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Abstract The proteolytic processing of collagen I by three
matrix metalloproteinases (MMPs), a collagenase (MMP-1),
a gelatinase (MMP-2), and the ectodomain of a membrane-
type metalloproteinase (MMP-14), has been investigated at
37 °C between pH 6.0 and 9.2, a pH range reflecting con-
ditions found in different body compartments under various
physiopathological processes. In the proteolytic degradation
the native collagen triple helix must be partially unwound to
allow the binding of o chains to the protease’s active-site
cleft. We have found that MMP-1 interacts with the two
types of collagen I « chains in a similar fashion, whereas both
MMP-2 and MMP-14 bind the two o chains in a different
way. The overall enzymatic activity is higher on the o-2
chain for both MMP-1 and MMP-2, whereas the MMP-14
ectodomain preferentially cleaves the «-1 chain. In MMP-2 a
marked difference for substrate affinity (higher for the o-1
chain) is overwhelmed by an even more marked propensity
to cleave the a-2 chain. As a whole, the three classes of
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MMPs investigated appear to process collagen I in a signif-
icantly different fashion, so various MMPs play different
roles in the collagen homeostasis in various compartments
(such as bloodstream, synovial fluid, normal and tumoral
tissues), where different pH values are observed.
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Abbreviations

CDh Circular dichroism

ECM Extracellular matrix

ect-MMP-14 Ectodomain of matrix metalloproteinase
14

MCA-1 (7-Methoxycoumarin-4-yl)acetyl-
Pro-cyclohexylalanine-Gly-norvaline-
His-Ala-(N-3-(2,4-dinitrophenyl)-L-2,3-
diaminopropionyl)-NH,

MCA-MMP14 (7-Methoxycoumarin-4-yl)acetyl-Pro-Leu-
Ala-Cys(p-OMeBz)-Trp-Ala-Arg(N-3-(2,
4-dinitrophenyl)-L-2,3-diaminopropionyl)-
NH,

MCA-omni (7-Methoxycoumarin-4-yl)acetyl-Pro-
Leu-Gly-Leu-(N-3-(2,4-dinitrophenyl)-
L-2,3-diaminopropionyl)-Ala-Arg-NH,

MMP Matrix metalloproteinase

PAGE Polyacrylamide gel electrophoresis

SDS Sodium dodecyl sulfate

Tris Tris(hydroxymethyl)aminomethane

Introduction

Matrix metalloproteinases (MMPs) are a family of Zn*'-
dependent endopeptidases which are involved in the
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enzymatic processing of several components of the extra-
cellular matrix (ECM), such as collagens, proteoglycans
and fibronectin [1-3]. They are implicated in several
physiological and pathological processes, such as skeletal
growth and remodeling, wound healing, cancer, arthritis
and multiple sclerosis [4—8]. MMPs are virtually capable of
proteolytically processing all molecules present in the
ECM, though they display differing propensity for various
substrates [1-3]. From the structural viewpoint, all MMPs
share a common catalytic site, where a Zn** ion is coor-
dinated by three histidyl residues, whereas they differ
regarding the presence and the structural arrangement of
additional domains, such as the hemopexin-like domain
and the fibronectin-like domain, which are important for
the recognition of macromolecular substrates [9—13].

Collagen I is the most abundant macromolecular sub-
strate for MMPs present in the ECM,; it is usually found as
fibrils, originating from the self-association of monomers,
which gives rise to a supramolecular organization of 67-nm
D periodic fibrils [14, 15]. Each monomer displays a par-
ticular quaternary structure (called a triple helix), made of
three left-handed o chains (two «-1 chains and one «-2
chain) that are coiled around each other into a right-handed
triple helix [16].

On the basis of their structural features and of their
propensity to proteolytically process collagen I, MMPs are
classified into five main groups, namely, (1) collagenases
(i.e., MMP-1, MMP-8, and MMP-13), which preferentially
cleave collagen I, recognizing the substrate through the
hemopexin-like domain [10, 17, 18], (2) gelatinases (i.e.,
MMP-2 and MMP-9), which are able to cleave both col-
lagen I and collagen IV [19, 20], recognizing the substrates
preferentially through the fibronectin-like domain [9, 11,
13, 20], a fibronectin II-like domain inserted only in the
catalytic domain of gelatinases, (3) stromelysins (i.e.,
MMP-3, MMP-10, and MMP-11), which enzymatically
process collagen IV, but not collagen I [3], (4) matrilysins
(i.e., MMP-7 and MMP-26), which are unable to cleave
collagen I [21, 22], and (5) membrane-type MMPs (i.e.,
MMP-14, MMP-15, MMP-16, MMP-17, and MMP-24),
which display at the C-terminal a transmembrane domain
with a short cytoplasmic tail and a long extracellular
ectodomain; among these, only MMP-14 is able to
enzymatically process collagen I [23]. Hence, only colla-
genases, gelatinases, and MMP-14 are able to cleave
collagen I.

