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The turnover of native collagen has been ascribed to different members of
the matrix metalloproteinase (MMP) family. Here, the mechanisms by
which neutrophil collagenase (MMP-8), gelatinase A (MMP-2), and the
ectodomain of MT1-MMP (ectMMP-14) degrade fibrillar collagen were
examined. In particular, the hydrolysis of type I collagen at 37 °C was
investigated to identify functional differences in the processing of the two
α–chain types of fibrillar collagen. Thermodynamic and kinetic parameters
were used for a quantitative comparison of the binding, unwinding, and
hydrolysis of triple helical collagen. We demonstrate that the MMP family
has developed at least two distinct mechanisms for collagen unwinding
and cleavage. MMP-8 and ectMMP-14 display a similar mechanism
(although with different catalytic parameters), which is characterized by
binding (likely through the hemopexin-like domain) and cleavage of α–1
and/or α–2 chains without distinguishing between them and keeping the
gross conformation of the triple helix (at least during the first cleavage
step). On the other hand, MMP-2 binds preferentially the α–1 chains
(likely through the fibronectin-like domain, which is not present in MMP-8
and ectMMP-14), grossly altering the whole triple helical arrangement of
the collagen molecule and cleaving preferentially the α–2 chain. These
distinctive mechanisms underly a drastically different mode of interaction
with triple helical fibrillar collagen I, according to which the MMP domain
is involved in binding. These findings can be related to the different role
exerted by these MMPs on collagen homeostasis in the extracellular
matrix.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction

The collagen family represents a group of
different extracellular matrix proteins, which pro-
vide strength and rigidity to the connective tissue
metalloproteinase;
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MP-14, ectodomain
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due to the presence of a particular quaternary
structure (called the triple helix structure).1 Fibril-
lar collagens have the capacity to self-associate,
generating a supramolecular organization of 67 nm
D periodic fibrils.2,3 In particular, its monomer
consists of three left-hand α-chains that are coiled
around each other into a right-hand triple helix.
This characteristic folding requires a repeated
sequence, that is Gly-X-Y, where X and Y positions
are mainly proline and 4-trans-L-hydroxyproline
residues, respectively.4 This assembly is particularly
observed in fibrillar type I collagen, which is one of
the main components of the extracellular matrix.1,3
d.

mailto:coletta@seneca.uniroma2.it


1102 Molecular Recognition and Proteolytic Cleavage of Collagen I
Collagen matrix degradation and remodeling are
important aspects of normal tissue homeostasis,
because the alteration of collagen turnover is often
associated with the progression of diseases like
fibrosis, arthritis, cancer, atherosclerosis, and
aneurysm.5–8 Moreover, the degradation of extra-
cellular collagen drives cell migration, proliferation,
and differentiation through the uncovering of
collagen cryptic molecular determinants.9–11
The complex triple helical fold renders collagen

extremely resistant to proteolytic attack and only a
few classes of proteases are able to degrade this
molecule; among them, themostprominentmembers
belong to the matrix metalloproteinases (MMPs)
family.
The matrix metalloproteinases are a family of Ca2+

and Zn2+-dependent neutral endopeptidases collec-
tively capable of degrading essentially all compo-
nents of the extracellular matrix. The MMPs, which
are synthesized by connective tissue cells, are impor-
tant for the remodelingof the extracellularmatrix that
accompanies physiologic processes (such as uterine
involution, bone resorption, and wound healing) as
well as pathologic processes (such as tumor growth
and diffusion).12 This wide spectrum of substrates
and activities is reflected in the complexity of their
recognition and degradationmechanisms.
MMPs are multidomain enzymes and they can be

further subdivided (according to their domain
composition and their efficiency in degrading
substrates) into five groups, namely: (a) matrilysins,
(b) collagenases (e.g., MMP-8), (c) gelatinases (e.g.,
MMP-2), (d) stromelysins, and (e) membrane-type
MMPs (e.g., MMP-14).13
The general structure of MMPs includes a signal

peptide, a propeptide domain, a catalytic domain
with a highly conserved zinc-binding active site, and
a hemopexin-like domain. In particular, collage-
nases, as well as the soluble form of members of
membrane-type (MT)-MMP group, display a cataly-
tic domain linked to the hemopexin-like domain via
a short hinge peptide, whereas gelatinases (namely
MMP-2 and MMP-9) also contain fibronectin type II
inserts (consisting of three tandem copies of the
fibronectin type II-like module) within a loop in the
catalytic domain. Further, whole MT-MMPs contain
at the C-terminal end of the hemopexin-like domain
a transmembrane domain, which can be cleaved off
under physiological conditions, bringing about the
shedding of soluble forms in the extracellular
matrix.13,14 In the past few years it has been re-
ported that, beside the catalytic site, regions far from
the active site (called exosites) play an important
role in facilitating both substrate binding and
proteolysis.15
Within the MMP family only three subclasses

