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Summary

Background: Collagen, the most abundant human protein, is
the principal component of the extracellular matrix and plays
important roles in maintaining tissue and organ integrity.
Highly resistant to proteolysis, fibrillar collagen is degraded
by specific matrix metalloproteases (MMPs). Degradation
of fibrillar collagen underlies processes including tissue re-
modeling, wound healing, and cancer metastasis. However,
the mechanism of native collagen fibril degradation remains
poorly understood.

Results: Here we present the results of high-resolution
tracking of individual MMPs degrading type | collagen fibrils.
MMP1 exhibits cleavage-dependent biased and hindered
diffusion but spends 90% =+ 3% of the time in one of at least
two distinct pause states. One class of exponentially distrib-
uted pauses (class | pauses) occurs randomly along the fibril,
whereas a second class of pauses (class Il pauses) exhibits
multistep escape kinetics and occurs periodically at intervals
of 1.3 £ 0.2 um and 1.5 = 0.2 um along the fibril. After these
class Il pauses, MMP1 moved faster and farther in one direc-
tion along the fibril, indicative of biased motion associated
with cleavage. Simulations indicate that 5% =+ 2% of the class
Il pauses result in the initiation of processive collagen degra-
dation, which continues for bursts of 15 + 4 consecutive
cleavage events.

Conclusions: These findings provide a mechanistic paradigm
for type | collagen degradation by MMP1 and establish
a general approach to investigate MMP-fibrillar collagen
interactions. More generally, this work demonstrates the
fundamental role of enzyme-substrate interactions including
binding and motion in determining the activity of an enzyme
on an extended substrate.

Introduction

Collagenous scaffolds, a major element of the vertebrate
extracellular matrix (ECM), are deposited and remodeled by
resident cells providing an organized milieu that in turn exerts
multiple effects on cell activity, including differentiation and
migration [1, 2]. Morphogenesis, angiogenesis, uterine involu-
tion, bone resorption, and wound healing are all characterized
by intensive tissue remodeling that involves degradation of the
ECM [3]. Resident cells within tissues, along with infiltrating
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inflammatory cells, express matrix metalloproteases (MMPs)
that degrade ECM macromolecules such as collagens and
proteoglycans [3-5]. The MMP enzyme family comprises
secreted and membrane-associated pro-proteases that
require activation [6]. The role of MMPs in both normal and
pathological processes involves tissue remodeling and
MMPs are implicated in pathological conditions, including
atherosclerosis [7] and rheumatoid arthritis [8]. Malignant
cells also exploit these enzymes to promote metastatic inva-
sion [9, 10]. A subset of human MMPs, the collagenases
(MMP1, MMP8, MMP13, and MMP14), uniquely initiate degra-
dation of type I, Il, and lll fibrillar collagens, the predominant
collagens in vertebrates. These enzymes cleave all three
polypeptide chains of the 300 nm triple-helical collagen
monomer at a specific recognition site ~225 nm from the
N terminus.

Whereas the degradation of triple-helical collagen mono-
mers has been investigated in detail by several methods
[11-15], collagenolysis of native fibrils has proved difficult to
study. Native collagen fibrils are insoluble, heterogeneous,
and extended substrates, rendering them refractory to con-
ventional ensemble kinetic analysis [16]. Moreover, unlike
other extended substrates such as DNA and membranes,
which are structurally well characterized, the organization of
individual collagen monomers in a fibril is poorly understood,
making the degradation mechanism more difficult to probe
and degradation data more difficult to interpret. Studies on
reconstituted collagen fibrils (repolymerized acid-soluble
collagen) [17-20] demonstrated a dramatic ~100-fold de-
crease in the cleavage rate of fibrillar versus triple-helical
monomeric collagen but provide few mechanistic details of
fibril degradation. Interestingly, triple-helical collagen mono-
mers have been shown to be thermally unstable at body
temperature [21] and these vulnerable unfolded states of
collagen monomers may play a role in collagenolysis [22]. It
has been postulated that the thermal instability of collagen
monomers, when assembled into a fibril, can lead to local
unfolding or “breathing,” making otherwise resistant fibrils
vulnerable to collagenolysis [21]. Whether local unfolding or
“breathing” occurs at specific locations on fibrils or at random,
making fibril degradation unlike the degradation of collagen
monomers, is unknown. Fluorescence correlation spectros-
copy (FCS) [17, 23] approaches have been used to measure
the diffusion of MMPs, including the soluble portion of the
membrane-bound MMP14, on reconstituted collagen fibers
and lead to a “burnt-bridge” model of collagen degradation,
but lack the resolution to address the mechanistic details of
the fibrillar degradation process. Single-molecule approaches
have been used to address the influence of force on the rate
of collagen monomer cleavage [24, 25] and to image the inter-
actions between collagen monomers and MMPs [26, 27]. To
date, however, single-molecule approaches have not been
employed to measure native fibril degradation.

Here we report how MMP1 moves on and cleaves native
type | collagen fibrils by tracking single molecules of fluores-
cently labeled MMP1 on rat tail tendon collagen fibrils by using
a prism-type total internal reflection fluorescence microscope
(TIRFM). Global analysis of the single-molecule tracking
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Figure 1. Tracking of Individual MMPs on

a Collagen Fibril

(A) Schematic representation of the experiment
(not to scale). Fluorescently labeled MMP1
(purple with green star representing fluorophore)
moving on collagen fibril (beige) was tracked with
a prism-type total internal reflection microscope.
(B and C) MMP1 trajectories can be separated

Mutant

into (B) motion along the fibril (x) and (C) motion
across the fibril (y). Motion along the fibril was
fit to a series of runs and dwells (red line in B).