As previously reported, the substrate recognition occurs
in a differing fashion for these MMPs [13, 24], even though
no structural information is available for the interaction of
any of the MMPs with the natural substrate collagen I.
Further, a detailed comparison of the different proteolytic
processing of a natural substrate by the three types of
MMPs has never been carried out before under different
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pH conditions. This pH range can be of a major patho-
physiological relevance, since it is known that almost all
mammalian tumors are characterized by a significant var-
iation of pH values both at the intracellular and at the
extracellular level (ranging from 5.85 to 7.68) [25]. Fur-
thermore, pH variations may also occur under inflamma-
tory conditions and even different compartments can
physiologically display drastic differences in pH values. As
an example, whereas in the bloodstream the pH is main-
tained around 7.4 % 0.1, in the synovial liquid of joints the
pH is much higher, being 8.1 £ 0.1 under normal condi-
tions [26]; in both cases, inflammation (such as in osteo-
arthritis) brings about a lowering of the pH to 7.1 £ 0.1
and 7.6 £ 0.1, respectively [26]. Up to now, investigation
of the pH dependence of enzymatic properties of MMPs
has been carried out for synthetic substrates on porcine
collagenases and gelatinases [27, 28], on stromelysin
MMP-3 [29, 30], and on MMP-8, MMP-2, and MMP-9
[31], whereas for a macromolecular substrate an investi-
gation of the pH dependence has been undertaken only for
the enzymatic activity of MMP-8 toward collagen I [24]. In
this paper we have extended the investigation of collagen I
to the pH dependence of the enzymatic activity of MMP-1
(a collagenase), MMP-2 (a gelatinase), and the ectodomain
of MMP-14 (ect-MMP-14; a membrane-type MMP). His-
torically, studies on collagen degradation have been per-
formed at 25 °C, because synthetic substrates are not stable
at temperatures higher than 25 °C. However, in the work
reported here, as well as in previous work [10, 24], we
carried out an investigation at 37 °C, since the partial
unwinding of collagen I at the physiological temperature
[32] is fully reversible (Fig. 1b), clearly demonstrating that
it is not due to denaturation (as it occurs for gelatin), but it
is a fully physiological conformational change of a mac-
romolecular substrate. Therefore, to acquire physiologi-
cally relevant information (in the absence of structural
information for the complex between collagen I and
MMPs) on the different aspects of the proteolytic mecha-
nism of various MMPs regarding the main natural macro-
molecular substrate present in the ECM, we carried out this
analysis at 37 °C, even though it is known that at this
physiological temperature the structural triple-helix
arrangement of collagen I is less tight [32].

Materials and methods
Materials

The purity of MMP-1, MMP-2, and MMP-14 proenzymes
(R&D System, London, UK) was measured by sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
(PAGE) according to the method of Laemmli [33]. After
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Fig. 1 apH dependence of circular dichroism (CD) spectra of collagen
I at 37 °C in agarose gels. Only selected spectra at the pH values
indicated are shown to illustrate the proton-linked spectral changes. b
Circular dichroism spectra of collagen I at pH 7.3 and 37 °C before
the pH-dependence investigation (continuous line), at pH 9.5 and
back to pH 7.3 (dashed line) after the exposure to pH 9.5. ¢ pH
dependence of ellipticity at 224 nm. The continuous line in ¢ represents

the nonlinear least-squares fitting of data according to CDyps = CDg +

ACD, x@—f—ACDZ X%+ACD3 X%;[H‘V where P =

1+ K [H'] 4+ K1 K> [H]* + K, K2 K3[H*]® employing the following
parameters CDy = +1.29 + 0.15, ACD; = +2.55 4+ 0.29, ACD, =
+36.57 + 4.34,ACD; = —3848 + 4.46,K; = 1.04(£0.21)x10° M™"
(corresponding to pK; = 9.02 £+ 0.11), K, = 1.55 (£0.34)x 10° M1
(corresponding to pK, = 6.19 & 0.12), and K; = 2.27 (£0.53)x
10® M~ (corresponding to pK5 = 6.36 =+ 0.12)

the gels had been run, they were stained using a silver
staining kit (Bio-Rad, Hercules, CA, USA). The broad-
spectrum protein markers (Bio-Rad, Hercules, CA, USA)
were used as molecular weight standards.