(namely collagenases, gelatinases, and MT-MMPs)
are involved in native fibrillar collagen degrada-
tion.16–19 In view of their importance, these enzymes
have been deeply studied in the past 20 years. In
particular, most of the information on their enzy-
matic mechanismwas elucidated by studies on triple
helix peptides, illustrating that gelatinases possess
distinct features with respect to collagenases and
MT-MMPs.20–24
On the other hand, only few data are available on

the MMP mechanisms of cleaving native collagens;
among them, we must mention the comparison of
collagenolytic activity at 25 °C between MMP-2 and
MMP-14,23 the study of the unwinding properties of
MMP-1,25 and the enzymatic mechanism of MMP-8
on fibrillar collagen at 37 °C.26,27 Nevertheless,
accurate mechanisms for binding, distorting, and
hydrolyzing triple helical structures by these three
class of MMPs are still far from being understood,
mainly because of the lack of structural information
on fibrillar collagen. However, very recently some
structural information on fibrillar collagen has
become available,3 confirming that the substrate-
binding site of MMPs is too narrow to accommodate
triple helical collagen, as already postulated on the
basis of the three-dimensional structural data of
several MMPs.15,25,28–30 As a consequence, it has
been recently supposed that MMP exosites may
induce at least a local unwinding of the triple helix to
allow every collagenolytic step to take place.21,31,32
Several factors contribute to rendering the eluci-

dation of the mechanism of collagen processing by
MMPs a very challenging task. First of all, we must
mention that collagen structure is temperature de-
pendent (with a melting point close to the physio-
logical temperature of 37 °C) and the low thermo-
stability of collagen was suggested to be important
for the independent mobility of individual helices
required for various biological functions.33 NMR
studies have shown that at 37 °C triple helices have
backbone motilities even in fibrils,34 and it has been
established that the energetically preferred confor-
mation of type I collagen is more toward a random
coil rather than toward a compact triple helix.35 A
second point is represented by the fact that little
information is available on the rearrangements that
occur upon the MMP-collagen interaction to cata-
lyze each hydrolysis of the three cleavable peptide
bonds, leading to the formation of the 1/4 and 3/4
fragments.23,25,36
To contribute to some of the points above, we

compared at 37 °C the hydrolysis of native collagen
I by neutrophil collagenase MMP-8, gelatinase A
MMP-2, and ectMMP-14, aiming to describe
quantitatively the different mechanisms by which
these MMPs interact with and enzymatically
process the two types of α–chains of fibrillar type
I collagen.
The present study allows the assertion that the

MMP family has evolved at least two different
mechanism in processing collagen type I: MMP-2
proteolytic activity requires a substantial unwinding
of the collagen I molecule, whereas the cleavage
process by MMP-8 and ectMMP-14 can occur on an
almost intact triple helix. In addition, the prefer-
ential enzymatic action on the α-2 chain by MMP-2,
which is not observed in the case of MMP-8 and
ectMMP-14, suggests that as long as the triple helical
structural arrangement is maintained, no preferen-
tial enzymatic action is exerted on either of the two
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types of chains. This information should represent
an important step toward the elucidation of the
molecular determinants controlling collagen catabo-
lism and they could be used to address new
therapeutic strategies to modulate collagen destruc-
tion in degenerative diseases.
Results

We have previously shown a marked temperature
dependence for the intrinsic enzymatic activity of
MMP-2, MMP-9, and MMP-837 and for the proteo-
lytic activity of MMP-8 on natural substrate.27
Because most of the biochemical studies on the
enzymatic activity of MMPs have been performed at
25 °C21,23–25,32 and the biological relevance of
collagen proteolysis at 37 °C has been reported in
several cell culture experiments,18,38 we decided to
carry out an investigation on collagen I degradation
by MMP-2, MMP-8, and ectMMP-14 at 37 °C, under
conditions as close as possible to the physiological
conditions. Obviously, at 37 °C the structure of the
collagen triple helix is different from that observed
at 25 °C, as previously reported on the basis of CD
ellipticity degree at 223 nm.27 As a consequence,
after 3 h of incubation of collagen with trypsin at
37 °C a moderate enzymatic processing can be
observed, which starts only after 2 h (Figure 1, lane
3). However, this result does not imply that at 37 °C
the structure is less “native” than at lower tempera-
tures, as long as whatever happens to the triple
helical assembly is fully reversible. Therefore, to
validate this occurrence, we incubated collagen I at
37 °C for 24 h and then brought the sample back to
28 °C (the highest temperature reported in the
literature). Subsequent exposure to trypsin did not
show any evidence of enzymatic processing (Figure
1, lane 2), thus demonstrating that at 37 °C the
Figure 1. SDS-(7.5%) PAGE electrophoresis of collagen
I degradations. In the absence of any enzyme (lane 1), by
trypsin (10 nM) for 3 h at 28 °C after 24 h incubation at
37 °C (lane 2), by trypsin (10 nM) for 3 h at 37 °C (lane 3),
by MMP-2 (2 μM) fully inhibited by Batimastat for 3 h
(lane 4), by trypsin (10 nM) for 3 h in the presence of MMP-
2 (2 μM) fully inhibited by Batimastat (lane 5), and by
active MMP-2 (10 pM) for 3 h at 37 °C (lane 6). Lane 7
reports MW markers. For further details, see the text.
conformation is somewhat looser, as expected, but
still native, as indicated by the full reversibility with
temperature of the compactness of the triple helix.
Importantly, under these conditions, in the presence
of collagen all three MMPs are perfectly stable
without undergoing any autocatalytic activity over
60 min at 37 °C (data not shown), which is the period
needed to obtain kinetic data for the calculation of
catalytic parameters.

