensions40,41, and cell
motility and MMP activity are coordinated at the transcriptional level42. Recent studies
likewise show that the proteolysis of von Willebrand factor is also force sensitive over
biologically relevant force ranges43. A direct linkage between micro-scale mechanical forces
and local ECM remodeling could thus have important consequences in cell, developmental
and cancer biology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Collagen model construct. The construct consists of a N-terminal 6xHis-tag for
purification, followed by a 5x myc tag, (GPP)10 to enforce triple helix formation, the
collagen α1 residues 772-786 (GPQGIAGQRGVVGL), which form the MMP-1 recognition
site, the trimeric foldon sequence, and a C-terminal KKCK to facilitate biotinylation. (b)
Single molecule force/proteolysis assay (not to scale). The magnetic tweezers generate load
by pulling on the magnetic beads. MMP cuts collagen, causing bead detachment.
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Figure 2.
Fraction of beads attached to cover slips at 1.0 pN (3 μM MMP-1; blue), 6.2 pN (3 μM
MMP-1; red) and 13 pN (0.2 μM MMP-1; black). Detachment rates are 0.22 ± 0.02 min−1

(1 pN) and 0.46 ± 0.09 min−1 (6.2 pN) and 2.08 ±0.18 min−1 (13 pN).

Adhikari et al. Page 7

J Am Chem Soc. Author manuscript; available in PMC 2012 April 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
(a) Kinetics of collagen cleavage by MMP-1 (purple = 13.0 pN, black = 11.5 pN, cyan =
10.1 pN, brown = 8.6 pN, red = 6.2 pN, blue = 4.0 pN, orange = 1.0 pN). Data recorded at
10.1, 8.6, 6.2 and 4.0 pN were fit to Eqn 1. The slope of the linear regime was used to
calculate kcat/KD for data recorded at 13 pN, 11.5 pN and 1 pN. The error bars are one
standard deviation, calculated using bootstrap analysis32. (b) The apparent bimolecular rate
constant kcat/KD for collagen proteolysis by MMP-1 increases exponentially with force (see
text).
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Figure 4.
Proposed mechanism of collagen proteolysis. Applied load stabilizes a stretched,
proteolytically accessible collagen conformation.
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