The stability of each MMP was checked by zymography
(employing as the substrate either gelatin or collagen). All
three MMPs are perfectly stable (without undergoing any
autocatalytic activity in the presence of the collagen solu-
tion at 37 °C) for well over 60 min, which is the time
period needed to obtain kinetic data for the calculation of
the catalytic parameters. The stability experiment was
performed as follows: 2 pl of MMP in collagen solution
was mixed with a fivefold excess of sample buffer [0.25 M
tris(hydroxymethyl)aminomethane (Tris)-HCI, 0.8% SDS,
10% glycerol, and 0.05% bromophenol blue] and run on
12% SDS—polyacrylamide gels containing either 1 mg/ml
gelatin or bovine type I collagen as described previously
[34].

Trypsin'"" and soybean trypsin inhibitor were purchased
from Sigma (St. Louis, MO, USA). The quenched fluoro-
genic 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-diami-
nopropionyl)-NH, (MCA-1) and (7-methoxycoumarin-4-yl)
acetyl-Pro-Leu-Gly-Leu-(N-3-(2,4-dinitrophenyl)-L-2,3-
diaminopropionyl)-Ala-Arg-NH, (MCA-omni) (Calbio-
chem, La Jolla, CA, USA). Batimastat (BB-94), a
peptidomimetic inhibitor, which stoichiometrically inhibits
MMPs, was kindly provided by British Biotech Pharma-
ceutical (Cowley, Oxford, UK).

We used rat-tail tendon type I collagen, isolated by
standard ammonium sulfate precipitation procedures from
tail tendons of 8-week-old Wistar rats, as previously
described by others in detail [35, 36]. The amount of col-
lagen was quantified as previously described [37]. The
triple-helix nature of collagen was checked by circular
dichroism (CD) measurements and further confirmed by
the trypsin degradation assay. This assay validates the
quality of collagen triple-helix structure, verifying the
absence of collagen degradation at 1:10 trypsin to collagen
ratio over 3 h at 28 °C, as described previously [11].
Lyophilized collagen was stored at —80 °C, and stock
solutions were prepared as needed. No significant differ-
ence in the triple-helix content and in the stability was
detected between the two preparations of collagen upon
solubilization.

Methods
Enzymatic assays

Recombinant human MMP-2 proenzyme was activated by
incubating 0.1 mg/ml progelatinase solution with 0.25 mM
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aminophenyl mercuric acid (Sigma, St. Louis, MO, USA)
at 37 °C for 30 min. The activation of the pro-ect-MMP-14
was performed using 5 pg/ml trypsin™" at 25 °C. Trypsin
activity was quenched using 50 pg/ml soybean trypsin
inhibitor. The concentration of active MMP was deter-
mined by the classic fluorimetric assay, as described by
others [38], following the progressive decrease of hydro-
lysis [upon addition of Batimastat (BB-94)] of the quen-
ched fluorogenic substrate MCA-1 (Aexe = 325 nm,
Jem = 398 nm) for MMP-1 and MCA-omni (Aeye =
325 nm, Ao, = 398 nm), which is resistant to the trypsin
action, for MMP-2 and ect-MMP-14. All measurements
were performed at 37 °C using a solution of 50 mM Tris—
HCI, 0.1 M NaCl, 10 mM CacCl, plus 0.05% Brij 35 buf-
fered at pH 7.3. The same synthetic substrates were used
for the investigation of the pH dependence (between pH 6.4
and 9.55) of the catalytic parameters for MMP-1 and ect-
MMP-14 to be compared with those obtained with collagen
chains (see later).

