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Powering a burnt bridges Brownian ratchet: A model for an extracellular motor
driven by proteolysis of collagen
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Biased diffusion of collagenase on collagen fibrils may represent the first observed adenosine triphosphate-
independent extracellular molecular motor. The magnitude of force generated by the enzyme remains unclear.
We propose a propulsion mechanism based on a burnt bridges Brownian ratchet model with a varying degree
of coupling of the free energy from collagen proteolysis to the enzyme motion. When constrained by experi-
mental observations, our model predicts 0.1 pN stall force for individual collagenase molecules. A dimer,
surprisingly, can generate a force in the range of 5 pN, suggesting that the motor can be of biological

significance.
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Type I collagen, a major constituent of extracellular ma-
trix, is a triple-helical protein that consists of two «l(I) and
one a2(I) polypeptide chains [1]. At physiological ionic
strength and temperature and at neutral pH, the triple-helical
monomers spontaneously assemble into staggered arrays
forming nativelike collagen fibrils up to 500 nm in diameter
with 300 nm periodicity. The precise mechanism of fibril as-
sembly is a matter of considerable interest [2,3]. Thermody-
namic study of this process showed that fibril growth is ac-
companied by a temperature-dependent positive enthalpy
change of 514.6 kJ/mol at 30 °C [4]. Collagen fibrils are
stable structures and are resistant to proteolysis by all but
specialized metalloproteases, collagenases. Human intersti-
tial collagenase, MMP-1, cleaves all three polypeptide chains
of the triple-helical collagen monomer at a single specific
site [5]. Progressive cleavage of collagen monomers at this
site leads to a disassembly of the entire fibril [6].

We have found that proteolysis of collagen by MMP-1
involves a biased diffusion of the enzyme on the fibril sur-
face [7]. The directional component of the otherwise random
diffusion depends on the proteolytic activity of the enzyme.
Modeling the experimental observations shows that restrict-
ing the diffusion of the enzyme to only one side of the
cleaved collagen monomer helix is sufficient to explain the
experimentally observed bias. This effectively creates a mo-
lecular motor with a mechanism similar to that of the burnt
bridges Brownian ratchet [8,9]. Brownian ratchets were pro-
posed as a model for actin and microtubule polymerization
for which Brownian forces are the main active forces push-
ing the leading edge of the cell forward during cell locomo-
tion [10-12]. Rectified Brownian motion has also been pro-
posed as the propulsion mechanism for other molecular
motors, including kinesin and p-type adenosine triphosphate
(ATP)ases [13,14]. “Power stroke” mechanisms that rely on
an internal force due to conformational changes in parts of
the motor molecule have also been proposed for kinesin and
myosin motors [15]. In theory, a combination of both mecha-
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nisms can be easily modeled. As an example, one can con-
sider a Brownian particle which moves along an asymmetric
one-dimensional potential. This particle experiences non-
Brownian active forces on parts of these tracks. Such thermal
ratchets have been reviewed in [16].

According to the burnt bridges Brownian ratchet mecha-
nism, only Brownian (thermal) forces drive the enzyme mo-
tion. The energy released by the proteolysis of the collagen is
utilized to erect a reflective boundary at each site cleaved by
the enzyme. The proteolysis and subsequent unfolding of a
collagen fibril, however, releases far more energy than the
minimal amount required to erect this reflective boundary.
The 62.6 kJ/mol of free energy due to the proteolysis of
three polypeptide chains of the collagen monomer, in addi-
tion to the energy released upon fibril disassembly, adds up
to a potential release of free energy around 585.7 kJ/mol [3].
Here, we present a framework to describe the behavior of the
MMP-1 motor under varying conditions of coupling to the
free energy liberated by collagen cleavage and fibril unpack-
ing, thus creating a burnt bridges model with varying degrees
of internal force coupling.

MMP-1 binds irreversibly to collagen fibrils and does not
dissociate until the whole fibril is digested [6]. During and
shortly after cleavage, the MMP-1 molecule is at the cleav-
age site positioned three-quarters of the length from one end
of the collagen monomer. Each cleavage is followed by a
local unfolding of the fibril which most likely propagates
along the length of the monomer [6]. We propose that cou-
pling of the free energy released by collagen cleavage and
fibril unpacking results in a force exerted on the enzyme
molecule. We assume that the cleavage of one triple helix
does not perturb the adjacent helices, and so the force ap-
plied to the molecule upon cleavage can extend only to the
boundary of the same monomer. As shown in Fig. 1, the
distance 6—to which this force is applied—is a free param-
eter in the model. We assume that the force is constant to
illustrate the consequences of a simple model.
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FIG. 1. (Color online) The powered burnt bridges model: The
motor molecule performs a random walk on its substrate as shown
in (a). The solid circle represents a potential cleavage site while the
open circle represents a site already cleaved. Cleavage sites are
positioned at a distance A along the track. Once cleavage occurs,
the molecule is subjected to a constant force up to a distance & from
the digested site as shown in (b). A representation of collagen fibrils
is shown in (c). A collagen fibril is composed of triple-helical
monomers that line up to form asymmetric tracks. Each arrow on
the fibril shows one triple helical monomer with the arrow pointing
from the C to the N terminus of the monomer. Each fibril consists of
many such parallel tracks that are offset by 60 nm from one another.
Solid circles show cleavage sites which are positioned approxi-
mately three-quarter of the length from the N terminus of the mono-
mers. In this context, the “spring” in the caption title and in Fig.
1(a) should not be regarded as a conventional Hookean spring, but
rather as a device that produces constant force independent of
compression.