The catalytic action of MMP-2, MMP-8, and
ectMMP-14 on α-1 and α-2 chains

The degradation of collagen occurs through an
ordinate series of cleavage events26 and the first step
(corresponding to the formation of 3/4 and 1/4
fragments)36 is crucial because of the fairly slow rate
of collagen turnover within the cartilage.39 We
obtained catalytic parameters on each α-chain (i.e.,
kcat/Km, kcat, and Km) for the three MMPs by
following the time dependence of substrate disap-
pearance as a function of substrate concentration
under nondenaturing conditions to sort out the
action of MMPs on the two different chains of
collagen I.
Figure 2 shows an example of the electrophoretic

pattern of collagen I degradation observed for each
MMP investigated. In the gels we can see three
bands (identified as β, α-1, and α-2), which change
intensity as a function of time of incubation with
MMP-2, MMP-8, and ectMMP-14 at 37 °C. Although
these three species have never been deeply char-
acterized, there is a general agreement that α-1 and
α-2 forms are the two types of chains, forming the
actual triple helical collagen I molecule (in a 2:1
ratio), while the β form is a cross-linked polymer of
fibrils formed by two triple helical collagen I
molecules linked through intermolecular telopep-
tide interactions and interlysyl bonds.1,40
We followed the time evolution for the first hour

of the band intensity for all three species after
incubation with eachMMP at 37 °C, determining the
enzymatic processing only for the two chains (and
not for the β form) at different concentrations of
collagen I. The apparent cleavage rate was mea-
sured at each employed concentration of collagen
and it was normalized to the amount of active
enzyme. As expected, in all cases the resulting
reciprocal of the steady-state velocity as a function
of the reciprocal of α-1 and α-2 concentration is
linear (Figure 3) and this evidence indicates that, at
least for the first step, the enzymatic cleavage of α-1
and α-2 chains of collagen I follows the Michaelis-
Menten mechanism. The derived parameters kcat,
Km, and kcat/Km are reported in Table 1.
Looking at the parameters for both α chains

reported in Table 1, it appears clear that MMP-2,
which is characterized by weak collagenase activity
at 25 °C,15 shows powerful collagenase activity at the
physiological temperature of 37 °C, even higher than
the collagenase itself (i.e., MMP-8). However, this
observation is not unexpected in view of the reported
very high temperature dependence (corresponding



Figure 2. SDS-(7.5%) PAGE (7.5%) electrophoresis of
the degradation kinetics of bovine collagen I at 37 °C, pH
7.3, by MMP-8 (a), ectMMP-14 (b), and MMP-2 (c).
Different collagen chains are indicated; the incubation
time is: (for a and b) 0 min (lane 1), 20 min (lane 2), 40 min
(lane 3), 50 min (lane 4), 60 min (lane 5); (for c): 0 min (lane
1), 10 min (lane 2), 20 min (lane 3), 30 min (lane 4), 40 min
(lane 5). The last column reports MWmarkers. For further
details, see the text.

Figure 3. Lineweaver-Burk double-reciprocal plots of
the steady-state velocity versus substrate concentration for
the first-step cleavage of bovine collagen I by MMP-8 (a),
ectMMP-14 (b), and MMP-2 (c). Solid lines are least-
squares fitting of data according to equation (1). For
further details, see the text.
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to a high Arrhenius activation energy) for the
catalytic behavior of MMP-2 compared to other
MMPs.37
At 37 °C MMP-8 and ectMMP-14 show similar

behavior for the two different chains both for kcat and
for Km, suggesting that they do not distinguish
between the two types of chains. However, some
difference between MMP-8 and ectMMP-14 can be
observed for the catalytic parameters, because
MMP-8 shows a somewhat higher affinity for
substrates, whereas ectMMP-14 appears somewhat
faster for the cleavage rate-limiting step (see Table 1).
A drastic difference can be noticed for the action of

MMP-2 on the different chains of collagen I at 37 °C.
Thus, beside a much higher overall catalytic
efficiency of MMP-2 with respect to MMP-8 and
ectMMP-14, the value of kcat/Km is somewhat
different for the two chains, being a little higher
toward the α-2 chain than the α-1 chain (see Table 1).
However, it must be stressed that this feature is
connected to a different contribution of kcat and Km
for the different substrates. Thus, the slower kcat/Km
for the α-1 chain of collagen I is fully attributable to
the very slow kcat (partially compensated by a very
low value for Km, referrable to a strong interaction of
MMP-2 with the recognition site(s) on the α-1 chain),
while in the case of the α-2 chain a very fast kcat is
observed (see Table 1) with a fairly high Km value.
This feature clearly indicates a completely different
modulation mechanism for substrate cleavage with
respect to the partner chain α-1, envisaging a
different role of the two chains in the interaction
with MMP-2. As a whole, this result indicates that



Table 1. Catalytic parameters for the enzymatic cleavage
of α-1 and α-2 chains of collagen I at 37 °C by different
MMPs

Enzyme
Collagen
chain

kcat/Km
(M−1s−1) kcat (s−1) Km (M)

MMP-8 α-1 5.0(±0.6)×104 0.32±0.05 6.4(±0.7)×10−6
α-2 3.3(±0.4)×104 0.31±0.05 9.4(±1.1)×10−6

ectMMP-14 α-1 3.1(±0.4)×104 1.05±0.12 3.4(±0.4)×10−5
α-2 2.8(±0.3)×104 0.99±0.11 3.5(±0.4)×10−5

MMP-2 α-1 4.5(±0.5)×105 0.27±0.03 6.0(±0.8)×10−7
α-2 2.0(±0.3)×106 70.1±8.1 3.5(±0.4)×10−5

Figure 4. Circular dichroism spectra of agarose gel-
entrapped collagen I at different time intervals after
exposure to 10 pM ectMMP-14 (a) and 10 pM MMP-2 (b)
at 37 °C, pH 7.3. In (a) time intervals are indicated, while in
(b) time intervals are as follows: (a) 0 min, (b) 30 min, (c)
60 min, (d) 120 min, (e) 240 min, (f) 360 min, (g) 480 min. It
must be remarked that spectra reported in (b) are the
averages of only two spectra because of the kinetics. For
further details, see the text.
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MMP-2 preferentially interacts with the α-1 chain,
whereas the α-2 chain is more susceptible to
cleaveage.