(D) Top: MSD of the motion along the fibril for WT
MMP1 as a function of time at 20°C (black
squares; number of trajectories, n = 1,423), 32°C
(blue circles, n = 1,623), and 37°C (red triangles,
n = 1,773). Bottom: The MSD for mutant MMP1

0.4 0.8 (E219Q) that binds collagen but lacks proteolytic
activity. Diffusion was neither biased nor
hindered at 20°C (black squares, n = 1,487),
32°C (blue circles, n = 889), or 37°C (red triangles,

Time (s)

n = 3,663).

(E) Hindered diffusion of mutant MMP1 at 20°C
after incubation with WT MMP1 at 37°C. Control
reaction incubated with unlabeled mutant
MMP1 at 37°C (black squares, n =1,180), incuba-
tion with 500 pM WT MMP1 (blue circles, n =
2,087) and 1500 pM WT MMP1 (red triangles,
n = 631) at 37°C for 30 min and 90 min, respec-
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records reveals that MMP1 undergoes collagenolysis-depen-
dent biased and hindered motion on collagen fibrils. Analysis
of individual trajectories shows that the motion is frequently in-
terrupted by two classes of pauses. One class of pauses (class
1) exhibit multistep escape kinetics and occur at periodic inter-
vals along the collagen fibril at sites where MMP1 binds
strongly and initiates degradation in a temperature-dependent
manner. Collagen degradation was inferred from the unidirec-
tional increase in the extent and velocity of motion immediately
after the long class Il pauses. To understand these data in the
context of fibril architecture, we constructed a physical repre-
sentation of the collagen monomer organization in a fibril.
Combining the tracking data and the physical representation
allowed development of a model for native collagen fibril
degradation. Simulated trajectories of MMPs based on this
model reproduce the salient features of the experiments and
provide additional insights into MMP1 activity that could not
be directly determined from the single-molecule trajectories.
From these findings, we conclude that 5% = 2% of class Il
pauses (long, gamma distributed, and periodically spaced)
result in the initiation of collagenolysis that proceeds in a proc-
essive burst of 15 *+ 4 cleavage events in rapid succession.
This study provides a mechanistic paradigm of native type |
collagen fibril degradation by MMP1 and establishes a general
approach to study MMP-fibril interactions with other MMPs
and fibrils.

Results

To investigate binding, diffusion, and cleavage of MMP1 on
native collagen, we followed the motion of individual fluores-
cently labeled MMP1 molecules bound to collagen fibrils
abraded from a rat tail onto a quartz slide. The trajectories of
individual molecules of activated wild-type (WT) MMP1 and
its inactive mutant (E219Q) were extracted from movies

1
0.4 0§ [tively.
. Error bars in (D) and (E) represent the standard
Time (S) error of the mean. See also Figure S1.

recorded with 12 ms time resolution via prism-type TIRFM
[28, 29] (Figures 1A-1C).

MMP1 Undergoes Cleavage-Dependent Biased and
Hindered Diffusion

Individual MMP1 molecules moved along the long axis of the
collagen fibril displaying virtually no motion across the fibril
(Figures 1B and 1C; Figures S1A-S1C available online). The
motion was characterized by calculating the mean square
displacement (MSD) [30] as a function of time (Figure 1D).
Fitting the MSD with the function 2Dt returned a diffusion
constant D = 0.70 = 0.01 um?s™", which is in close agreement
with D =0.8 + 0.2 um? s~ from FCS experiments [17]. Over the
initial ~0.5 s, the MSD of the WT MMP1 at 37°C was hindered
compared to the mutant enzyme. At longer times, the curva-
ture turned positive, consistent with biased motion (Figures
1D, S1D, and S1E; see Figure S1D for the method of quanti-
fying hindrance and bias). Hindrance and bias decreased
at 32°C, while at 20°C the MSD remained linear over the
observation period, consistent with pure diffusion (Figures
1D, S1D, and S1E). The MSDs of the inactive MMP1 mutant
(Figure 1D) and MMP9 (Figure S1C), neither of which is capable
of cleaving native type | collagen fibrils, were linear at all
temperatures.

Because both hindrance and bias depend on MMP1 activity,
we hypothesized that cleavage of the substrate introduces
a barrier that MMP1 is unable to cross. The barrier would
bias the motion of the enzyme to one side of the cleavage
site and hinder subsequent enzymes from crossing the
cleaved site in either direction. We tested this hypothesis by
following the diffusion of mutant MMP1 at 20°C on collagen
pretreated with increasing concentrations of unlabeled wild-
type MMP1 at 37°C (Figure 1E). The resulting MSD of the
mutant MMP1 was well described by hindered diffusion
without a biased component and, as expected, the extent of
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Figure 2. Characterization of MMP1 Motion

(A) Dwell time distribution for WT MMP1 at 37°C (blue
closed circles, n = 6,627) fit to the sum (blue line) of an
exponential (green line) and a gamma distribution
(magenta line). Inset: Dwell time distributions of MMP1
(blue circles), mutant MMP1 (red squares, n = 15,733),
and MMP9 (black triangles, n = 35,768) at 37°C. Error
bars represent the statistical uncertainty from counting
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(B) The time evolution of the displacement probability
distribution for WT (blue line) and mutant (red line)
MMP1 on collagen fibrils at 37°C. Note the two peaks
that arise in the DPD at =1.3 um beginning at a time
interval of 400 ms.

