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ABSTRACT: Excessive degradation of type I collagen is associated with a variety of human diseases such as
arthritis, tumor metastasis, and atherosclerosis. Methods that further our understanding of collagenolysis
may therefore provide insights into the mechanism of several important disorders. Prior experiments suggest
that cleavage of collagen in vitro requires intact full-length collagenase, a multidomain protein containing
both a catalytic and a hemopexin-like domain. In this work we demonstrate that type I collagen can be
degraded at room temperature, a temperature well below the melting temperature of type I collagen, by
collagenase deletion mutants that only contain the catalytic domain of the enzyme. Furthermore, these
mutant enzymes hydrolyze the same peptide bond that is recognized by the corresponding full-length
enzymes. Hence enzyme specificity at room temperature is achieved without the hemopexin-like domain. We
demonstrate that these findings can be explained in light of a conformational selection mechanism that
dictates that collagenases preferentially recognize and cleave preformed partially unfolded states of collagen.

Collagen is the most abundant protein in the human body and
imparts structural integrity to tissues in its role as the primary
component of the extracellular matrix (/). Type I collagen, in
particular, is the most prevalent of the fibril-forming collagens
and is the main constituent of bone, tendon, skin, and other
tissues (2). The structure of type I collagen is characterized by
three polyproline II-like polypeptide chains, consisting of two
al(I) chains and one a2(I) chain, which form a triple helix that is
approximately 15 A in diameter (3—35). While collagen degrada-
tion is a natural process necessary for tissue homeostasis,
excessive degradation has been associated with a number of
disorders such as arthritis, atherosclerotic heart disease, and
tumor metastasis (2, 6—10). For example, type I collagen is an
important component of atherosclerotic plaques, and excessive
degradation of collagen in these plaques can lead to plaque
rupture and subsequent myocardial infarctions (/). Hence
studies that explore the mechanism of collagenolysis are of
particular interest.

Collagenases, a subfamily of the matrix metalloproteinase
(MMP)' family, are capable of cleaving native triple-helical
collagen and are typically multidomain enzymes composed of at
least a catalytic domain and a hemopexin-like domain that are
connected by a linker region (12, 13). Collagenases hydrolyze
collagen at unique sites that are characterized by a covalent bond
between a glycine residue and a leucine or isoleucine residue,
followed by an alanine or leucine residue; i.e., G-[I/L]-[A/L] (14).
This initial degradation step is an essential part of the mechanism
of collagen catabolism in that methods that prevent cleavage at this
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site can retard the progression of diseases associated with excessive
collagen degradation in experimental animal models (15— 18).

There are a number of unanswered questions regarding the
mechanism of collagenase-mediated collagen degradation. First,
it has long been recognized that the prototypical triple-helical
structure of collagen will not fit into the active site of MMPs and
that scissile bonds within collagen are not solvent-exposed and
are therefore inaccessible to the collagenase active site (19, 20).
Consequently, it is thought that collagen must adopt non-triple-
helical conformations at the cleavage site in order for collageno-
lysis to occur (13, 14, 19, 21, 22). Second, while several G-[I/L]-
[A/L] triplets can be found in the sequence of type I collagen, only
one of them is cleaved by collagenases (14, 23, 24).

Data obtained from circular dichroism and differential scan-
ning calorimetry experiments suggest that there is considerable
heterogeneity in the stability of the triple helix along the collagen
chain (25). Moreover, NMR studies involving collagen-like
model peptides in solution, and molecular dynamics (MD)
simulations of collagen-like sequences, suggest that at low
temperatures (i.e., temperatures below collagen’s melting point)
regions of type I collagen near the collagenase cleavage site can
adopt conformations that have relatively solvent-exposed scissile
bonds (26, 27).

A number of experiments have explored whether collagen can
adopt conformations at low temperatures that could, in principle,
be recognized and cleaved by proteases. Proteases like pepsin,
chymotrypsin, and trypsin have been used in assays for partially
unfolded states of collagen (28). Early experiments incubated
type I collagen with trypsin at 25 °C, and no collagen degradation
was observed (29). More recent experiments incubated type I
collagen with high concentrations of the catalytic domain of
MMP8 (CMMPS) at room temperature, and again, no degrada-
tion was found (30). Similar results have been reported with
the catalytic domain of MMP1 (CMMP1) (19). If the region
near the collagenase cleavage site is able to spontaneously
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adopt partially unfolded states in solution that can bind the
collagenase cleavage site, then one would expect incubation
of the catalytic domain of MMPs with collagen to result in
collagenolysis. Since this is not the case, it is difficult to reconcile
these latter experimental observations with the aforementioned
studies that suggest that type I collagen adopts partially unfolded
states in the vicinity of the cleavage site in solution. As a result,
these latter degradation experiments support a theory where the
collagenase cleavage site does not spontaneously adopt partially
unfolded states in solution (at temperatures below collagen’s
melting temperature), and that collagenolysis involves active
unfolding of the collagen triple helix by MMPs. In this formalism
the coordinated action of both the catalytic and hemopexin-like
MMP domains leads to active unwinding of the triple-helical
structure (13, 19, 31, 32). In addition, recent data argue that the
hemopexin-like domain may also play a role in determining
cleavage site specificity by binding to specific secondary sites
located near the unique collagenase cleavage site (33). Hence
it has been argued that the hemopexin-like domain plays an
essential role in both exposing the scissile bond and in ensuring
that only one potential cleavage site is recognized by the
collagenase.

In this work we demonstrate for the first time that the
degradation of type I collagen at room temperature, a tempera-
ture well below type I collagen’s melting temperature, does not
require the presence of the MMP hemopexin-like domain. More-
over, peptide bond hydrolysis with MMP mutants that contain
only the catalytic domain occurs at the unique collagenase
cleavage site and not at other potential cleavage sites. Thus both
peptide bond hydrolysis and enzyme specificity are achieved with
the catalytic domain alone at room temperature. As full-length
enzyme is thought to be necessary for collagenase-mediated
unwinding, our data imply that enzyme-mediated unwinding is
not required for collagenolysis in vitro. We therefore analyze our
data in light of a conformational selection model where thermal
fluctuations at the cleavage site cause collagen to adopt unfolded
conformations that are complementary to the collagenase active
site. Overall, our findings suggest that type I collagen can adopt
locally unfolded states at room temperature and that collageno-
lysis occurs when collagenases cleave these locally unfolded
states.