Determination of kinetic and thermodynamic parameters

Kinetic analyses of « chain degradation by MMP-1,
MMP-2, and ect-MMP-14 were performed in 50 mM
Tris—HCI, 0.1 M NaCl, 10 mM CaCl, at several pH val-
ues (ranging between pH 6.0 and 9.5), employing dif-
ferent concentrations of collagen I (spanning from 0.3 to
3.2 uM); active MMP was added to the solutions (10 pM
final concentration). For each collagen concentration, the
mixtures were kept at 37 °C and small aliquots were
harvested at different time intervals. The reactions were
stopped by the addition of SDS-PAGE loading buffer
containing 20 mM EDTA and frozen to —80 °C until they
were used. The aliquots in the reducing sample buffer
were separated on 7.5 or 10% SDS-PAGE gels and they
were stained using either (1) the silver staining method or
(2) 0.5% Commassie blue, followed by destaining until
substrate bands were clearly visible. The Coomassie blue
electrophoretic spots, corresponding to different aliquots
at different time intervals, were analyzed by image
analysis software (Image Quant TL, Amersham Biosci-
ences) and their intensity was calibrated (to obtain con-
centration values) using standard substrate solutions. For
each o chain (i.e., o-1 and «-2 chains) the substrate
disappearance rates were derived at each collagen con-
centration employed. The initial velocities were measured
within 1 h, which is the time period during which the rate
was constant and less than 10% of the substrate was
degraded. This ensured a steady-state condition for the
first cleavage step, and it was a prerequisite for the sub-
sequent analysis step, which was based on the observation
of an inverse linear correlation between velocity and
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substrate concentration according to the Lineweaver—Burk
equation (Eq. 1) and Eadie-Hofstee linear regression

(Eq. 2):
Ey Ky 1 1

X — 4 — 1
v keat [S] + keat ( )
V K, S
V_Ymax V. M T . 2)
S Ku Ku KuS

where E; is the total enzyme concentration, v is the actual
rate (expressed as moles per second), Ky is the Michaelis—
Menten equilibrium constant (expressed as moles), kca 1S
the rate-limiting-step kinetic constant (expressed as per
second), S is the substrate concentration, and Vysax is the
ratio between E, and v. Linear regression plots were con-
structed from the velocity data and the catalytic parameters
kear and Ky were extracted. Investigation of the kinetics
with synthetic substrates of MMP-1 and ect-MMP-14 was
carried out at different pHs (within the range 6.4-9.5 pH
units) under the same experimental conditions. Enzymatic
processing of fluorogenic synthetic substrates was followed
by spectrofluorimetry (Eclypse, Varian), employing
325 nm as the excitation wavelength and following the
fluorescence at 393 nm (for MCA-1) and 400 nm (for
MCA-MMP14). The data were analyzed according to
Egs. 1 and 2.

CD experiments

CD spectra were recorded with a JASCO J-710 spectro-
polarimeter equipped with a thermostated cell holder and
connected to a data station for signal averaging and pro-
cessing. All spectra are averages of four scans and were
recorded employing quartz cells of 2-mm path length. For
the spectroscopic observations, collagen I was entrapped in
agarose gel by mixing the solubilized protein with a 1%
low-melting-point agarose solution at pH 3.0. The tem-
perature of the agarose solution when collagen was added
was 37 °C. After rapid stirring the mixture was poured on a
simple gel casting (Mini-protean II, Bio-Rad) and imme-
diately cooled to obtain the gel. The final concentrations
were 0.5% agarose and 1 pM collagen. The thickness of
the homogeneous gel was 1 mm. For the kinetic experi-
ments, slices of suitable size were cut off 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 [24]. Since collagen [
has been reported to be somewhat thermally unstable in
solution [32], gel-entrapped collagen samples of each
proteolytic assay were monitored for a time as long as
3 days at 37 °C and no significant change in the CD spectra
was detected in the absence of the enzyme, as previously
reported [13]. The CD spectra so obtained are in agreement
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with those obtained for collagen-like peptides showing the
characteristic triple-helix maximum in the 223-225-nm
range [39]. Therefore, we achieved a ‘quasi-native’ model
for evaluating structural arrangements during proteolytic
processes on type I collagen [24]. The kinetics of the
unwinding of the triple helix was followed in 0.2 M Tris—
HCI, 1 M NaCl, 10 mM CacCl, solution at 37 °C and at
different pHs (spanning from 6.0 to 9.0) by recording all
the spectroscopic range (200-250 nm) and reporting the
values of molar ellipticity at 223 nm of CD spectra
recorded at different pHs.