(C) Distribution of the pair-wise distances between the
long (>0.8 s) class Il pauses along the collagen fibril for

WT MMP1 at 37°C. The blue line is the adjacent average
over 40 points. The dotted lines correspond to a spacing
of 1.3 um. The power spectrum of the pair-wise distance
distribution (inset) has two closely spaced dominant
peaks at 0.64 and 0.78 um~" corresponding to intervals
of 1.5 and 1.3 um, respectively.

(D) Average displacement after pauses greater than 0.8 s

for WT MMP1 at 37°C (blue closed circles) and mutant
MMP1 (red closed squares). The straight lines corre-
spond to linear fits of the first three points of the motion
of WT MMP1 (blue) and mutant MMP1 (red) with slopes of
22.7 = 0.4 and 19.3 + 0.04, respectively. The error bars
are the standard error of the mean.

See also Figure S2.

times would follow a gamma distribution
centered at n/k. If the forward rates are similar,

- .
[a) =
100 |- ¢ @ 400 ms
. . g1
s o 12 3 2
8 Freq. (um™) % 3
50
S0
E " 1 " 1 " 1 "
L v 800 ms
000 256 512 7.68 10.24 1L
D Spacing (um)
1.0 r
g. I /§/§7;;;§//%7 i o L 1 L 1 L 1 "
~ Y 1600 ms
g o5t 7 1L
Q
(3]
© L
§ A
i)
a 0
0.0 . L . N R T .
0.00 0.05 0.10 -4 -2 0 2 4
Time (s) Position (um)

hindrance depended on the incubation time and the concen-
tration of WT MMP1 during pretreatment. Hindrance did not
result from a crowding effect as shown by the fact that
pretreatment with unlabeled mutant enzyme under identical
conditions had no effect on the MSD.

MMP1 Spends the Majority of Time in One of Two Distinct
Pause States

To investigate enzyme motion and biased diffusion in greater
detail, the trajectories of individual MMP1 molecules were sub-
jected to a t test-based “step-finder” analysis [31]. Locations
of the steps were used to fit the entire trajectory with
a sequence of dwells and runs, from which the statistics of
the motion, such as the duration of the dwells, were obtained
(Figure 1B). MMP1 spent the majority of the time (90% = 3%)
paused on the collagen fibrils. The pausing behavior is re-
flected in the dwell time distribution (Figure 2A). At 37°C both
WT MMP1 and the inactive mutant displayed two distinct dwell
time distributions; a single exponential decay consistent with
afirst order pause escape rate of 2.5 + 0.1 s~ (class | pauses)
and a symmetric distribution centered at 1.1 = 0.3 s (class Il
pauses) (Figure 2A). The symmetric distribution is inconsistent
with an exponential process or a sum of exponential
processes but is well fit by a gamma distribution, which
describes a process that includes multiple sequential kinetic
steps of comparable rates [32, 33]. For a pause escape
process with n identical irreversible steps of rate k, the dwell

L rather than identical, and the reverse rates are
slow in comparison to the forward rates, there
will no longer be a strict correspondence
between the fitted gamma distribution param-
eters and the actual number of steps in the
process. The symmetrically distributed dwell times present
in both the WT and mutant MMP1 dwell time distributions
were fit by a gamma distribution with n =13 = 3 and k = 15
+ 4 s™' (Figures 2A and 3A-3C), suggesting that the enzyme
escapes these class Il pauses via multiple sequential kinetic
steps of comparable rates and slow reverse rates. In contrast,
the dwell time distribution for MMP9 was dominated by a single
exponential decay rate of 3.06 = 0.02 s~! without the symmet-
rically distributed class of long pauses (Figure 2A, inset). The
dwell-time distributions were similar for both WT and mutant
MMP1 enzymes at 20°C, 32°C, and 37°C, but the gamma
distributed pause amplitude increased ~2-fold between
20°C and 37°C for both enzymes, suggesting that entry into
the gamma distributed class |l pause state is temperature
dependent (Figures 3A-3C). It is important to note that the
gamma distribution is a two-parameter approximation of an
undoubtedly more complicated process. Nonetheless, the
pause escape process involves several, probably more than
ten, steps with comparable forward rates and slow but finite
backward rates.

MMP1 Preferentially Pauses at “Hot Spots” Periodically
Spaced at 1.3 and 1.5 pm Intervals along Collagen Fibril
To characterize the spatial distribution of the pauses, the
displacement probability distributions (DPD) were determined
for different time intervals (Figure 2B). The DPD of purely
diffusive motion is a Gaussian with a standard deviation
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Figure 3. Temperature Dependence of Pausing for WT MMP1 and Mutant
MMP1

(A) Pause dwell time distributions for WT MMP1 at 20°C (red circles), 32°C
(green circles), and 37°C (blue circles).

(B) Pause dwell time distributions for mutant MMP1 at 20°C (open red
circles), 32°C (open green circles), and 37°C (open blue circles).

The lines in (A) and (B) are a global fit to all six pause dwell time distributions
with the sum of an exponential decay and a gamma distribution:

n
y(t)=ae Mt +a, (Fﬁ;))t”“e‘“’

where the second term is the gamma distribution with n processes of rate k»
and I'(n) is the gamma function, which for integer n > 0 is given by (n — 1).
Global fitting was done under the assumption that the exponential decay
(k1), the number of processes (n), and their rate (k) of the gamma distribution
were the same for all conditions whereas the relative amplitudes of the expo-
nential (a;) and gamma distribution (a,) were allowed to vary independently.
The global fit parameters were as follows: k; = 2.5 = 0.1 5_1, n=13 £ 4,and
ko=15+4s"" (errors in k4, n, and k; represent the standard deviation of the
fit parameters). Error bars represent uncertainties derived from counting
statistics.