MATERIALS AND METHODS

Preparation of Type I Collagen. All experiments were
carried out in a reaction buffer containing 100 mM Tris-HCI
(VWR International) and 10 mM CaCl, (Sigma-Aldrich Co,) at
pH 7.6. Bovine type I collagen (BD Biosciences) was obtained at
3 mg/mL in 0.012 M HCL

As purification of type I collagen often results in protein that is
contaminated with type I1I collagen, purchased collagen samples
were repurified using differential salt precipitation (34—36). First,
type I collagen was diluted to a concentration of 0.5 mg/mL (1.67
uM)in 0.5 M AcOH. The solution was then dialyzed against low
salt buffer (0.1 M NaCl, 50 mM Tris, pH 7.5, at 4 °C) followed by
dialysis against a high salt buffer (1.8 M NaCl, 50 mM Tris, pH
7.5, at 4 °C), in which type III collagen preferentially precipi-
tates (36). At this point the sample was centrifuged for 30 min at
16000g, and the supernatant, containing purified type I collagen,
was then dialyzed against reaction buffer. All centrifugations
were performed at 4 °C to minimize any heating of the sample
that might occur during centrifugation. Purity of the final type I
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solution was confirmed by running degradation experiments with
full-length MMP1. In the repurified samples no type III collagen
degradation products were observed.

Enzyme Preparation and Characterization. MMP mu-
tants that only contain the catalytic domains of MMPI
(CMMP1) and MMP8 (CMMPS8) were purchased from Enzo
Life Sciences. The specific activities of both enzymes were
determined by the manufacturer at 37 °C to be 356 units/ug
for CMMPS8 and 1050 units/ug for CMMPI. To verify that the
mutant enzymes retained activity under our experimental con-
ditions, we remeasured the specific activities of CMMP1 and
CMMPS at 25 °C in our reaction buffer. Specific activities
were determined using an assay based on the MMP1 colori-
metric drug discovery kit from Enzo Lifesciences (BML-
AK404-0001) (37). In short, a 1 mM solution of 5,5-dithiobis-
(2-nitrobenzoic acid), Ellman’s reagent, was prepared in reac-
tion buffer. The enzyme was then incubated in the latter buffer
with 100 uM colorimetric thiopeptolide of sequence acetyl-
proline-leucine-glycine-(2-mercapto-4-methylpentanoyl)leucine-
glycine-O-ethyl (38) (Enzo Lifesciences BML-P125). This sub-
strate is the same as that used by the manufacturer to measure the
enzyme activity at 37 °C. The initial velocity was determined
using the slope of the absorbance increase at 412 nm after 3 min,
yielding specific activities of 289 units/ug for CMMPS§ and 766
units/ug for CMMPI (1 unit = 100 pmol/min of degradation of
the thiopeptolide). Full-length MMP1 (FMMP1) was purchased
from Anaspec and was provided in a preserving solution contain-
ing I mg/mL BSA.

Collagen Degradation Experiments. Degradation experi-
ments were performed at a collagen concentration of 150 ug/mL
(0.5 uM). Prior studies suggest that the critical concentration
for fibril formation was determined to be around 4 ug/mL at
relatively low temperatures and under very different experimental
conditions (7 = 29 °C, buffer consisting of 20 mM NaHCO;,
117 mM NaCl, 5.4 mM KCI, 1.8 mM CaCl,, 0.81 mM MgSQ,,
1.03 mM NaH,PO,, 0.01% NaNj3) (39). To determine whether
collagen at 150 ug/mL (0.5 uM) would remain soluble under our
experimental conditions (7' = 24 °C, reaction buffer), we assessed
the extent of collagen aggregation as a function of time.

The aggregation of type I collagen at room temperature was
followed by allowing samples to sit at 150 ug/mL (0.5 uM) for
specified periods of time at room temperature, followed by
centrifugation at 16000g for 4 min. The supernatant was then
run on an SDS gel and stained with Coomassie colloidal blue.
A similar procedure was followed in a prior work to assess the
extent of collagen aggregation as a function of time (39). Figure 1
depicts the amount of collagen in the supernatant as a function of
time. As the intensity of the collagen bands is constant, no
significant aggregation of type I collagen is seen under our
experimental conditions.

All degradation reactions were performed at room tempera-
ture. The temperature was verified using a calibrated thermo-
meter, and all recorded temperatures were 24 °C. Degradation
experiments employed purified type I collagen at a concentra-
tion of 150 ug/mL (0.5 uM). All enzymes were incubated with
4-aminophenylmercuric acetate, APMA (Sigma-Aldrich Co.),
as previously described (40) and mixed with type I collagen
to a final concentration of 25 ug/mL (1.2 uM) for CMMPS,
40 ug/mL (2.0 uM) for CMMPI, and 1.7 ug/mL (30 nM) for
FMMPI. Reactions were stopped by the addition of SDS—
Laemmli buffer (Bio-Rad Laboratories) with f-mercapthoetha-
nol (Sigma-Aldrich Co.) and boiled for 10 min. The degradation
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FIGURE 1: Amount of soluble collagen as a function of time. Type I
collagen (150 ug/mL, 0.5 uM) was allowed to sit at room temperature
for up to 6 days and spun down, and the supernatant was run on
SDS—PAGE at each time point.

products were run in 4—12% gradient gels and stained with
Coomassie colloidal blue. Gelatin was generated by boiling type I
collagen in reaction buffer for 10 min. Gelatin at 150 ug/mL
(3 chains x 0.5uM = 1.5 uM) was then incubated with 13.8 ug/mL
(0.67 uM) CMMPS and 16.6 ug/mL (0.83 uM) CMMPI.

An unstained CMMPS gel was transferred to a PVDF mem-
brane, which was stained with Coomassie blue. The 1/4 al and
1/4 o2 bands were cut from the gels corresponding to the
CMMPS8 experiments and sent for sequencing to the Tufts
University Core Facility, using an ABI 494 protein sequencer.
The 1/4 a1l and a2 bands from the CMMP1 reaction could not be
sequenced due to the low amount of collagen degraded by
CMMPI.