Unwinding activity

Kinetics of collagen degradation was performed
on the native triple helix and the analysis by SDS–
PAGE electrophoresis allows information to be
obtained on each chain separately. Therefore, to
combine the enzymatic action on the individual
chains to the overall effect on the triple helix during
the cleavage process we recorded the CD spectra of
type I collagen during proteolysis by one of the three
MMPs investigated.

MMP-8 and ectMMP-14

In the case of MMP-8 very minor changes can be
detected for the CD spectra over the time period
during which the first cleavage step into the 1/4 and
3/4 fragments takes place,26 suggesting that the
unwinding of the molecule, if any, is very limited. A
similar behavior is also shown by ectMMP-14
(Figure 4(a)): in fact, at the beginning of the collagen
I degradation process, no meaningful change was
observed. Thus, also in this case, the unwinding of
collagen by ectMMP-14 action during the first step
eventually involves only a limited portion of the
triple helix without perturbing the overall structure.
Further, agarose-entrapped collagen I incubated
with fully inhibited ectMMP-14 and MMP-8 did
not show any variation of the CD spectrum (data not
shown), clearly indicating that binding itself does
not perturb significantly the triple helical structure.
An analogous behavior was previously suggested

for collagenase MMP-1, proposing that the enzyme
locally unwinds triple helical collagen before hydro-
lyzing the peptide bonds.25 On the other hand, after
the first cleavage step further degradation of
collagen I occurs byMMP-8 and ectMMP-14, accom-
panied by a large variation of the CD spectrum with
a great decrease in peak intensity at 223–225 nm (see
Figure 4(a)).26

Gelatinase MMP-2

Unlike MMP-8 and ectMMP-14, the exposure of
the agarose gel-entrapped collagen I to MMP-2
brings about large CD spectral changes from the
beginning with a rapid decrease of ellipticity (see
Figure 4(b)). These results agree with that reported
by others23 after the addition of the collagen binding
domain (CBD) of MMP-2 to collagen I (which
indeed interacts with collagen I without cleaving
it),23 and they are grossly different from that shown
by the other two MMPs, where the initial cleavage
step is not accompanied by any relevant rearrange-
ment on collagen structure (see Figure 4(a)).26
Spectra have been recorded in Figure 4(a) and (b)

under different experimental settings. Thus, because
the process reported in Figure 4(b) occurs over a
much shorter time range than that reported in
Figure 4(a), in the first case it was not possible to
accumulate the same number of spectra as for Figure
4(a), resulting in an apparent different noise degree.
Therefore, the difference observed for the time

evolution of CD spectra can be explained by
assuming that MMP-2 unwinds the triple helix
from the beginning of the substrate degradation
process. This variation should be associated with the
preferential interaction of MMP-2 with collagen I
through the fibronectin-like domain (corresponding
to the CBD), absent in MMP-8 and in ectMMP-14
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(which instead should preferentially interact with
collagen I through the hemopexin-like domain) and
that only the interaction with the fibronectin-like
domain induces a gross alteration of the triple
helical structural arrangement, which is then fol-
lowed by substrate cleavage and degradation
(Figure 4(b)).

Is cleavage needed to induce the triple helix
unwinding of collagen I by MMP-2?

To understand the MMP-2 collagen interaction
itself as well as the subsequent effect on triple helix
unwinding, we performed CD experiments employ-
ing fully inhibited MMP-2.
Batimastat was employed as inhibitor and the full

inhibition of MMP-2 was validated with a synthetic
substrate, but it was further reinforced by the
observation (reported in Figure 1, lane 4) that after
3 h of incubation at 37 °C with inhibited 2 μMMMP-
2 no degradation of collagen I was detected. Over
the same period at the same temperature, 10 pM
active MMP-2 brings about an extensive degrada-
tion of collagen I (see Figure 1, lane 6).
As shown in Figure 5, a variation of the CD

spectra of gel-entrapped collagen I is detected even
in the presence of fully inhibited MMP-2, indicating
that the triple helix unwinding activity is present
even in the absence of proteolytic cleavage. We
carried out the experiment both in the presence of a
substoichiometric amount of inhibited MMP-2 (1:10
ratio between MMP-2 and collagen I) and in the
presence of a 2-fold excess of inhibited MMP-2 over
collagen. The extent of triple helix unwinding (as
indicated by the disappearance of the ellipticity at
223 nm, see Figure 5) indeed is dependent on MMP-
2 concentration, because in the presence of sub-
stoichiometric amounts of MMP-2 only a partial
unwinding can be observed (see spectrum b in
Figure 5), while an excess of MMP-2, which gua-
rantees binding saturation of the high-affinity site on
collagen I (see Km for the α-1 chain in Table 1),41
Figure 5. Circular dichroism spectra of agarose gel-
entrapped collagen I at a concentration of 1 μM at 37 °C
(dotted spectrum), after the addition of 0.2 μM MMP-2
fully inhibited by Batimastat (solid spectrum), and after
the addition of 2 μM MMP-2 fully inhibited by Batimastat
(dashed spectrum). For further details, see the text.
brings about an almost complete unwinding of the
triple helix (see spectrum c in Figure 5). These
ellipticity changes occur immediately after the
addition of inhibited MMP-2 and no further spectral
change is observed even after 2 h from the addition,
ensuring that (i) binding equilibrium is attained and
(ii) no proteolysis of collagen is taking place. The
observation that fully inhibited MMP-2 induces a
dramatic decrease of ellipticity immediately after
addition, whereas 10 pM active MMP-2 requires
several hours for an analogous effect, indicates that:
(i) the effect reported in Figure 5 (where the
enzyme/substrate ratio is 1:10 for spectrum b and
2:1 for spectrum c) is due to the binding (without
substrate cleavage) of one molecule of MMP-2 for
each molecule of triple helical collagen I; and (ii) the
phenomenon observed in Figure 4(b) (where the
enzyme/substrate ratio is 1:105) is due to the
progressive binding and cleavage of triple helical
collagen I by a minute amount of enzymemolecules,
which must undertake the turnover process several
times to bring about an observable unwinding. As a
whole, this set of observations represents clear
evidence that binding of collagen I by MMP-2 is
enough to induce the unwinding of the triple helical
assembly, with a behavior completely different from
that observed in the case of MMP-826 and ectMMP-
14 (data not shown). The unwinding of the collagen I
triple helix observed in Figure 5 is also confirmed by
the fact that collagen I, which is still intact after 3 h of
incubation at 37 °Cwith 2 μM fully inhibitedMMP-2
(see Figure 1, lane 4), is instead more sensitive to
trypsin degradation (see Figure 1, lane 5).