(C) The fraction of class Il pauses as a function of temperature for WT MMP1
(blue dots) and mutant MMP1 (red dots), with lines as a guide to the eye. WT
MMP1 consistently enters class Il pauses more frequently than mutant
MMP1 at each temperature, but the probabilities for both enzymes increase
~2-fold as the temperature increases from 20°C to 37°C. Error bars repre-
sent the standard deviation of the fit parameters.

proportional to the product of the time interval and the diffu-
sion constant (Figure S4E). For short time intervals, the distri-
butions were approximately Gaussian; however, two
symmetric peaks centered near =1.3 um became apparent
for time intervals greater than 400 ms. These peaks in the
DPDs are consistent with long-lived, high-probability pauses
spaced at ~1.3 um intervals on the fibril and corroborate the
class Il pauses observed in the dwell time distributions (Fig-
ure 2A). Interestingly, these additional peaks were not as
apparent in the DPDs for MMP9, suggesting that the pauses
are enzyme specific (Figure S2A).

To accurately determine the spatial distribution of the class
Il pauses evident from the DPDs, we calculated the spacing
along the fibril axis between each pair of pauses longer
than 0.8 s (see the dwell time distribution in Figure 2A) from
all of the MMP1 trajectories on each fibril at 37°C. The distri-
bution of the long pause separations (Figure 2C) is consistent
with a periodicity of ~1.3 um. The power spectrum of the
distribution (Figure 2C, inset) revealed two pronounced,
closely spaced peaks at 0.64 ym~" and 0.78 ym~"', corre-
sponding to spatial periods of 1.5 = 0.2 um and 1.3 *
0.2 pum, respectively. Identical periods were obtained for
mutant MMP1 at 37°C (Figure S2C). In contrast, the spacing
between class | pauses (operationally defined as pauses
less than 0.8 s) was not as periodic, and the small periodic
component did not correspond to the spacing of the class Il
pauses (Figure S2D). These results are consistent with the
motion of the individual MMP1 enzymes observed in the
DPDs (Figure 2B). Together, these results suggest that class
Il pauses occur at periodically spaced susceptible sites or
“hot spots” along the fibril. This periodicity, which has not
been observed previously in structural measurements, is diffi-
cult to explain without an underlying structural feature of the
collagen fibril being exposed by MMP1 binding. These sites
may arise from the structural architecture of the fibril, e.g.,
a slight helical pitch of the microfibrils resulting in the periodic
exposure of MMP1 binding sites at the surface of the fibril or
differences in the stability or accessibility of these sites that
arise during the directed self assembly of collagen fibrils.
However, the temperature dependence of the probability of
entering class Il pauses supports a model in which the
susceptible sites can locally unfold or “breathe” and are pref-
erentially exposed by thermal fluctuations. The temperature
dependence of the class Il pauses, coupled with the fact
that the WT MMP1 displayed a ~2-fold higher probability
than the mutant enzyme of entering the class Il pause (Fig-
ure 3), suggests that the class Il pauses may be a precursor
to collagenolysis.

Fiber Degradation Is Initiated after Class Il Pauses and
Results in Directional Motion

From the positive curvature in the MSDs of WT MMP motion
on collagen fibrils (Figure 1), we infer that some portion of
the motion is directionally biased by the cleavage process.
To understand the origin of this biased motion and its connec-
tion to collagenolysis and the class Il pauses, we examined
the motion of the enzyme immediately after escaping from
the long class Il pauses. After pauses longer than 0.8 s, WT
MMP1 moved faster and farther on average than did the
mutant enzyme (Figure 2D). WT MMP1 escaped class I
pauses at an average apparent speed of 11.8 = 0.6 ym s’
(mean = SEM), significantly faster than that of mutant
MMP1 (9.5 = 0.4 um s~ ). This increase in initial speed and
displacement was specific to the class Il pauses, as shown
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by the fact that there was no difference between the average
motion of WT and mutant MMP1 at 37°C after pauses greater
than 0.1 s, i.e., both class | and Il pauses (Figure S4G). The
increase in speed and magnitude of displacement after class
Il pauses is consistent with biased motion resulting from
collagen cleavage by MMP1. We further expect that the bias
should be directional, i.e., that each cleavage will bias the
motion in the same direction along the fibril. To probe this
hypothesis, we assigned a direction to each collagen fibril
by averaging the displacements of all the tracked enzymes
on the particular fibril in each direction after class Il pauses.
The first three points of the average displacements in each
direction after a long pause were fit with a straight line to
calculate the initial apparent velocity. For each fibril, the direc-
tion with the higher initial velocity was assigned as the posi-
tive direction. For mutant MMP1 at 37°C, the initial velocity
for all of the fibrils in both directions was the same (16 =
1 um s~ and 15 = 1 ym s™"). The initial velocity for WT
MMP1 at 37°C in the negative direction was indistinguishable
from that of the mutant enzyme (16 = 2 um s™"), but the
average velocity in the positive direction was significantly
faster (22 = 2 um s™"). These results provide direct evidence
of cleavage-dependent directionally biased motion that was
inferred from the curvature in the MSD curves. Together,
these results suggest that MMP1-induced cleavage is initiated
after class Il pauses and results in directionally biased motion
along the collagen fiber.

Figure 4. Collagen Fibril Organization

(A) TEM image of a typical type | collagen fibril used in the
experiment.

(B) Two-dimensional view of the organization of collagen
fibril based on the microfibrillar structural model of
collagen [34].

(C) Three-dimensional view of the organization of collagen
fibril in which individual 300 nm collagen monomers can
be seen intertwined with one another. One microfibril
that is made up of five collagen monomers (colored dark
purple at the N terminus to light purple at the C terminus)
is shown in the context of other microfibrils (gray).