Densitometry Analysis. Densitometry was performed with a
Kodak Gel Logic 100 imaging system. Bands were imaged using
an automatic lane and band fitting method (Kodak Molecular
Imaging software v4.0.0). The percentage of type I collagen
degradation by CMMP8 or CMMP1 was measured by dividing
the sum of the net intensities of the Yqe,, Bace and 1/4 and 3/4
bands by the sum of the total net intensity of all the bands
corresponding to total collagen in a given lane (7, Ydce, B, Beq> 01,
a2, and the 1/4 and 3/4 bands). y and § bands correspond to
N-terminally cross-linked collagen molecules (4/—44). The
y bands correspond to a trimer of chains (42, 43). The f bands
correspond to a dimer with two ol chains (611) or one al and
one o2 chain ($12), with only one cross-link (41—43). These
cannot be resolved using the 4—12% gradient gels and were
imaged together. Data are presented as the mean and standard
deviation over three independent gels per experiment.

Numerical Simulations Using a Conformational Selec-
tion Model. We developed a reaction scheme based on a
conformational selection model to determine whether our experi-
mental observations could be explained using a formalism that
assumes collagen can sample partially unfolded states in solu-
tion (27). In this scheme collagen exists as an equilibrium
distribution between native (N) and partially unfolded, or
vulnerable (V), states. The associated equilibrium constant is
denoted by K.q. The catalytic domain of MMPs (C) interacts in a
nonspecific manner with the native state with binding constant
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KYS,, yielding the N-C complex. C can also bind to the
vulnerable state, V, with binding constant KySs, forming the
V. C complex. Binding of C to the native state, N, does not lead to
collagenolysis while the V- C complex is degraded with catalytic
rate k.

This reaction scheme (which is described more fully in the
Results section) naturally leads to a set of ordinary differential
equations (ODEs), with two rate constants correspondmg toeach
equ111br1um/b1nd1ng constant (i.e., Koq = ki/ko, Kbmd kNC/kofr,
and Kisq = kos/kys). The set of ODEs that describes
the time evolution of each species shown is given by

@ = — k1 [N] + ko [V] = KNEIN][C] + RNEIN-C] (1)
% = —ka[V]+k [N =K VI[CI+kEIV-C] (2)
d[ljlc] — NN+ KNCNJ[C (3)
W e RV - kalV-C] @)

dip] :
? - cat[V C] (5)

dc[lf] — ki IN[C)+ K IN-C] = Ky [VI[CT + Ky V- C]

+ ket [V : C] (6)

where P denotes the products of collagenolysis.

We used previously determined rate constants for MMP1
binding to a heterotrimeric collagen-like peptide that contains
the type I collagen collagenase cleavage site at a temperature
substantially less than its melting temperature (i.e., we expect
this peptide to be in a well-folded triple-helical conformation at
this temperature) to estimate the native state binding rate
constants, kne and ke (KNS = 1.56 x 10° M~' s71, kDNE =
5.35x10™ 3 s (49). The catalytic rate constant of the vulnerable
state, key, for CMMP1 was estimated from the experimentally
measured catalytic rates of MMP1 degrading gelatin (46). Be-
cause kg, measurements do not exist for CMMPS, we set lower
and upper bounds for the catalytic rate based on previously
published data. The lower bound of k., for CMMPS was set
equal to that of CMMP1, as it is known that MMPS has a greater
catalytic rate than MMP1 for the same substrate and at the same
temperature (46, 47). Upper bounds for the catalytic rate of
CMMP8 were obtained from experimentally measured rate
constants of FMMPS degrading linear collagen-like peptides (48).
This approach yielded a range of k¢, for CMMPS8 spanning
0.11-11s7".

Finding the concentration of each reactant species as a function
of time requires knowledge of each of the remaining rate
constants, ky, ks, kec, and k. Previous studies with a related
reaction scheme demonstrated that the model is not sensitive to
the specific choice of the individual rate constants when one is
interested in the reactant concentrations over long time periods
(i.e., a time that is long with respect to the individual rate
constants themselves) (2/). In this case, the system behavior is
dependent on the ratio of the rate constants or, equivalently, the
associated equilibrium and binding constants K., and KySy. Since
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our experiments occur over days, which is very long with respect to
the folding/unfolding and binding processes of interest, we deter-
mined the behavior of the system as a function of K, and KySs.

To convert a given K, into the appropriate transition rate
constants, k; and k», for the solution of the ODEs, we used initial
rate constant values (k" and k™, set equal to 10° s™") that are
consistent with the folding times for a number of small pro-
teins (49, 50). These rate constants were then multiplied by a scale
factor a according to

kl :a1/2ki1nit _kl B kilnit
ky = a—1/2ki2nit 4

=— o—=
1nit
kg k2

In this way, the appropriate rate constants can be determined for
any value of K.,. We use a similar approach to determine the
vulnerable state binding rate constants, ky. and kg, from a
given Kymg:

kg/nc :ﬁl/Zk?)/l?,lmt v % 7ﬁk2/nC,m1t
k\o/f% _ ﬂ—l /2 szf’ init bind k(‘)’g kOVf(fi,init
The initial rate constants for binding the vulnerable state, k™"
and kY™, were set equal to experimentally measured rates for
MMP1 binding to a heterotrimeric collagen-like peptide that
contains the type I collagen collagenase cleavage site at a
temperature substantially greater than its melting temperature
(i.e., we expect the triple helix to be mostly unfolded and thus
the scissile bonds to be solvent-exposed at this temperature)
(h3Smit = 45 5% 10° M~ s7! AV = 594 % 1073 571 (45).
With these rate constants, eqs 1—6 are then solved using the
odel5s solver in MATLAB 2008a (MathWorks) using the
durations and initial concentrations of collagen and enzyme
specific to the relevant degradation experiment(s).

Solutions to the model yield the concentration of collagen
degradation products as a function of time, Pp,oqei(f), While the
degradation experiments yield the fraction of peptide/collagen
degraded as a function of time, Fey,(f). To relate the calculated
concentrations to the measured degraded fractions, we normalize
the concentration of degradation products to the initial substrate
concentration: Fyoqel(f) = Prodel(t)/Sinit, Where Sy, 18 the initial
substrate concentration. We then calculate the root mean square
error (RMSE) between experimental and model time courses
according to the equation RMSE = [~ 'S 7— (Froaal(t) —
Fexp(t))z]l"/z, where 7 is the number of experimental time points.