Ex vivo collagenolytic activity of MMP-2

To validate the powerful collagenolytic activity of
MMP-2 we carried out a cleavage test model against
Achilles mouse tendon, which is predominantly
made of collagen I.42 Notably, it turned out that
MMP-2 (10 pM active enzyme) retains its collage-
nolytic activity even against intact fibers of collagen.
The strong-banded fibrils and microfibrils displayed
by the control samples show that the fibers
examined possess a strong substructure (see Figure
6(a) and (b)). Figure 6(c) and (d) illustrates the
micrographs referring to the fibers exposed over-
night to MMP-2 activity. Experimental conditions of
examined samples are comparable to those
employed for the kinetic experiments, unequivo-
cally demonstrating a relevant proteolytic activity of
MMP-2 against intact fibers of collagen I.
Discussion

The mechanism of collagen I processing by
different MMPs is crucial for understanding the
remodeling of the extracellular matrix, because
fibrillar collagen is a major component of the
architecture1 and its degradation is heavily involved
in growth factor-induced angiogenesis.43 Interest-
ingly, the melting temperature (Tm) of collagens is



Figure 6. Transmission electron
micrographs of the Achilles' ten-
dons from 6-week-old mice. (a) and
(b) Collagen fibers not exposed to
the MMP-2 action; (c) and (d)
collagen fibers treated with MMP-
2. For (a) and (c) the optical magni-
fication is ×28,500; for (b) and (d)
the optical magnification is ×52,000.
For further details, see the text.
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related to the content of amino acids (i.e., proline
and hydroxyproline). Thus, differences in the amino
acidic content of two types of α chains (i.e., α-1 and
α-2 chains)44 should be reflected in different
conformational stabilities within the triple helix,
casting some light on the different mechanisms for
the various MMPs.
Soluble fibrillar collagen I has been shown first to

be enzymatically processed by collagenases (i.e.,
MMP-1, MMP-8, and MMP-13),25,45 but also by
gelatinase A MMP-2,46 gelatinase B MMP-9,47 and
by MMP-14.48 In particular, because MMP-14 is a
membrane-bound MMP, its ectodomain (ectMMP-
14) is also active on collagen I.14 In any event, it is
very important to outline that the present paper
clearly shows that cleavage of native fibrillar
collagen I by gelatinase A actually takes place in
fibers from mouse tendon, as observed by electron
microscopy (see Figure 6), reinforcing the idea that it
may occur as well under in vivo conditions.
However, since the size of the triple helical

collagen I is exceedingly large to be accommodated
in the active site of either of these enzymes,3,28–30
interaction and cleavage must occur through a series
of steps, which allow the cleavable peptide bond to
come into close contact with the active site. In this
respect, it has been proposed that collagenases, such
as MMP-1 and MMP-8, might interact with one
chain at a time,21,25 locally unwinding the triple
helix, probably through the hemopexin-like domain,
because its absence brings about a drastic change in
the way collagen I is processed.27 MMP-14 as well
appears to interact with collagen I preferentially
through the linker-hemopexin-like domain, which
also seems crucial for the cleavage event,23,49,50 even
though the mechanism has been proposed to be
somewhat different from that of collagenases.23,51
On the other hand, even though a MMP-2 mutant
(missing the fibronectin-like domain) retains the
capability of cleaving collagen,17 MMP-2 does not
seem to interact with fibrillar collagen I through its
hemopexin-like domain.52 In fact, the fibronectin-
like domain appears to be the preferential interac-
tion site, probably inducing some conformational
change, as from circular dichroism employing the
CBD alone23 and fully inhibited MMP-2 (see Figure
5). The driving force exerted by the CBD of MMP-
2,23,51 which is not present in other MMPs, raises the
question of whether the mechanism of triple helicase
activity of MMP-2 must be fundamentally different
from that of collagenases.
The answer to this question comes from circular