See also Figure S3.

Representation of Collagen Fibril
Organization

To understand the physical basis of the
cleavage process, we generated a three-
dimensional representation of the organization
of collagen monomers in a fibril based on the
reported microfibrillar structure [34] (Figures
4B, 4C, and S3A-S3C). The resulting structure
(Figure 4B) reproduces the D-period observed
in the TEM images of rat tail type | collagen
fibrils (Figure 4A). This representation provides
a structural basis for the increased stability of
fibrillar collagen, as the C-terminal end of
each monomer occludes the MMP1 cleave
site of the subsequent monomer [34]. Further-
more, this structural organization supports
a collagen fibril degradation model in which
initial cleavage is slow due to the inaccessi-
bility of the cleavage sites, but once initiated,
cleavage progresses rapidly as removal of
the C-terminal end of one collagen monomer
exposes the cleavage site of the next
monomer [34] (Figure 5A). The collagen fibril degradation
model is consistent with our observations of a slow initial
cleavage followed by a rapid unidirectional motion along the
fiber. In the context of the structural representation, directional
motion associated with cleavage is in the N to C direction
along the fibril. Simulations of diffusion between and cleavage
of sites spaced by 67 nm, as described below, reproduces the
increase in initial velocity observed for WT MMP1 (Figure S4B).

Collagen Fibril Degradation Model

Based on our experimental results, we propose a model in
which both the WT and mutant enzymes diffuse on the
surface of a collagen fibril but spend the majority of the
time (~90%) in two distinct pause states. Class | pauses
are random, temperature independent, and best described
by a single exponential with an escape rate of 2.5 = 0.1 s™".
Class Il pauses are periodically spaced at 1.3 = 0.2 and 1.5
+ 0.2 um intervals along the fibril and are temperature depen-
dent. The dwell time distribution of class Il pauses is
symmetric and centered around 1.1 = 0.3 s, implying multi-
step escape kinetics that can be approximated by a gamma
distribution with 13 + 3 sequential kinetic steps, each with
arate of 15 = 4 s™'. After a class Il pause, the WT enzyme
travels faster and farther, compared to the mutant enzyme,
due to repetitive collagenolysis. Collagenolysis biases the
diffusion of the WT enzyme and creates barriers that hinder
the subsequent diffusion of enzymes on the fibril.
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Figure 5. Model of Fibril Cleavage by MMP1

(A) Mechanism of cleavage. The cleavage site is located at the junction
between the gold and purple segments of the collagen monomer. The
cleavage site of each monomer is covered by the C-terminal end of the
preceding monomer [34] (light purple). Once cleavage is initiated by
MMP1 (purple), the cleaved C-terminal end is lost, exposing the subsequent
cleavage site, thereby permitting rapid and processive cleavage of the
successive monomers.

(B) Model potential energy landscape encountered by MMP1 (purple) as it
diffuses on the collagen fibril. Microfibrils are separated by potential
barriers. The short and long pause sites are represented by shallow,
uniformly spaced potential wells and deeper potential wells spaced at
~1.3 um intervals along the microfibrils, respectively.

Simulations of Collagen Fibril Degradation Model
Reproduce Experimental Results

We generated trajectories of both WT and mutant MMP1 by
computer simulations to test the collagen fibril degradation
model. Simulated trajectories were analyzed in the same
manner as the experimental trajectories and the experimental
and simulation results were compared. The motion of MMP1
was modeled as one-dimensional diffusion modified by inter-
actions with the collagen fibril and biased diffusion associated
with cleavage (Figures 5A and 5B). The potential energy
landscape (Figure 5B) consisted of one-dimensional tracks
separated by potential barriers, reflecting the low probability
of lateral motion. The tracks had weak pause sites every
67 nm, corresponding to low probability, nonspecific binding
from which the enzyme escapes via a single kinetic step.
Strong binding sites were spaced at 1.3 um intervals, corre-
sponding to the hot spots from which MMP1 could escape
by either a single kinetic step or a multistep process suggested
by the gamma distribution of class Il pauses. Mutant MMP1
diffused through this landscape, whereas WT MMP1 could
initiate cleavage of the substrate with low probability after
class Il pauses. A fraction of the class Il pauses culminated
in collagen cleavage by WT MMP, after which enzyme diffusion
was restricted to one side of the cleaved substrate. This
results in biased motion through the so-called burnt bridge
Brownian ratchet [17, 35]. Subsequent to the initial cleavage,
cleavage proceeds rapidly because the cleavage site of each

successive monomer is exposed as the C-terminal end of
the proceeding monomer is cleaved (Figure 5A). This model
was adopted because simulations suggest that a single
cleavage results in a local bias that does not affect the velocity
or extent of the motion over an extended distance (Figures
S4B and S4C). The increase in velocity and average displace-
ment after class Il pauses for the WT enzyme is therefore
consistent with a model in which MMP1 cleaves several
collagen monomers in rapid succession (Figures S4A-S4C).
The simulation parameters were obtained from analyses of
the single-molecule trajectories and were tuned to maximize
agreement between the simulated and measured parameters.
Details of the simulation are provided in Experimental Proce-
dures and the simulation parameters are given in Table 1.
The simulations reproduced the salient features of the experi-
mental data (Figures 6A-6D) and led to insights not directly
apparent from the data. The intrinsic diffusion coefficient for
MMP1 on collagen fibrils was determined to be 7.5 + 1 um?
s™', significantly larger than the apparent D measured by
FCS (0.8 = 0.2 um? s™") [17] or MSD (0.70 = 0.01 pm? s™").
The 10-fold increase over the measured diffusion constant
results from frequent pauses of MMP1. The average diffusion
measured in the MSD curves is dominated by the pausing
behavior of MMP1, which masks the much larger intrinsic
diffusion constant. From the simulation results, we suggest
that 40% = 15% of the pauses at the hot spots are class Il
pauses and that 5% =+ 2% of the class Il pauses result in the
initiation of cleavage, followed by 15 + 4 successive cleavage
events.