RESULTS

Collagenolysis without a Hemopexin-like Domain. In a
prior work we introduced a conformational selection model in
which collagen is able to adopt either a well-folded native triple-
helical state or a vulnerable state where the region near the
collagenase cleavage site is unfolded and solvent exposed (21).
MMPs can bind to either state, but collagenolysis only occurs
when MMPs bind to vulnerable states. The model is based on the
premise that collagen adopts different conformations in solution
and that collagenolysis occurs when the appropriate conformers
are selected by the enzyme. A reexamination of collagen degra-
dation experiments suggests that the failure to observe collage-
nolysis with MMP deletion mutants, which contain only the
catalytic domain, is due to the fact that these mutant enzymes
bind partially unfolded states of collagen with reduced affinity
relative to the full-length enzyme. A corollary of this result is that
collagenolysis could occur if collagen is exposed to relatively high
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concentrations of mutant enzymes and relatively long incubation
times are used (2/). To test this, we exposed type I collagen to
both the catalytic domains of MMP8 and MMP1 (denoted as
CMMP8 and CMMPI, respectively).

Bovine type I collagen was incubated with high concentrations
of CMMPS at room temperature, a temperature well below the
melting temperature of type I collagen (57, 52). After 48 h type |
collagen degradation was observed in solutions containing
CMMP8 (Figure 2A, lanes 1—7). Degradation bands exhibit
the familiar the 3/4 and 1/4 fragments that are associated with
cleavage at the unique collagenase cleavage site by the wild-type
collagenase MMP1 (FMMPI1, Figure 2A, lane 9). N-Terminal
amino acid sequencing of the 1/4 al and 1/4 a2 bands confirms
that the CMMPS deletion mutant cleaves at the unique cleavage
site recognized by the wild-type enzyme (data not shown). To
demonstrate that our results are not specific to MMPS, we
exposed type I collagen to a deletion mutant containing only
the catalytic domain of MMP1 (Figure 2B, lanes 1—5). Despite
the fact that higher concentrations of enzyme and longer
incubation times were used, type I collagen degradation with
CMMPI was significantly less efficient than that observed with
CMMPS. The 1/4 al and 1/4 o2 bands from the CMMPI
reaction could not be sequenced due to the low amount of
collagen that is degraded by CMMPI1. However, the resulting
cleavage pattern is the same as that observed with FMMP1 and
CMMPS. In bovine type I collagen, the closest potential cleavage
sites of sequence G-[I/L]-[A/L] are 48 and 30 residues away
from the true cleavage site in the ol and a2 chains, respec-
tively (53—59). If these potential sites were cleaved, the pattern of
fragments observed would be significantly different from the
FMMPI control, suggesting that CMMP1 mediated cleavage, as
in the case of CMMPS, occurs at the same site.

To confirm that our findings are not due to contamination of
our collagen samples with unfolded type I collagen chains
(gelatin), we incubated CMMP8 and CMMP1 with gelatin. Both
CMMP8 and CMMPI cleave gelatin at several sites, yielding
multiple degradation bands on SDS—PAGE (Figure 2A, lane 8,
Figure 2B, lane 6) (19, 46). Since these bands are not seen when
CMMP8 and CMMP1 are incubated with collagen, contamina-
tion of our collagen sample with unfolded collagen chains does
not explain our results.

To further demonstrate that our results cannot be explained by
contamination of the original collagen sample with low concen-
trations of full-length MMPs, we incubated solutions of type I
collagen containing 4-aminophenylmercuric acetate (APMA), to
activate any latent enzyme, but without any added collagenases.
SDS—PAGE of the solutions after 6 days of incubation did not
exhibit any degradation bands, thereby arguing that contamina-
tion with latent enzyme does not explain our findings (Figure 3A).
Similarly, to rule out the presence of other contaminating
proteases in our CMMP1 and CMMP8 preparations, we in-
cubated type I collagen with CMMP1/8 in the presence of 50 mM
EDTA. While EDTA is a known inhibitor of collagenases, it does
not affect the activity of nonmetal-dependent proteases (60) . No
collagen degradation is detected when EDTA is used as an MMP
inhibitor, even after 6 days of incubation (Figure 3B). As a
further test, we incubated both CMMP1 and CMMPS with gela-
tin and EDTA. Since a number of nonmetal-dependent proteases
cleave gelatin more readily than collagen, this provides another
complementary assay for protease contamination (6/). These
data also did not reveal any evidence of collagen degradation by
SDS—PAGE, thereby suggesting that our enzyme preparation
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FIGURE 2: Degradation profiles of type I collagen at room temperature with CMMP8 and CMMPI. Intact type I collagen (CI) bands include
monomeric al(I) and o2(I) bands, dimeric 5 bands, and trimeric v bands. The  and y aggregates correspond to N-terminally cross-linked
collagen molecules (4/—44). Type I collagen degradation bands include o1(I) and o2(I) 3/4 and 1/4 fragments and degradation of cross-linked
chains, B4ee and yqee. (A) Type I collagen incubated with CMMPS. Lane 1: Type I collagen (150 ug/mL, 0.5 uM). Lanes 2—7: Type I collagen
(150 ug/mL, 0.5 uM) incubated with the catalytic domain of MMP8 (CMMPS8) (25 ug/mL, 1.2 uM) for 8, 16, 24, 32, 40, and 48 h, respectively.
Lane 8: Type I collagen gelatin (GI, 150 ug/mL, 1.5 uM) incubated with CMMPS8 (13.8 ug/mL, 0.67 uM) for 3 h. Lane 9: Type I collagen
(150 ug/mL, 0.5 uM) incubated with full-length MMP1 (FMMP1) (1.7 ug/mL, 30 nM) for 24 h. This lane contains a bovine serum albumin
(BSA) band since FMMPI is supplied in a buffer containing 1 mg/mL BSA. (B) Type I collagen incubated with CMMP1. Lane 1: Type I collagen
(150 ug/mL, 0.5 uM). Lanes 2—5: Type I collagen (150 ug/mL, 0.5 uM) incubated with the catalytic domain of MMP1 (CMMP1) (40 ug/mL,
2.0 uM) for 24, 48, 96, and 144 h, respectively. Lane 6: Type I collagen gelatin (GI 150 ug/mL, 1.5 uM) incubated with CMMP1 (16.6 ug/mL,
0.83 uM) for 3 h. Lane 7: Type I collagen (150 ug/mL, 0.5 uM) incubated with full-length MMP1 (FMMP1) (1.7 ug/mL, 30nM) for 24 h. As with
lane 9 in (A), this lane contains a BSA band since FMMP1 was supplied in a buffer containing 1 mg/mL BSA.