With the above consideration, the following model
emerges: An MMP-1 molecule diffuses along a one-
dimensional track [Fig. 1(a)] with cleavage sites separated by
a distance A positioned periodically along the track. When
an enzyme molecule reaches a cleavage site, the probability
of cleavage is P.. After each cleavage, the molecule ends up
on the right side of the cleavage and a constant force field
F,, is generated, which extends from the cleaved site over a
distance d<A. When F;, or & vanish, the current model
becomes a pure Brownian ratchet [10,14], while at §=A and
P.=1 it becomes completely powered by the internal force.
The relative force field length (RFFL) is defined as: &/A.

When the cleavage probability is 100%, cleavage occurs
whenever the enzyme molecule passes a cleavage site thus
prohibiting its return. In these situations, the time interval T
between repeated cleavages is the exit time of a diffusion
process. By exit time 7, we mean the time a Brownian par-
ticle takes to reach a cleavage site the first time, starting at
x(0<x<A). Clearly T, is a random variable; its expectation
T(x)=E[T,], known as mean first passage time, is the solu-
tion to the differential equation [17]:

DT;X_[(UZ,'*'Fext)/n]T;:_l (1)

with the boundary conditions set to: 77(0)=0, T(A)=0. The
F ., is positive when opposing the escape of the particle from
the region. By defining U as follows:
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FIG. 2. The force-velocity response under varying RFFL: The
force-velocity relationship is calculated from eq. (5). The force is
normalized to the Brownian force which equals 1/B8A and the ve-
locity is normalized to D/A. The F;,=100 in all, 8/A=0 (open
squares), 6/A=0.3 (open triangles), 6/A=0.6 (solid diamonds),
8/A=0.9 (solid triangle), and 6/A=1 (solid squares). The inset
shows the force activation of the motor when P.<<1. The force-
velocity relationship is calculated using the Monte-Carlo simulation
outlined in the text 6/A=1 in all and the curves show P.=1, 0.8,
0.6, 0.4, 0.2, and 0.1 in descending order.

1
Ueff(x) = U(x) + Fextx’ ﬁ = H—, (2)
With U(x) as shown in Fig. 1, and subtracting a constant
potential to provide continuity:

Ueff(x) = (Finl - Fext)(‘s_ )C) 0<x< 5,

Uggi(x) = Follx— 8)  6<x<A. (3)

The solution to Eq. (1) is given as [18]:

7(0) - Diﬁz{[exp(ﬂm) - 1](%2 o (explBre(8 - 0]~ 1)>

: FeuF.
. (exp[ﬁFext(zA -9l-1) (A-98 %} R
Fex[ Fext Fc

In which we define the following: F.=F.—F},; the Brown-
ian force Fz=1/BA and the average velocity:

V= o) (5)

The force-velocity curves for this model (for P.=1) com-
puted with an internal force which is 100 times greater that
of the Brownian force, 1/BA, are depicted in Fig. 2. As
expected, the larger the RFFL, the higher the velocity at a
given external force. Defining the stall force is complex. It is
difficult to determine the parameters required to consider the
cleavage process as a reversible reaction. Furthermore, for
6/ A <1, the mechanism of transport is mixed, with the en-
zyme molecule being driven by the internal force for x<§
and then moving by simple diffusion to encounter the next
cleavage site. Therefore, to provide a simple illustration, we
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define the stall force as the external force required to reduce
the dimensionless velocity to 0.1. Although this definition is
arbitrary, Fig. 2 demonstrates that a limiting force is fairly
well defined as the velocity decreases toward 0.1.

The velocity for a thermal ratchet driven only by Brown-
ian motion is readily derived by putting 6=0.

D WZBR )
Vegr=—|\ ———— |, 6
BR A(eWBR—l—wBR (6)

where wgr=BF.A is the dimensionless resistance force, in
agreement with the results obtained from [10] for a Brown-
ian ratchet.