Data analysis

The pH dependence of the catalytic parameters was fitted
according to the following equations:

> izo kear/Kna [T "Kua[H']"

obs
k t/I{l\/[ = i=n yyr=i (3)
" > Il KuaHY
kea - rK a
obskcat — Zz (3 . tg, L [+ } (4)
>ico [ o "Ka[HT]
z':n r=i rK HT
ObSKM — ()KM % Ziz(i = Ua[ ]r (5)
Zi:O r:O KLa[H ]

where “ko/Knv, “keas and ObSKM are the observed
parameters as a function of pH, Kead Knts kear and 'Ky are
the parameters for the ith-protonated forms, 'Ky, are the
ith protonation constants for the free enzyme, and ‘K; , are
the ith protonation constants for the substrate-bound
enzyme when it is involved in the cleavage event at the
rate-limiting step. The global fitting procedure, employing
simultaneously Eqgs. 3, 4, and 5 to describe the pH
dependence of all three catalytic parameters (i.e., ke K,
k.., and Ky of a MMP, is also able to furnish infor-
mation on different parameters at various protonation
levels (see Egs. 3, 4, 5), which is reported in Tables 2 and
3 for the two chains.

Results

The investigation on the pH dependence of the enzy-
matic activity of MMP-1, MMP-2, and ect-MMP-14
toward collagen I involves not only the proton-linked
effect on the specific activity of the enzyme(s), but
also the pH effect on the structural arrangement of the
macromolecular substrate (i.e., collagen I). This obvi-
ously represents an additional difficulty for the quanti-
tative analysis, since (unlike synthetic small substrates
[31]) our observations are influenced by pH-dependent
structural changes of both the enzyme(s) and the macro-
molecular substrate.

pH dependence on the collagen triple-helix structure

Collagen I shows a pH dependence of the triple-helix
assembly (Fig. 1a), which is characterized by a variation of
the ellipticity in the 223-225-nm spectral region, such that
at pH =~ 6.3 the positive ellipticity is maximal and it
decreases as the pH is raised, becoming very small at
pH > 9.0 (Fig. 1a). The spectroscopic features at different
pH values are very stable and time-independent for at least
48 h at 37 °C (data not shown), and their proton-linked
behavior is fully reversible (Fig. 1b). This clearly indicates
that the ellipticity changes are not due to denaturation of
the collagen molecule toward a gelatine-like state, but they
reflect instead a pH-dependent conformational change
characterized by a different packing of the triple-helix
arrangement. This fully reversible proton-linked behavior
can be accounted for by three protonation events, charac-
terized by pK,; = 9.02 £ 0.15, pK,, = 6.36 £ 0.18, and
pK.z = 6.16 £ 0.19 (Fig. Ic). The last two protonation
processes have opposite effects on the ellipticity of colla-
gen I, since the second protonation (i.e., characterized by
pK.>) induces a drastic increase of the ellipticity, likely
related to a proton-linked structural change of the triple
helix, whereas the third protonation (i.e., characterized by
pK.3) brings about a decrease of the positive ellipticity,
possibly due to a partial unwinding of the triple helix. The
pH range of these two last processes almost overlaps,
suggesting that they could be somehow correlated, such
that the protonation of the second group (responsible for
pK.») might affect the protonation of the third group
(responsible for pK,3).

This behavior clearly indicates that collagen I cannot be
considered simply a “passive” substrate whose enzymatic
processing is only modulated by the pH-dependent activity
of the MMPs (as for small synthetic substrates); it actively
participates in modulating its own proteolytic processing.

pH dependence of the MMP-1 collagenolytic activity

Figure 2 reports the SDS-PAGE electrophoretic pattern of
the proteolytic cleavage of the two chains from collagen I
upon incubation with MMP-1 at 37 °C at pH 8.0 for dif-
ferent time intervals; the pattern is very similar at all pH
values investigated. The the formation of the two three-
quarter fragments as a function of time is evident; however,
their formation kinetics was not analyzed, since the sig-
nificance of its apparent rate is not straightforward to
determine, being affected by different cleavage events. We
only analyzed the rate of disappearance of the two intact
chains, to which the overall catalytic activity refers.
Figures 3a and 4a display the pH dependence of the
enzymatic efficiency of MMP-1 (i.e., k.,/Kn) on the two
chains of collagen I; Fig. Sa shows the pH dependence of
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Fig. 2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis of
the kinetics of fragmentation of collagen I by 18 nM wild-type matrix
metalloproteinase (MMP) 1 at 37 °C. Left column collagen I sample
in the absence of the enzyme. Right column molecular weight
markers. Intermediate columns samples of collagen I incubated with
wild type MMP-1 for a given interval, as indicated

the enzymatic activity against the synthetic substrate
MCA-1.