FI1GURE 3: Testing for the presence of contaminating MMPs and other proteases. (A) Type I collagen (150 ug/mL, 0.5 uM) incubated in the
presence of APMA without the addition of any collagenases for 0, 48, and 144 h. No degradation bands can be observed, which argues that no
contaminating MMPs are present. (B) Testing for the presence of contaminating proteases in the CMMP1/8 solutions with collagen. Lane 1: Type
I collagen (150 ug/mL, 0.5 uM) in reaction/EDTA buffer in the absence of collagenases incubated for 48 h. Lane 2: Type I collagen (150 ug/mL,
0.5 uM) incubated against CMMPS8 (25 ug/mL, 1.2 uM) in reaction/EDTA buffer. Degradation of gelatin cannot be observed. Lane 3: Type |
collagen (150 ug/mL, 0.5 uM) incubated against CMMP1 (40 ug/mL, 2.0 uM) in reaction/EDTA buffer. Degradation of collagen cannot
be observed. (C) Testing for the presence of contaminating proteases in the CMMP1/8 solutions with gelatin. Lane 1: Type I collagen gelatin
(GI150 ug/mL, 1.5 uM) in reaction buffer in the absence of collagenases incubated for 3 h. Lane 2: Type I collagen gelatin (GI 150 ug/mL, 1.5 uM)
incubated against CMMPS (1.4 ug/mL, 67nM) in reaction buffer. Degradation of gelatin can be observed. Lane 3: Type I collagen gelatin
(GI150 ug/mL, 1.5uM) incubated against CMMP1 (1.4 ug/mL, 69 nM) in reaction buffer. Degradation of gelatin can be observed. Lane 4: Type |
collagen gelatin (GI 150 ug/mL, 1.5 uM) in reaction/EDTA buffer in the absence of collagenases incubated for 3 h. Lane 5: Type I collagen gelatin
(GI 150 ug/mL, 1.5 uM) incubated against CMMPS (1.4 ug/mL, 67n1M) in reaction/EDTA buffer. Lane 6: Type I collagen gelatin (GI 150 ug/mL,
1.5 uM) incubated against CMMP1 (1.4 ug/mL, 69 nM) in reaction/EDTA buffer.



4152 Biochemistry, Vol. 49, No. 19, 2010

Salsas-Escat et al.

NC Q CD vC
— ) k"ﬂ‘_ kl;_/\_ an _Q\_ Kea &)
kNC k \/ kVC \/ \%
N-C on 2 off V-C
complex N v complex

=———Collagen Native State (N)

8 Catalytic Domain MMP (C)

#Collagen Vulnerable State (V)

FiGure 4: A conformational selection mechanism for collagenolysis with MMP catalytic domains. Collagen exists in an equilibrium between
native (N) and vulnerable (V) states with the equihbrium determined by K.q = ki/k,. The catalytic domain of MMPs (C) interacts in a nonspecific
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, yielding the N - C complex. C binds to the vulnerable state, V, with binding

constant K¥Sy = koS /knﬁ , forming the V-C complex. The V-C complex is then degraded with catalytic rate kcqr.

does not contain contaminating proteases (Figure 3C). Interest-
ingly, Figure 3C shows that CMMPS completely cleaves gelatin
after 3 h but that CMMP1 preferentially cleaves the a2 chain, a
finding that is consistent with prior experimental data on the
efficiency of MMPI-mediated degradation of al(I) and al(2)
chains (46).

A Conformational Selection Model for Collagenolysis.
Our data demonstrate that peptide bond hydrolysis at the unique
collagenase cleavage site can occur in vitro at room temperature
with only the catalytic domain of MMPs. Since CMMPS8 and
CMMPI cleave unfolded collagen at multiple sites (Figure 2A,
lane 8, Figure 2B, lane 6) but triple-helical collagen at only one
site (Figure 2A, lane 7, Figure 2B, lane 5), we interpret our find-
ings in light of a model where unfolding (due to thermal fluc-
tuations) of collagen at the unique cleavage site enables col-
lagenases to gain access to their corresponding scissile bonds
(Figure 4) (21). In this model collagen can exist in both native
triple-helical (N) and vulnerable states (V), and collagenolysis
occurs when the enzyme (consisting of only the catalytic do-
main, C) binds and cleaves the vulnerable state. Vulnerable states
correspond to the ensemble of conformers that have the collage-
nase cleavage site in an unfolded and solvent-exposed conforma-
tion. We use N-C and V- C to denote complexes of the native and
vulnerable states, respectively, with the mutant enzyme that only
contains the catalytic domain, and P denotes the degradation
products released by the enzyme after cleavage.

This reaction scheme naturally leads to a set of ordinary
differential equations (ODEs) that can be solved numerically,
yielding the concentration of each species as a function of time
(see Materials and Methods). Numerical solutions of the ODEs
are exact in that they do not make any assumptions about steady-
state behavior and they specifically account for the different rate
constants associated with each of the different species in the
reaction. Generating solutions for the model therefore requires
inputs in the form of rate constants associated with each of the
various steps in the mechanism.

Previous studies with a related reaction scheme demonstrated
that the model is not sensitive to the specific choice of the
individual rate constants when one is interested in the reactant
concentrations over long times with respect to the individual rate
constants themselves (27). In this scenario, the solutions to the
ODEs depend more on the ratio of the rate constants (27). Since
our experiments occur over days and theoretical estimates for
local unfolding/folding events within the collagen triple helix are
on the order of inverse nanoseconds (20, 27), and rate constants
for binding reactions in general are on the order of inverse
milliseconds (45), we explored the behavior of the system as

a function of the associated equilibrium and binding constants,

= kilks, Kina = ko [koir> and Kiisa = kon kot It is
1mportant to note that while we use these equilibrium/binding
constants to describe the behavior of the model, the associated
ODE:s explicitly depend on the individual rate constants.