Simulations were run assuming either the canonical spacing
of 300 nm between cleavage sites and a 67 nm stagger
between the cleavage sites on the adjacent fibrils, or 67 nm
between cleavage sites and no stagger between the cleavage
sites on the adjacent fibrils, corresponding to the recently
proposed microfibrillar organization (Figures 4 and 5A) [34].
Simulations with 67 nm cleavage spacing globally fit the data
much better than the canonical 300 nm spacing. More specif-
ically, the simulations reveal that the canonical 300 nm spacing
between successive cleavage sites is not consistent with
the observed increase in the average rate and extent of
displacement (Figures S4A and S4D). However, the observed
behavior is consistent with biased diffusion between, and
rapid cleavage of, sites separated by 67 nm on the surface of
the collagen fibril (Figures S4A-S4C).

Discussion

Single-molecule tracking of fluorescently labeled MMP1 mole-
cules in combination with simulations provides a detailed
picture of the complex MMP-native fibril interactions and
insights into the mechanism of collagenolysis and the struc-
ture of fibrillar collagen. MMP1 undergoes biased and
hindered diffusion in essentially one dimension along the
collagen fibril without noticeable dissociation from the fibril.
MMP1 spends 90% = 3% of the time paused on the fibril in
two distinct classes of pauses. Class | pauses occur randomly
on the fibril with an escape rate of 2.5 = 0.1 s™". Class Il pauses
are temperature dependent, occur at hot spots periodically
spaced at 1.3 = 0.2 and 1.5 = 0.2 um intervals along the fibril,
and are well described by gamma distribution that arises from
a complex pause escape pathway with 13 = 3 sequential
kinetic steps, each with a forward rate of 15 = 4 s™' and
slow reverse rates [32, 33]. Class Il pauses occur only at the
hot spots, but they represent only 40% of the pauses at
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Table 1. Simulation Parameters

Parameters

Values and Significance

Collagen Fibril Structure

Cleavage site spacing
Stagger

Hot spot spacing

Hot spot spacing SD
Precleaved sites

Adjacent track lateral spacing

oo bhON =

67 nm (either 67 or 300 nm)

0 nm (either 0 or 67 nm)

1.2 um, defines the peak in DPDs at ~1.3 um

335 nm

1.35%, determines downward curvature of MSD, only for active WT enzyme
3 nm (not varied)

Diffusion Constants

7 1D diffusion constant (D)
8 Lateral jump rate (P))

7.5 =1 um? s™, intrinsic diffusion constant

0.5s7", rate of jumping to adjacent tracks

MMP1 Binding Properties

9 Binding to regular sites

10 Binding to hot spots

1 Type | pause escape rate

12 Number of kinetic steps in type Il (Jamma) pause
13 Rate of kinetic steps in type Il pause

14 Fraction of class Il pauses at hot spots

150 s~"

30,000 s~"

5571

11 + 3 steps

11 x 357" (the average lifetime of the type Il pauses is ~1 s)

40% = 15% (WT), 5% = 5% (mutant), fraction of hot spot pauses that

escape via gamma distribution

MMP1 Cleavage Properties

5% = 2%
15 = 4, determines upward curvature of MSD and average motion

after a long pause

15 Percentage of cleavage after long dwells
16 Number of successive cuts after initial cut
17 SD of number of cuts

3, reflects intrinsic variability in the number of successive cuts, which is

a Gaussian distribution centered at 15 cuts with a standard deviation of 3.

Additional Simulation Parameters

18 Noise (ay)
19 Time step (Af)

170 nm, determines y-intercept of MSDs
1 ps, simulation time step (not varied)

The parameters of the simulation, organized by category, are listed along with their values as determined from minimizing the discrepancies between the
experimental and simulation results. The uncertainties in the simulation parameters were estimated by varying the parameter and comparing the results with

the experimental data, as described in Experimental Procedures.

the preferential hot spot locations; the remaining 60% of the
pauses are the short class | pauses. For WT MMP1 at 37°C,
5% = 2% of the class Il pauses result in the initiation of
cleavage, followed by rapid and processive cleavage of 15 =
4 collagen monomers. Although cleavage could not be directly
observed in individual trajectories of MMP1 motion, it could be
inferred from the bias observed in the MSD curves and more
specifically in the unidirectional increase in the velocity and
extent of motion after class Il pauses. Since the cleavage
reaction was observed from the statistics of the motion, the
quantitative details of the process including the percentage
of productive long pauses (6% = 2%), the number of proces-
sive cleavages (15 + 4), and the fraction of class Il pauses at
the hot spots (40% =+ 15%) were obtained from simulations.
The motion of WT MMP1 at 32°C could be reproduced by
slightly modifying only two of the simulation parameters (the
amount of precleavage and the fraction of class Il pauses at
hot spots) obtained for WT MMP1 at 37°C (Figure S4F).

The temperature-dependent pausing of MMP1 on native
fibrils at specific locations suggests a possible explanation
for the remarkable temperature dependence of fibril degrada-
tion. Local unfolding or “breathing” of the collagen fibril at
the hot spots on the fibril makes otherwise resistant fibrils
vulnerable to collagenolysis. However, the low probability of
cleavage after class Il pauses implies that pausing at these
sites is necessary but not sufficient to initiate collagen degra-
dation. The large activation energy of collagen fibril degrada-
tion [18] suggests that subsequent steps in the cleavage
process are also temperature dependent and that the overall

activation energy results from the multiplicative effect of
several temperature-dependent processes, including entry
into the class Il pause state.