dichroism observations, where a drastic difference
can be observed for the interaction of MMP-8 and
ectMMP-14 with triple helical collagen I compared
with MMP-2. Thus, no meaningful alteration of
the triple helical assembly of collagen I is observed
upon binding only with MMP-826 as well as with
ectMMP-14 (see above), whereas a disruption of the
triple helix assembly is observed upon the addition
of MMP-2 fully inhibited by Batimastat (in an
enzyme concentration-dependent fashion for com-
parable concentrations of substrate and enzyme; see
Figure 5). These results clearly indicate that while
binding of the hemopexin-like domain of MMP-8 or
of ectMMP-14 does not bring about any substantial
alteration of the triple helix (if no subsequent
cleavage occurs), the interaction of MMP-2 alone
through its fibronectin-like domain is sufficient to
induce an extended and widespread unwinding of
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fibrillar collagen I, even in the absence of any
cleavage of the substrate. Furthermore, on the basis
of the concentration of inhibited MMP-2 (i.e., 2 μM,
which is enough only for binding to theα-1 chain; see
Km in Table 1), we can extend our interpretation,
claiming that interaction of the fibronectin-like
domain of MMP-2 with the α-1 chain of fibrillar
collagen I is sufficient to induce an overall unwind-
ing of a large portion of the triple helix. On the basis
of such considerations and observations, the present
data of MMP-2 suggest a preferential interaction of
the fibronectin-like domain, which is not present in
ectMMP-14 and MMP-8, with the α-1 chain of
fibrillar collagen, a conclusion that is also in line
with previous observations on the interaction of the
whole fibronectinmoleculewith fibrillar collagen I.53
This difference among the three MMPs investi-

gated for the collagen I triple helix binding
mechanism is also reflected in the catalytic para-
meters (see Table 1), because MMP-2 interacts
preferentially with the α-1 chain (as shown from
the very low value for Km; see Table 1), while it
cleaves preferentially the α-2 chain (as shown from
the much higher value of kcat; see Table 1).
Conversely, MMP-8 and ectMMP-14 appear instead
to process the two types of chains of fibrillar
collagen I in a similar fashion, without showing
any preference for either chain (as shown from the
values of Km and kcat for α-1 and α-2 chains; see
Table 1). Therefore, these data seem to suggest that
as long as the triple helix is maintained, no
preferential enzymatic action is exerted on the two
types of chains. On the other hand, whenever
unwinding occurs, as with binding by MMP-2, the
two types of chains display a drastically different
propensity for proteolytic attack. The peculiar
behavior of MMP-2 in processing the two types of
chains of collagen is not surprising, because binding
of the CBD (and thus likely also of the fibronectin-
like domain) has been proposed (and is substan-
tiated by the present data) to involve simultaneously
two collagen chains,54 exerting triple helicase
activity.15 The distinctive features of MMP-2 action
on collagen I, which requires a preliminary unwind-
ing of the triple helix, also account for the dramatic
temperature dependence of MMP-2 cleavage activ-
ity on collagen I (which is almost vanishingly small
at 25 °C).45 Thus, unlike collagenases and ectMMP-
14, the activation free energy for the enzymatic
processing of the triple helical collagen I by MMP-2
includes (beside the intrinsic temperature depen-
dence for the proteolytic activity)37 a contribution
from the unwinding of the triple helix of collagen I.
As a matter of fact, the energy needed for the
unwinding by MMP-2 is much higher at 25 °C (thus
slowing down the process) than at 37 °C, where the
triple helical arrangement is much looser. This
observation is in line also with recent data on the
enzymatic activity of several MMPs toward syn-
thetic triple helical substrates,24 where MMP-2
turned out to be less active than MMP-8 and
MMP-14 toward tighter and more thermostable
substrates.
As a whole, like at 25 °C,20–24 at 37 °C a dramatic
difference can be outlined between the proteolytic
mechanism of MMP-8 (as a possible prototype of the
collagenases action) and ectMMP-14 on one side and
MMP-2 (as a possible prototype of gelatinases) on
the other side, and this appears mostly related to the
interaction mode with collagen I. Thus, MMP-8 and
ectMMP-14 interact through the hemopexin-like
domain, without significantly perturbing the triple
helical assembly of fibrillar collagen, likely proces-
sing one chain at a time in a similar way (as shown
by the closely similar catalytic parameter for the two
chains; see Table 1). On the other hand, MMP-2
actually induces a denaturation of fibrillar collagen
(likely binding the α-1 chains; see Table 1) and then
it enzymatically processes fibrillar collagen, cleaving
preferentially the α-2 chain (see Table 1) and
suggesting that the unwinding induced by the
binding of MMP-2 is possibly the rate-limiting step
for the proteolytic attack of collagen I by MMP-2
(Figure 7).
Structural interpretation of the preferential enzy-

matic action on the α-2 chain by MMP-2 (see Table
1) is not straightforward, because we do not know
the detailed structural characteristics of the two
different chains. However, even though both amino
acid sequences of type I collagen are homologous,
the α-2 chain is more hydrophobic and has a lower
amino acid content than the α-1 chain1 and it has
been shown that the higher amino acid content of
α-1 chain gives a larger contribution to the confor-
mational stability of the collagen triple helical
structure.4,55 Therefore, a purely speculative con-
sideration might try to correlate the higher hydro-
phobicity and the lower amino acid content of α-2
chains to a higher value of Km and a faster kcat (see
Table 1).
As a concluding remark, binding through the

hemopexin-like domain (as for MMP-8 and ect-
MMP-14) brings about a topologically specific
interaction, accompanied by a very limited and
mild alteration of the triple helix assembly, and it
underlies similar processing for the two types of
chains forming the collagen triple helix. On the other
hand, binding through the fibronectin-like domain
(as for MMP-2) grossly perturbs the triple helical
structure, leading to more extended and chain-
specific substrate cleavage. These functional differ-
ences appear to reflect and can accounted for the
distinct role of these MMPs “in vivo,”which is tissue
modeling for collagenases (such as MMP-8 and in
part ectMMP-14), while gelatinases (such asMMP-2)
seem to be more involved in disruptive events
related to pathological processes.
Materials and Methods