As described in Materials and Methods, we estimate Koy
using previously determined collagenase binding rate constants,
which were obtained under conditions when the triple-helical
state is expected to be most stable (45) (we note, however, that the
model is not sensitive to the choice of binding constant for the
native state, Kyoq (21)). The catalytic rate constant, kg, corre-
sponds to the rate of peptide bond hydrolysis after the enzyme
has bound the unfolded region containing the cleavage site.
Bounds for k., are therefore obtained from experimentally
measured rate constants from MMP-mediated degradation of
gelatin and unfolded collagen-like peptides (see Materials and
Methods) (46, 48). This leaves two undetermined parameters for
the model: K, (the equilibrium constant describing the relative
concentration of vulnerable and native conformers) and Kiug
(the binding constant of the catalytic domain for vulnerable
states). The method by which K., and KySy are converted into
forward/backward and on/off rate constants, respectively, for the
numerical simulations is described in Materials and Methods.

To determine estimates for the missing parameters, we fit the
ODEs arising from the model shown in Figure 4 to experimental
degradation data. We begin by focusing on previous degradation
experiments that incubated CMMP8 at room temperature with a
heterotrimeric type I collagen-like model peptide that contains
the collagenase cleavage site and its surrounding residues (trimer
A, Figure SA) (45). The melting temperature of this peptide is
9 °C, and experiments were performed at 25 °C; hence, the
peptide is largely unfolded at this temperature. In our model K,
represents the equilibrium constant between native and vulner-
able states, where the vulnerable ensemble includes all confor-
mers that have the collagenase cleavage site in an unfolded and
solvent-exposed conformation. Consequently, for this system
we expect Kq > 1, and therefore fitting these data to the model
shown in Figure 4 provides a test of the method. Using the
reaction scheme outlined in Figure 4, we computed the amount of
peptide that would be degraded as a function of time for a range
of K, (KySdemmps, and ke values and compared these
degradation profiles to the corresponding experimental data.
For each triplet (K., (KYS)emmpss Keat)s We computed the
root mean square error (RMSE) between the degradation time
course obtained with the model and the experimental data (see
Materials and Methods). While a relatively wide range of
values for K4 and (KNS a)emmps were tried (1076 < K = 10°,
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that the previously discussed studies on a heterotrimeric type I
collagen-like peptide, which contains the collagenase scissile
bond, found that (K¥sa)emmes = (0.7—1.1) x 10 M~". As this
peptide is a model for the collagenase cleavage site, we used this
range of (Kyag)cmmps in our numerical calculations of the model

for type I collagen.

10°M7!' < (Kbmd)CMMpg <102Mm! ), the best fits are obtained

when Keq > 30 and (K¥Sa)emmps = (0.7—1.1) x 10° M,
regardless of the value of k¢, that was used (0.11 s < ke <
11 s7') (Table S1 and Figure S1, Supporting Information).
Moreover, varying ke, by 2 orders of magnitude caused the

minimum RMSE to vary by only 2%. As the best fits have
K.q >30, these results suggest that the vulnerable state of the
peptide dominates at room temperature, a finding in agreement
with the experimental conditions, as discussed above. Moreover,
the predicted results from the model using these values show
excellent agreement with experiment (Figure 5B).

Determining K., for Type I Collagen at Room Tempera-
ture. To obtain an estimate for K.q at room temperature, we
quantified the extent of collagen degradation over time using the
data shown in Figure 2A. We then fit the reaction scheme shown
in Figure 4 to these data to obtain an estimate for K.,. We note

We again computed the RMSE between the degradation time
courses obtained with the model using many different values of
and compared these results to the experimentally determined
degradation time course. Varying k., of CMMPS8 over 2 orders
of magnitude, as we did for the aforementioned model peptide
data, did not change the best fit values for K, and caused the
minimum RMSE to again vary by only 2% (Table S2 and
Figure S2, Supporting Information). The best fits between the
model and experiment are achieved when Ky = (1.7-2.1) x 107?
(Figure 6A), and the corresponding degradation plot obtained
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from the model agrees well with experiment (Figure 6B). This
value for K, suggests that the folded triple-helical native state
is more favorable at room temperature.

Determining K.y for CMMPI. Despite the fact that
CMMPI has a higher specific activity than CMMPS under our
experimental conditions (as measured against a thiopeptolide
substrate; see Materials and Methods), it degrades collagen with
considerably lower efficiency than CMMPS (Figure 2). To
decipher the physical basis for this reduced activity, we applied
the reaction scheme shown in Figure 4 to the CMMP1 degrada-
tion experiments.

Given that K, is an inherent property of type I collagen at a
given temperature and both CMMP1 and CMMP8 collagen
degradation experiments were performed at room temperature,
K.qis the same for both reactions. Thus, we used our degradation
model to determine the range of (K¥sa)emmpi. As key coITE-
sponds to the catalytic rate once the protein has bound the
vulnerable state (that is unfolded in the region of the scissile
bond), it is estimated using previously determined k., values for
MMP1 degrading gelatin from type I collagen (Table S3,
Supporting Information) (46).

With K4 = (1.7-2.1) x 1073, the best fits are found for
(Kisemmpr = (0.9—1.3) x 10* M™" (Figure 7). These data
suggest that CMMP1’s binding affinity for the vulnerable state of
collagen is nearly 2 orders of magnitude lower than that of
CMMPS. Expressed as a difference of binding free energies,
AAGping = (AGping)cmmpt — (AGhing)emmps, the binding of
CMMP1 to type I collagen is approximately 2.5 kcal/mol less
favorable than the binding of CMMPS to type I collagen.