The conditions of 100% cleavage probability might be
hard to reach experimentally. Note that a P, of 10% de-
scribed the original experimental observations at 22 °C.
When 0<P_.<100%, a direct analytical solution is more
difficult and thus Monte Carlo simulations were performed.
In each cycle of the simulation, which corresponds to a mil-
lisecond in real time, the step size of the molecule is deter-
mined from the Langevin equation and, under the conditions
of no internal or external force, has a Gaussian distribution
with a standard deviation of 50 nm. The cleavage sites are
positioned 300 nm apart and a reflecting boundary is placed
at each cleaved site. For example, if a molecule at position x
is supposed to take a step dx and x+dx is larger than I, the
position of the reflective boundary, then the step dx is ad-
justed to dx=2(1-x)—dx to enforce the reflective boundary
condition. In the force velocity simulations, the molecule is
positioned at a random location in the beginning first quarter
of a 30 um-long track. Once the molecule reaches the end of
the track, the average velocity is calculated by dividing the
length of the track by the time spent passing it. This proce-
dure is repeated 100 times and the results are averaged. The
resulting force velocity relationships are shown in the inset
of Fig. 2 for varying P, with RFFL 6/A=1 and an internal
force Fim=100B1—A. A surprising effect of the model is the
activation of the motor under external load. As shown in the
inset of Fig. 2, the velocity of the motor initially increases
under the application of external force to a maximum and
then decreases again. This counterintuitive result can be ex-
plained easily. When P.<<100%, the motor will likely over-
shoot the cleavage site. Then, the application of a small ex-
ternal force would push the molecule to revisit the missed
cleavage site thus increasing the rate of cleavage and thereby
the overall speed of the motor.

Now that we have described the behavior of the new
model, we will apply it to experimental measurements of the
motion of MMP-1 on collagen fibrils. In the original experi-
ments, a laser beam was positioned on the collagen fibril,
and the transport of fluorescently tagged MMP-1 molecules
was studied through their contribution to fluorescence fluc-
tuation autocorrelation functions, which demonstrated biased
diffusion of the molecules on collagen fibrils [7]. It was also
shown that the diffusion coefficient of the active enzyme was
well approximated by that of an inactive mutant in which the
proteolysis and diffusion mechanisms were uncoupled. The
behavior of the inactive mutant demonstrated the require-
ment of enzymatic activity for directed motion of MMP-1.
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FIG. 3. The experimental and modeled correlation functions:
Open circles represent an experimental correlation function mea-
sured previously [7] for the active MMP-1 molecule on a collagen
fibril. The gray solid line is a fit to the correlation function using
P.=10% with F;,=0. The top and bottom dashed lines represent
the correlation function with P.=5% with no force coupling for the
upper curve and with F' imz% and 6/A=1 at the lower curve. The
best fit is achieved when 6/A=0.5 and F;, > ;g—g as shown by the
black line. The correlation functions for any internal force magni-
tude greater than 10 overlap (data not shown). The inset however
shows the force velocity prediction with an RFFL=1, P.=0.05,
Fin=0.13 pN (solid circles), 0.65 pN (open triangles), 1.3 pN (open
circles) and 1.95 pN (closed squares) demonstrating that under the
condition of external load the different internal forces would yield
dramatically different behaviors.

To investigate whether our generalized model with an ap-
preciable internal force could still explain the experimental
correlation functions [7], we have produced a series of
Monte Carlo simulations of which those with the closest be-
havior to the experimental correlation function are illustrated
in Fig. 3. The experimental correlation functions have been
obtained under the conditions of zero load and effectively
measure the behavior of the molecules as they pass through
the laser beam. Under zero-load conditions, the behavior of
the correlation function is sensitive to the value of RFFL but
not to the internal force as long as F;,> 10F. For internal
forces higher than ten times the Brownian force and under no
load, the motor spends most of its time in the Brownian
ratchet driven area and thus its velocity becomes limited to
the Brownian ratchet velocity. Thus, a very good agreement
with the experimental data is reached with the cleavage prob-
ability P. set to 5%, the RFFL 6/A=0.5 and F;,;>10Fj.
Hence, to match the experimental measurements the RFFL of
the motor can be around 0.5. We cannot, however, put a limit
on the internal force of the motor by studying the experimen-
tal correlation function since under no load, all correlation
functions with internal forces larger than 10F; overlap. Not-
withstanding the fact that other sets of parameters might fit
the results equally well, this demonstrates the applicability of
our model to the experimental measurements. The inset in
Fig. 3 demonstrates the force-velocity relationship for differ-
ent values of F;, at RFFL of 0.5. All of the different internal
forces depicted in the inset result in identical zero-load cor-
relation functions. It is predicted, however, that their re-
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FIG. 4. The predicted force velocity behavior of MMP-1: Single
MMP-1 molecule with P,=0.05 and F;,=0 (solid squares), with
P.=1 and F;,;=0 (open triangles), P.=1, Fi,=100, and 6/A=0.5
(open circles). A group of two MMP-1 molecules with P.=1,
8/A=0.5 and F;,;=100 (solid circles), the two molecules move on
tracks that are offset by & thus creating an effective 6/A=1.

sponses to load would be dramatically different.