Materials

Purity of MMP-2, MMP-8, and ectMMP-14 proenzymes,
(R&D Systems, London, UK) wasbeen measured by SDS-
PAGE described by Laemmli.56 After the gels were run,



Figure 7. (Left) A molecular
sketch of the possible steps for the
cleavage of triple helical fibrillar
collagen I by MMP-2, showing the
interaction through the fibronectin-
like domain and the unwinding of
the triple helix before cleavage.
(Right) A molecular sketch of the
possible steps for the cleavage of
triple helical fibrillar collagen I by
MMP-8 and/or ectMMP-14, show-
ing the interaction through the
hemopexin-like domain, which
leaves intact the triple helix before
the cleavage. Thin lines refer to α-1
chains of the triple-helical collagen I
and thick lines refer to the α-2 chain.
For further details, see the text.
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they were stained using a silver staining kit (Bio-Rad,
Hercules, CA, USA). The broad spectrum protein markers
(Bio-Rad) were used as molecular mass standards.
The stability of each MMP was checked by zymo-

graphy (employing as substrates either gelatin and
collagen), as follows: 2 μl of MMP in collagen solution
was mixed with a 5-fold excess of sample buffer (0.25 M
Tris-HCl, 0,8% SDS, 10% glycerol, and 0.05% bromophe-
nol blue) and run on 12% SDS-PAGE containing either
1 mg/ml gelatin or bovine type I collagen as described
previously.56
Trypsintpch and soybean trypsin inhibitor were pur-

chased from Sigma (St. Louis, MO, USA). The quenched
fluorogenic substrates employed for activity assays were
(7-methoxycoumarin-4-yl)acetyl-Pro-cyclohexylalanine-
Gly∼norvaline-His-Ala-N-3-(2,4-dinitrophenyl)-L-2,3-dia-
minopropionyl-NH2and (7-methoxycoumarin-4-yl)
acetyl–Pro-Leu-Gly∼Leu-N-3-(2,4-dinitrophenyl)-L-2,3-
diaminopropionyl-Ala-Arg-NH2, purchased from Calbio-
chem (La Jolla, CA, USA). Batimastat (BB-94), a peptido-
mimetic inhibitor, which stoichiometrically inhibits
MMPs, was kindly provided by British Biotech Pharma-
ceutical (Cowley, Oxford, UK).
Acid-soluble calf collagen I, purchased from Sigma, was

dissolved overnight at a concentration of 1 mg/ml in
0.1M acetic acid solution at room temperature. Afterward,
the suspension was centrifuged at 10,000 g for 1 h and the
supernatant, containing the dissolved collagen, was used.
We also used rat-tail tendon type I collagen, isolated by
standard ammonium sulfate precipitation procedures
from the tail tendons of 12-week-old Wistar rats, as
previously described by others in detail.52,57
The amount of collagen has been quantified as des-
cribed,58 using soybean trypsin inhibitor as a reference. The
triplehelical natureof collagenhasbeencheckedbycircular
dichroism and confirmed by the absence of collagen
degradation in trypsin control assays at an enzyme/
substrate ratio of 1:10 over 3 h at 28 °C, as described
previously.23 In order to validate that collagen retains its
properties, even after havingbeen exposed to 37 °C for 24h,
we brought the sample back to 28 °C and repeated trypsin
control assays: no degradation was observed under these
conditions (see Figure 1, lane 2). Lyophilized collagen was
stored at −80 °C, and stock solutions were prepared as
needed. No significant difference in the triple helix content
and stability was detected between the two preparations of
collagen after solubilization.
Achilles' tendons, surgically extracted from young mice

(manipulated as described by the ethical guidelines), were
used for the electron microscopy experiments.

Methods

Enzymatic assays

Recombinant human MMP-2 and MMP-8 proenzymes
were activated by incubating 0.1 mg/ml progelatinase
solution with 0.25 mM of aminophenyl mercuric acid
(Sigma) at 37 °C for 30min. The activation of pro-ectMMP-
14 was performed using 5 μg/ml trypsintpch at 25 °C.
Trypsin activity was quenched using 50 μg/ml soybean
trypsin inhibitor.
The concentration of activatedMMPwas determined by

classic fluorimetric assay, as described,59 following the
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progressive decrease of hydrolysis (upon the addition of
Batimastat (BB-94)) of the quenched fluorogenic substrate
(7-methoxycoumarin-4-yl)acetyl-Pro-cyclohexylalanine-
Gly∼norvaline-His-Ala-N-3-(2,4-dinitrophenyl)-L-2,3-dia-
minopropionyl-NH2 (λexc=325 nm, λem=398 nm) for
MMP-8 and (7-methoxycoumarin-4-yl)acetyl–Pro-Leu-
Gly∼Leu-N-3-(2,4-dinitrophenyl)-L-2,3-diaminopropio-
nyl-Ala-Arg-NH2 (λexc=325 nm, λem=393 nm), which is
resistant to trypsin action, for MMP-2 and ectMMP-14. All
measurements were performed at 37 °C using a solution of
50 mMTris-HCl, 0.1 MNaCl, 10 mMCaCl2 plus 0.05% Brij
35 (polyoxyethylenelaurylether) buffered at pH 7.3.