DISCUSSION

Our results unambiguously demonstrate that collagenolysis
can occur with MMP deletion mutants that contain only the
catalytic domain and therefore indicate that the hemopexin-like
domain is not required for peptide bond hydrolysis and enzyme
specificity at room temperature. Moreover, while both CMMP1
and CMMPS cleave completely unfolded type I collagen chains
at multiple sites, both enzymes cleave type I collagen in vitro at

. (K¥sd)emmpr = 0.9 x 10 M

! Experimental data are indicated by the black circles with error bars; the model time course is indicated by the blue line.

only one site that corresponds to the unique cleavage site
recognized by full-length collagenases. In light of these observa-
tions we interpret our results using a conformational selection
model where thermal fluctuations at the unique cleavage site
cause the protein to sample partially unfolded vulnerable states
that can then be recognized and cleaved by collagenases (21). This
formalism allows us to estimate the relative amounts of native
and vulnerable states at room temperature from an analysis of
type I collagen degradation data. Estimates of K4 for a small
heterotrimeric peptide modeling the collagenase cleavage site in type
I collagen suggest that the vulnerable state dominates at room
temperature for this peptide, a finding in agreement with the
measured melting temperature of this peptide (45). For type I col-
lagen at room temperature the calculated K. of (1.7-2.1) x 1073
corresponds to a free energy difference of ~3.5 kcal/mol
between the two states, where the folded triple-helical state
is the most stable. This free energy difference corresponds to
breaking two to four favorable hydrogen bonds, a finding in
agreement with a previously proposed structure of the type I
collagen vulnerable state (27). Interestingly, this estimate for
the relative amounts of vulnerable states for both the scissile
bond-containing heterotrimeric peptide and type I collagen in
solution was obtained from an analysis of the degradation
data alone. That is, although the model itself does not
explicitly contain information about the temperature at which
the experiments were performed, it correctly predicts that the
degradation experiments were performed at a relatively high
temperature for the heterotrimeric peptide and a relatively low
temperature for collagen.

Previous experiments that incubated type I collagen with
deletion mutants corresponding to the catalytic domain of MMPs
failed to discover any degradation products, thereby suggest-
ing that collagen does not adopt partially unfolded confor-
mations at room temperature (19, 30). However, as our work
demonstrates, at temperatures well below collagen’s melting
temperature, the relative concentration of partially unfolded
conformers will be small, and consequently the rate of collagen
degradation will be low (27). Under these conditions appreciable
amounts of degradation will only be observed when relatively
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FiGure 8: A conformational selection mechanism for collagenolysis with full-length collagenases. Collagen exists in an equilibrium between
native (N) and vulnerable (V) states determined by the equilibrium constant K. Full-length MMP (F) can bind to the native state of collagen via
the hemopexin-like domain (H) with binding constant Ky, 4, forming the N - H complex. The N+ H complex can transition to the V- H complex via
the equilibrium between native and vulnerable states, K. The full-length enzyme, F, can bind directly to the vulnerable state, V, via the hemopexin
domain (H) forming the V-H complex, again determined by the binding constant Khi.q. Once a V- H complex is formed, the catalytic domain of
the full-length MMP can bind to the vulnerable state with a binding constant Kyhs, forming the V- F complex. The V- F complex is then degraded

with catalytic rate k¢

long incubation times are used. More precisely, we find that 2
days of incubation time with CMMP8 and 6 days with
CMMP1 are required to see evidence of collagen degradation.

Additionally, our results offer an explanation for the different
type I collagen efficiencies of CMMP1 and CMMPS8. While the
catalytic rates for the two enzymes are likely different, our
data suggest that variations in k., are insufficient to explain
the differences in the overall degradation rates. On the other
hand, we find that the binding of CMMPI to the vulnerable
state of type I collagen is 2.5 kcal/mol less favorable than the
binding of CMMPS. This free energy difference corresponds to
relatively small differences in the bound structures themselves;
e.g., breaking one to two favorable hydrogen bonds could easily
explain a difference of this magnitude. Together, these data
suggest that subtle changes in binding between similar homo-
logous enzymes can lead to significant differences in the overall
reaction kinetics.

Although several potential cleavage sites exist in collagen,
only one unique site is cleaved by MMPs (14, 23, 24). Recent
observations suggest that cleavage site specificity is mediated
by interactions of noncatalytic domains with distinct sites on
collagen and that these interactions may play an important
role in enzyme specificity (33, 62). Since we find that cleavage
at the unique collagenase cleavage site is achieved using
deletion mutants of MMP1 and MMPS that lack the non-
catalytic hemopexin-like domains, these noncatalytic domains
are not required for cleavage site specificity in vitro at room
temperature. Theoretical studies and experiments on collagen-
like model peptides both suggest that the region near the
collagenase cleavage site has a relatively low stability (20, 22,
26,27,63,64). This decreased stability ensures that the cleavage
site preferentially unfolds at low temperatures, thereby ensur-
ing that the scissile bond is recognized by MMP catalytic
domains.

The physical basis underlying the decreased stability of
regions in the vicinity of the collagenase cleavage site has been
explored in a variety of different studies. An analysis of collagen
sequences from different species suggests that regions near the
collagenase cleavage sites have a relative paucity of imino acids
(Pro and Hyp) (/4). Since Pro and Hyp content is related to
triple-helical stability, the relative lack of these residues is a con-
tributing factor to the decreased stability of these regions (65, 66).
Additional studies suggest it is not just the reduced imino acid

content that is responsible for the decreased stability of these
regions and that the precise amino acid sequence about these
regions imparts increased conformational flexibility in these
regions (20, 22, 27).

Our data are explained by the fact that the unique scissile bond
locally unfolds at low temperatures. However, as the temperature
increases, microunfolding of collagen leads to the exposure of
other potential cleavage sites that can be recognized by MMP
deletion mutants (67). Indeed, recent data suggest that collagen is
thermally unstable at body temperature, and it has been postu-
lated that microunfolding of distinct collagen regions facilitates
fibril formation and collagen catabolism (5/). As the MMP
hemopexin-like domain has binding sites near the collagenase
cleavage site, it may help to localize the enzyme to a specific
scissile bond, thereby ensuring that the correct site is cleaved at
body temperature (33). Therefore, while our data argue that the
hemopexin-like domain is not needed for cleavage site specificity
atlow temperatures, it may play an important role in determining
specificity at body temperature.