The class Il pause state has not previously been observed
in the cleavage of collagen monomers or fibrils. From our
findings we posit that the class Il pause state corresponds to
the progressive melting or rearrangement of collagen at
specific susceptible sites that expose the cleavage site. This
process is distinct from melting or rearrangement of the three
polypeptide chains in the collagen monomer required for
cleavage [21, 22, 36], because cleavage proceeds rapidly
once initiated (Figure 2D) and the pause kinetics are similar
for both WT and catalytically inactive mutant MMP1 enzymes
(Figures 3A-SC). Within the context of the structural of fibrillar
collagen [34], class Il pauses can be associated with the
process of initiating degradation that requires melting or
disruption of the C-terminal end of the occluding collagen
monomer (Figures 5A and S3C). The precise biochemical or
structural basis for the periodic arrangement of sites at which
MMP1 binds and initiates this process is presently unknown,
but it does suggest a possible regulatory mechanism for
collagen degradation. Modifying the location or affinity of the
pause sites at which degradation is licensed would dramati-
cally alter the susceptibility of the fibrils to MMP degradation.
Because the bursts of degradation occur after escape from
the kinetically complex pauses, the duration of the pause
and the efficiency of initiating degradation after escape from
the pause are also potential points of regulation. Moreover,
because the class Il pause is an obligate state on the
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Figure 6. Comparison between Simulations and Experiment

(A) MSDs of the experimental data for WT MMP1 (blue circles) and mutant
MMP1 (red squares) are well described by the simulation results (blue and
red lines, respectively).

(B) Dwell time distributions for WT MMP1 (blue circles) with simulation
results (blue line) and for mutant MMP1 (red squares) with simulation results
(red line).

(C and D) Displacement probability distributions for WT MMP1 (blue circles)
and the simulation (blue line) (C), and for mutant MMP1 (red squares) and the
simulation (red line) (D).

Error bars in (A) and (B) represent the standard error of the mean. See also
Figures S4B-S4F.

degradation pathway, the overall rate of degradation is sensi-
tive to the kinetics of the pause state, which presents an addi-
tional powerful means of regulation.

The average cleavage rate estimated from analysis of the
single-molecule trajectories was ~0.3 s™' MMP1~" at 37°C
(see Experimental Procedures), which is in reasonable agree-
ment with values obtained from ensemble measurements of
collagen fibril degradation by MMP1 [18, 37, 38] of 0.005 s~
MMP1~" at 25°C, which gives a rate of ~1 s™' MMP1~" at
37°C when corrected for the large activation energy of
collagen fibril degradation [18]. The degradation process of
native collagen is dominated by binding, diffusion, and
pausing behavior of MMP1 rather than the kinetics of collagen
cleavage, which appear to be rapid in comparison with the

remaining steps in the process. The dramatic decrease in
cleavage of fibrillar collagen as compared with the triple helical
collagen monomer and gelatin arises from the fact that MMP1
bound to native collagen spends the majority (90% =+ 3%) of
the time in inactive pause states and initiates cleavage with
low probability (6% = 2%) only at specific vulnerable sites
spaced at 1.3 = 0.2 and 1.5 = 0.2 um intervals. The cleavage
reaction is further reduced by the increasing barriers to
diffusion that accompany degradation of the collagen fibril
coupled with the low probability of lateral motion between
the adjacent collagen fibrils. These effects collectively slow
the diffusion of MMP1 as the degradation proceeds. This
self-limiting behavior is counterbalanced by the rapid and
processive burst of 15 = 4 cleavage events after the initiation
of cleavage. Thus, the mechanism of molecular collagen
degradation is significantly different from that of fibril degrada-
tion. The spatial distribution of hot spots spaced at 1.3 = 0.2
and 1.5 = 0.2 um intervals was unanticipated and from this
we infer the existence of a higher-order periodic structural or
biochemical modification of type | collagen that renders it
susceptible to binding and cleavage by MMP1 with a charac-
teristic length scale ~4-fold longer than the 300 nm collagen
monomer length. The combination of experiments, modeling,
and simulations provides a clear picture of native collagen fibril
degradation and our approach is readily applicable to other
types of collagen fibrils and MMPs. More generally, these
results demonstrate the importance of enzyme motion on,
and interactions with, an extended substrate in determining
the overall catalytic rate.

Experimental Procedures

Preparation of Rat Tail Collagen Fibrils

Rat tails from animals sacrificed in unrelated experiments and frozen
were procured from Washington University Animal Facility and stored at
—80°C. Tendon bundles were exposed after removal of tail skin and sheath
and disrupted mechanically over aldehyde activated quartz microscope
slides (CEL Associates Inc, Pearland, TX) until abraded individual fibrils
were clearly visible in the microscope. After the slides were cleared of debris
and larger tendon bundles, individual fibrils remained attached to the
activated glass. The glass was then blocked by submersion in blocking
solution consisting of 50 mM Tris-HCI (pH 7.5) buffer containing 50 mM
NaCl and 2 mg/ml BSA overnight at 4°C.