Determination of kinetic and thermodynamic parameters

Kinetic analyses of α-chain degradation by MMP-2,
MMP-8, and ectMMP-14 were performed in 50 mM Tris-
HCl, 0.1 M NaCl, 10 mM CaCl2, at pH 7.3, employing
different concentrations of bovine collagen I (spanning
between 0.3 and 3.2 μM). Activated MMP was then added
to the solutions (10 pM final concentration). It is worth
stressing that MMPs alone are not stable after prolonged
incubation at 37 °C; however, their stability is significantly
increased in the presence of the substrate, as also reported
by others.19,60
For each collagen concentration, mixtures were kept at

37 °C and small aliquots were harvested at different time
intervals. Reactions were stopped by the addition of SDS-
PAGE loading buffer containing 20 mM EDTA and frozen
to −80 °C until used. Aliquots in the reducing sample
buffer were separated on 7.5 or SDS-(10%) PAGE gels and
stained using either (i) the silver staining method or (ii)
0.5% Coommassie blue and then destained until substrate
bands were clearly visible. The Coommassie blue electro-
phoretic spots, corresponding to different aliquots at
different time intervals, were analyzed by a laser
densitometer (LKB 2202 UltraScan) and their intensity
was calibrated (to obtain concentration values) using
standard substrate solutions. For each α-chain (i.e., α–1
and α–2 chains) the substrate disappearance rates were
derived at each collagen concentration employed.
The initial velocities were measured within 1 h, that is

the time period duringwhich variousMMPswere checked
to be stable. Within this time interval, the degradation rate
was constant and less than 10% of the substrate was
degraded. This ensured a steady-state condition for the
first cleavage step and was a prerequisite for the sub-
sequent analysis step, which was carried out by simulta-
neous fitting of velocity experimental data described by
both the Lineweaver-Burk equation (Equation 1(a)):

E0

v
¼ Km

kcat

1
½S� þ

1
kcat

ð1aÞ

and the Eadie-Hofstee equation (Equation 1(b)):

v
E0

¼ kcat � v
E0½S�Km ð1bÞ

where E0 is the total enzyme concentration, v is the actual
rate (expressed as mol/s), Km is the Michaelis-Menten
equilibrium constant (expressed as mol), kcat is the rate-
limitingstepkineticconstant (expressedass−1),and[S] is the
substrate concentration. This procedure allowed more
reliablevalues for the kcat andKmparameters tobeobtained.

Circular dichroism experiments

CD spectra were recorded on a Jasco J-710 spectro-
polarimeter equipped with a thermostated cell holder and
connected to a data station for signal averaging and
processing. All spectra are averages of four scans (unless
otherwise specified; see Figure 4(b)) and were recorded
using quartz cells of 2-mm pathlength.
For the spectroscopic observations bovine collagen I

was entrapped in agarose gel by mixing the solubilized
protein to a 1% low-melting-point agarose solution at pH
3.0 and 37 °C. After being stirred rapidly the mixture was
poured on a simple gel casting (Mini-protean II, Bio-Rad)
and immediately cooled to obtain the gel.26 Final
concentrations were 0.5% for agarose and 1 μM for
collagen. The thickness of the homogeneous gel was 1mm.
As a starting control, CDmeasurementswere performed

on samples of agarose gel soaked in sample buffer, which
did not show any ellipticity, and data obtained were
considered background. In addition, control CD measure-
ments were also performed using gel-entrapped collagen
at pH 3.0, as well as solubilized collagen I at the same pH
and concentration conditions: no spectral difference
between them was detected over the 200 to 250-nm
spectroscopic range (a spectral region representative of
the triple helical arrangement of collagen I)61 (data not
shown), confirming that the collagen conformation was
not altered by the gel entrapment procedure. This was also
tested by incubating the agarose gel-entrapped collagen
with 10 nM trypsin for 3 h at 37 °C: no evidence of
degradation was detected, as indicated by the lack of
ellipticity changes at 223 nm over the incubation period
(data not shown).
For kinetic experiments, slices of suitable size were cut

from the homogeneous gel and kept overnight in buffer
solution to reach the desired pH without the formation of
aggregates and then used for CD measurements.26
Because collagen I has been reported to be somewhat
thermally unstable in solution,34 gel-entrapped collagen
samples of each proteolytic assay were monitored for as
long as 3 days at 37 °C and no significant change in CD
spectra was detected in the absence of the enzyme (data
not shown). The CD spectra so obtained are in agreement
with those obtained for collagen-like peptides showing the
characteristic triple helix maximum in the 223 to 225-nm
range.20 Therefore, we achieve a “quasi-native” model for
evaluating structural arrangements during proteolytic
processes on type I collagen.26 The concentrations of
the agarose gel-entrapped collagen I were chosen so that
the recorded CD spectra were obtained under conditions
comparable to those employed for the fragmentations of
soluble collagen I.
The kinetics of the unwinding of the triple helix was

obtained in 0.2 M Tris-HCl, 1 M NaCl, 10 mM CaCl2
solution at 37 °C, pH 7.3, by recording the spectroscopic
range (200–250 nm) as a function of time of incubation
with the enzyme. Therefore, we derived the time evolu-
tion of the unwinding process reporting the molar
ellipticity at 223-nm values of CD spectra recorded in
the presence of different concentrations of each MMP
species (spanning from 2 nM to 2 μM).
As a control experiment, spectra of MMP (at the same

concentration as that employed in the experiment) were
recorded before every experiment in the same buffer
solution. For all cases MMP ellipticity was vanishingly
small (data not shown), ruling out the possibility of a
mutual spectral distortion.
Electron microscopy

Achilles' tendons surgically extracted from 6-week-old
mice were rinsed in phosphate-buffered saline and
incubated overnight with active MMP-2 at 37 °C. Light



1111Molecular Recognition and Proteolytic Cleavage of Collagen I
microscopy and ultrastructural analysis were performed
on samples fixed in 25% glutarhaldehyde in phosphate-
buffered saline at pH 7.4 and processed for transmis-
sion electron microscopy, as previously described.62
Two independent observers evaluated three different
experiments.
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