In light of these considerations we expand our previous
reaction scheme for the catalytic domain alone to consider
the effects of the hemopexin-like domain on collagenolysis
(Figure 8). In this reaction scheme, collagen exists in an equilib-
rium between native (N) and vulnerable (V) states, and either
state can be bound by collagenases via the hemopexin-like
domain, which contains binding sites for collagen (13, 32, 33,
68, 69). When the native state is bound, an N-H complex is
formed that cannot be cleaved since the scissile bond in this
structure is not accessible to the MMP active site. Since the
catalytic domain of the enzyme is not bound to the scissile bond
in the N-H complex and the putative binding site for the
hemopexin-like domain in type I collagen is removed from the
cleavage site (33, 62), the N-H complex can transition to a
vulnerable state (V+-H complex) via a conformational change
similar to the one experienced by unbound collagen. Once the
V-H complex is formed, the catalytic domain can then bind the
accessible scissile bond, yielding the V-F complex, which then
goes on to form degraded protein.

To understand how the presence of enzyme might affect the
relative concentration of vulnerable states, we consider an equili-
brium in which the enzyme is catalytically inactive (i.e., the
degradation step does not occur) and solve for the effective ratio
of all vulnerable states to all native states, Kﬁg = ([V]+[V-H] +
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FIGURE 9: Change in the effective conformational equilibrium of
collagen in the presence of full-length collagenase. Computed values
for the effective equilibrium constant, K‘;flf, as a function of total
enzyme-to-collagen ratio for three possible values of the hemopexin-
like domain binding constant, Ki},4, ranging from submillimolar to
micromolar affinity. For these calculations, [collagen],,, = 1075 M,
Ko = 1073, and K¢hS§ = 10°. At low enzyme-to-collagen ratios, Kﬁg
is approximately equal to K., whereas at high enzyme-to-collagen
ratios, Kﬁg approaches Kqul\,/{,{g.

[V-F])/(IN] + [N-H]). In this scenario, there is a closed form
solution for Kgy:

K2 [E]
Keff - K 1+ bind K\;HC (7)
€q €Q( (1 _I_Kt])-irnd[E] bind

where [E] is the concentration of free enzyme, which itself is a
function of the enzyme-to-substrate ratio and the binding con-
stants Ky and KYES. We can better understand the behavior of
Kﬁg by evaluating it at two limiting conditions. In the first, no
enzyme is present ([E] = [E];,; = 0) and/or the enzyme does not
bind collagen (Kti.q = 0); in either case Kig = K.q. The second
limiting condition is when the concentration of enzyme is in relative
excess and KiLq is nonzero; in this case, ng A Keq (14 KquL’igS).
Given that the catalytic domain is restricted to reside in the
vicinity of the cleavage site when the hemopexin-like domain is
bound, the entropic loss upon binding of the catalytic domain is
relatively small when the enzyme is anchored to the protein by the
hemopexin-like domain. Consequently, we expect that Kyig >1
and therefore that Kggf ~ KquBﬂﬂg. Accordingly, this suggests
that as long as there is a nonzero total concentration of enzyme,
we will have Koq < KZg < KquXigS, as demonstrated in Figure 9.
In other words, the ratio of vulnerable states to native states,
Kng, will always be greater than K., when enzyme is present
simply due to the principle of mass action. In this way the
presence of enzyme leads to an effective increase in the
concentration of vulnerable, “unwound”, conformers without
requiring energy input or active enzyme-mediated unwinding.

Our formalism analyzes the degradation of collagen in solution
by means of both experimental and numerical studies, but in vivo
collagen typically exists in a fibrillar state (2). Since previous
studies suggest that type I collagen is thermally stabilized in a
fibrillar context relative to the solution state, it is an open
question as to whether the conformational ensemble of the
collagenase cleavage site is the same in the fibril as it is in
solution (70). Hence, at any given temperature, K. will be smaller
for a collagen molecule located in a fibril relative to the same
molecule free in solution. Interestingly, recent fiber diffraction
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studies suggest that the a2(I) chain is relatively dissociated from
the central axis of the helix at the collagenase cleavage site in sifu;
i.e., in the fibrillar state, the triple helix is disrupted near the
cleavage site (33). While the fiber diffraction study is of insuffi-
cient resolution to provide reliable details on the atomic structure
of the fibrillar state, these data do suggest that triple-helical
stability can vary considerably along its length and especially
near the collagenase cleavage site. Thus, while in vivo collagen
degradation clearly differs from the solution state degradation
studies presented in this work, the mechanism outlined in Figure 8
and the preceding discussion may still be a fair representation of
the important aspects of in vivo collagen degradation; albeit the
value of K is likely much smaller in the fibrillar context.

Methods designed to prevent excessive collagen degradation in
disorders of collagen metabolism have mainly focused on design-
ing small molecule inhibitors of the MMP active site that would
prevent binding and hydrolysis of the scissile bond (71, 72). This
corresponds to disrupting the reaction step involving the transi-
tion between the V-H and V- F complexes in Figure 8. Although
great effort has been directed toward the design of such inhibi-
tors, selectivity issues and secondary side effects in clinical trials
have been encountered, and therefore only few inhibitors have
been made available commercially (72—75). The reaction scheme
in Figure 8 highlights additional and potentially fruitful avenues
for abrogating disease-associated collagenolysis. As others have
noted, disruption of hemopexin-like domain binding to second-
ary sites on collagen could prove to be an effective mechanism to
modulate collagenolysis (e.g., decreasing Kiing) (10, 68, 71). Our
data suggest that mechanisms that lead to stabilization of the
native state relative to the vulnerable state (i.e., decreasing Keq)
may have a similar desirable effect. By utilizing these additional
steps in the reaction mechanism, collagen degradation could
potentially be inhibited in a specific and efficient manner.

Overall, our data are consistent with the notion that the
conformational ensemble of type I collagen includes locally
unfolded conformations that have relatively exposed scissile
bonds, even at temperatures below the protein’s melting tem-
perature. These locally unfolded conformations are the basis of a
conformational selection mechanism in which collagenases re-
cognize and cleave these preexisting locally unfolded states. This
degradation mechanism presents a framework both for under-
standing the basic interaction of collagen with collagenases and
for therapeutic strategies to modulate excessive collagenolysis
associated with many diseases.
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