Enzyme Purification, Labeling, and Activation

MMP1, along with its active center mutant “E219Q,” and MMP9 proen-
zymes were purified from serum-free conditioned medium of p2aHTA cells
stably transfected with the corresponding cDNAs as described previously
[17, 38]. MMP1 was labeled with Alexa 488 or Alexa 555 fluorescent dye
with the Alexa Fluor Protein labeling kit (Molecular Probes; A-10235 and
A-20174, respectively) as described [17]. The MMP9 Enzyme (50 ng) was
absorbed onto a column (100 pl bed volume) of Gelatin Agarose resin (Sigma
G-5384, Sigma-Aldrich Chemical Co.), equilibrated with 25 mM HEPES
buffer (pH 8.0), containing 2 mM CaCl, and 50 mM NaCl. The loaded resin
was incubated with Alexa 488 dye for 30 min at room temperature. The
enzyme was eluted with the same buffer containing 10% DMSO and
dialyzed against 6 mM Tris (pH 7.5) buffer containing 0.5 mM CaCl,,
25 mM NaCl, and 0.001% Brij-35. The eluted enzyme was concentrated
~4-fold by limited evaporation. The labeling conditions were adjusted to
yield an enzyme with 1.0 mole of Alexa 488 per mole of enzyme. Activation
of the labeled enzymes was performed immediately prior to an experiment.
MMP1 was activated with plasmin and stromelysin 1 (MMP3), as described
[17]. MMP9 was activated by addition of plasmin to achieve 10:1 molar ratio.
The enzyme mixture was incubated for 1 hr at 37°C and the plasmin activity
was inhibited by addition of a 5-fold molar excess of aprotinin.

Enzyme Activity Assay
Activity of labeled and unlabeled WT MMP1 was tested with reconstituted
collagen fibrils. Acetic acid (17.4 mM) soluble rat tail collagen was prepared
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at a concentration of 2 mg/ml. Collagen fibrils were reconstituted from 50 pl
of collagen solution to form turbid collagen gels in glass tubes of 6 mm
internal diameter. Fibril reconstitution was initiated by neutralization of
collagen solution to pH 7.5 with simultaneous heating to 37°C. Addition of
1 ug of MMP1 activated with plasmin/MMP3 mixture [39, 40] to such gels
resulted in complete dissolution of the collagen fibrils within an hour. The
enzyme labeled with Alexa 488 at 1:1 molar ratio retained similar activity.
Dissolution of the collagen fibrils does not occur with gelatinase or trypsin.

Transmission Electron Microscopy of Collagen Fibrils

A segment of abraded but not immobilized rat-tail collagen fibril was placed
on a copper EM grid with 400 mesh and formvar/carbon coating. The EM
grid was treated with glow discharge for 30 s in an EMScope TB500
(EMSCOPE Laboratories, England). The collagen fibril was stained with
a drop of 0.5% aqueous uranyl acetate for 30 s after which the stain was
removed with filter paper. The sample was imaged in a JEM-1200EX Il
transmission electron microscope (JEOL, Japan) with an AMT CCD camera
system (Advanced Microscopy Techniques, Danvers, MA, USA).

Single-Molecule Measurements

Single-molecule measurements were made with a custom prism-type total
internal reflection fluorescence microscope [41] based on an Olympus
IX71. Measurements were made in 50 mM Tris (pH 7.5), 150 mM NacCl, and
1 mM CaCl,. The excitation laser (~2.5 mW) was focused onto an area of
~150 um x 150 pm. About 200 pM Alexa 555-labeled MMP1 was flowed
into the flow cell. Labeled MMPs bound to collagen fibrils on the quartz
slide were excited and the fluorescence was collected by an EMCCD camera
(Andor DV897DCS-BV). Movies were recorded with 10 ms exposures, at a
rate of 83.3 frames per second. Detailed procedures are as reported [42].

Calculation of Average Collagenolysis Rate for WT MMP1

To calculate the average rate of collagen fibril collagenolysis for WT MMP1
at 37°C, we considered the average behavior of all the individual enzymes.
Comparing the total time of all the experimental trajectories (2,930 s) to the
total time the enzymes were paused (2,725 s) suggests that the enzyme was
paused 93% of the time. The average dwell time including both the class |
and class Il pauses was 0.43 s, from which we calculate an average of 2.3
pauses per second. Class Il pauses account for approximately 20% of the
total pauses, and approximately 5% of the class Il pauses (from simulations)
results in the cleavage of 15 monomers (from simulations). From these
results, we calculate a cleavage rate of ~0.35 s~ per enzyme.

Construction of a 3D Representation for the Organization of Collagen
Monomers in a Fibril

A three-dimensional representation of the collagen fibril was constructed
based on a previously reported microfibrillar structure [34]. Three-dimen-
sional splines were projected through a series of 14 planar cross-sections
(Figure S3), each separated by a distance of 67 nm, equivalent to the D-peri-
odicity of collagen. Planes were laid out parallel to one another and spaced
at 67 nm intervals along a projection line. Individual splines were then
created for each collagen monomer by connecting consecutive intersection
points 1-5 across a series of five planes (Figure S3). A smooth Bezier curve
was applied to each vertex of the 3D spline to give the monomer a smooth
appearance. Multiple instances of the original spline were cloned until each
projection point throughout all 14 packing planes was filled. Note that there
was one instance where two splines intersected. To compensate for this
collision between neighboring monomers, one of the splines was minimally
displaced laterally. Finally, volume was added to the splines by enabling
radial (cylindrical) rendering in 3D Studio Max. The radial thickness was
varied in order to enhance visualization of the organization of the collagen
fibril. All visualization model building was performed in Autodesk 3D Studio
Max (Autodesk Inc., San Rafael, CA).

Supplemental Information

Supplemental Information includes Supplemental Experimental Procedures
(including additional details of data analyses, simulations, and fitting) and
four figures and can be found with this article online at doi:10.1016/j.cub.
2012.04.012.
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