The results presented in Fig. 4 summarize the calculated
force-velocity behavior of the MMP-1 motor assuming that
RFFL=0.5 and all of the energy released by cleavage and
unpacking of the collagen fibril is used to push the molecule
forward. Although the internal force applied to the molecule
is rather large >4 pN, the stall force remains well below
1 pN, and the Brownian ratchet still dominates the motor
activity.

The secreted MMP-1 enzyme has been shown to associate
with the cell surface via interaction with integrins [19]. The
locomotion of some cells, such as keratinocytes on collagen
substrata, has been shown to depend on the cell surface-
associated collagenolytic activity of the enzyme [20]. Under
these circumstances, it is reasonable to assume that the bio-
logically relevant cell surface-bound enzyme is clustered.
MMP-1 is among very few enzymes that are capable of col-
lagen proteolysis. Another enzyme is a membrane tethered
metalloprotease MT1-MMP that plays a prominent role in
many processes associated with cell invasion and motility
[21,22]. MT1-MMP has been shown to dimerize on the cell
surface [23,24]. Thus, we next considered the behavior of a
collagenase dimer with each of two enzyme molecules trav-
eling on adjacent tracks of a collagen fibril offset by 67 nm.

Linking of Brownian ratchets and consequent effects on
their stall force have been previously studied in the context
of microtubule polymerization in which up to 13 slightly
shifted tracks of microtubules push against a common load
[11]. These models, however, are powered solely through
Brownian motion since there is no internal force generation
mechanism in microtubule polymerization reactions, and
thus the effects of linking the ratchets on the stall force are
mostly linear. Coupled Brownian particles have also been
studied in the context of flashing and rocking ratchets
[25-28] and yield interesting characteristics which highly de-
pend on the forms of proposed linkage.
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For the purposes of our model, we have assumed that the
two enzymes are connected with an inflexible bond and thus
the movement of the enzymes with respect to one another is
negligible. The dimer is tethered to the cell membrane via
binding to integrins (MMP-1) or via a transmembrane do-
main (MT1-MMP). Then, the force exerted by the cluster
could assist cell locomotion by driving cell protrusion along
the collagen fibril. According to this model, this enzyme
cluster would encounter cleavage sites on the offset adjacent
tracks so that the Brownian powered section on one of the
tracks overlaps with the internal force driven section on a
parallel track. As a result, the grouped enzyme molecules
would always be traveling powered by the internal force on
one of its tracks, effectively making the RFFL of the group
close to one. Then the cluster of MMP-1 molecules traveling
on the collagen fibril could be viewed as a molecule travel-
ing on a single track with increased RFFL and decreased
cleavage site spacing. The frictional coefficient that deter-
mines the viscous resistance to the motion of a single en-
zyme molecule on a collagen fibril can be deduced from the
measured diffusion coefficient, D=8+1.5X 10" cm?s~ ..
The “viscous” resistance to the motion of the clustered mol-
ecule would be determined by the sum of the individual mol-
ecule frictional coefficients. The force-velocity relationship
for a collagenase dimer is shown in Fig. 4. The increase in
the stall force for the two-molecule motor compared to a
single enzyme molecule is almost an order of magnitude
reaching 4.6 pN, a value on a par with ATP-driven intracel-
lular motors. Thus, cell surface-anchored collagenases may
function as molecular motors that assist with the movement
of the cell protrusions along the underling collagen fibrils
and play a prominent role in many processes associated with
cell invasion and motility.

We have shown that matrix metalloproteases MMP-2
[29], MMP-1 [7], and MMP-9 (Collier et al. unpublished)
utilize a remarkable surface diffusion mechanism for sub-
strate interaction. The biased diffusion of collagenase on the
surface of its substrate, collagen fibril, is the first example of
an extracellular molecular motor that operates in an environ-
ment where conventional sources of energy, such as ATP, are
not present. Thus, other mechanisms of spatial organization
of the extracellular matrix can be employed. From the above
calculations, it is clear that efficient coupling of the free en-
ergy in the collagen fibril can be sufficient to drive a Brown-
ian ratchet molecular motor. The positioning and specificity
of the motor molecules with respect to the substrate becomes
vital to their functionality.

In view of these model predictions, it is important to de-
velop an experimental system to measure the force velocity
of a collagenase motor. Because the single MMP-1 molecule
generates too small a force to be measured by optical trap-
ping and preparing beads with adsorbed motor molecules in
the proper arrangement to enable their cooperative operation,
experimentally challenging other approaches will also have
to be considered.
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