It appears immediately evident that over the whole pH
range investigated the proteolytic activity on the «-2 chains
is higher than for the «-1 chain. This difference is fairly
large at alkaline pH (being about 40-fold at pH 9.2) and it
decreases as the pH decreases toward the physiological
value (i.e., pH 7.3), where the enzymatic processing of the
o-2 chain is only 4-5 times higher than for the «-1 chain.
As the pH is further lowered, the difference remains
essentially unchanged down to pH 6.3.

This difference is almost completely attributable to a
difference in k., for the rate-limiting cleavage step of the
two chains (see Figs. 3b, 4b), whereas the Ky, values are
fairly similar for the two chains (see Figs. 3c, 4c), the
difference always being less than threefold over the pH
6.5-9.5 range. This clearly indicates that the higher sus-
ceptibility of the a-2 chains to the proteolytic attack is not
due to a preferential interaction of the enzyme with the
substrate, but it is instead attributable to easier accessibility
of the active site to the cleavage site and/or to a higher
tendency of the o-2 chain to undergo the partial unwinding
transition enzymatic processing. It is very important to
underline that the proteolytic activity of MMP-1 toward the
synthetic substrate is essentially pH-independent for
pH < 9.0, increasing only at very alkaline pH values (see
Fig. 5a). This behavior reflects the very limited pH
dependence of both k., and Ky, (see Fig. 5b, c).

Table 1 reports the values of pK, required to quantita-
tively describe the pH dependence of all three catalytic
parameters. Even though the pH dependence of individual
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Fig. 3 pH dependence of processing at 37 °C of the a-1 chain of
collagen I by MMP-1 (circles), MMP-2 (crosses), and the ectodomain
of MMP-14 (asterisks), as expressed by the pH effect on k., /Ky (a),
kear (b), and Ky (¢). The continuous lines are the nonlinear least-
squares fitting of experimental data according to Eq. 3 (a), Eq. 4 (b),
and Eq. 5 (¢), employing parameters reported in Tables 1, 2, and 3. In
a the arrows marked a and b indicate the inflammation-dependent pH
decrease in the bloodstream and in the synovial fluid, respectively.
For further details, see the text
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Fig. 4 pH dependence of processing at 37 °C of the -2 chain of
collagen I by MMP-1 (circles), MMP-2 (crosses), and the ectodomain
of MMP-14 (asterisks), as expressed by the pH effect on k.,/Ky (a),
kear (b), and Ky (¢). The continuous lines are the nonlinear least-
squares fitting of experimental data according to Eq. 3 (a), Eq. 4 (b),
and Eq. 5 (c), employing parameters reported in Tables 1, 2, and 3. In
a the arrows marked a and b indicate the inflammation-dependent pH
decrease in the bloodstream and in the synovial fluid, respectively.
For further details, see the text
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Fig. 5 pH dependence of processing at 37 °C of synthetic substrate
[(7-methoxycoumarin-4-yl)acetyl-Pro-cyclohexylalanine-Gly-nor-
valine-His-Ala-(N-3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl)-
NH, (MCA-1) for MMP-1 and MCA-MMP14 for the ectodomain of
MMP-14] by MMP-1 (circles) and the ectodomain of MMP-14
(crosses), as expressed by the pH effect on k.,/Ky (@), kco (b), and
K (¢). The continuous lines are the nonlinear least-squares fitting of
experimental data according to Eq. 3 (a), Eq. 4 (b), and Eq. 5 (¢),
giving the pK, values reported in Table 1
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Table 1 pK, values involved in the pH dependence of the enzymatic
processing of the two chains of collagen I by matrix metalloproteinase
(MMP) 1

Table 2 Catalytic parameters for the enzymatic processing of the o-1
chain of collagen I by different protonated species of MMPs

kea/ Km kea (s71) Kn (M)
-1 chain -2 chain Synthetic substrate ™M sTh
MMP-1 MMP-1
pKu1 7.50 £ 0.16 7.50 £ 0.16 9.80 £ 0.18 O-protonated 2.8 (£0.4) x 10*  0.21 (£0.03) 7.5 (£0.8) x 107°
pKu2 730 + 0.18 730 + 0.17 839 + 0.17 I-protonated 6.3 (£0.8) x 10°  0.66 (£0.07) 1.1 (£0.2) x 107
pKus 726 + 0.16 726 + 017 6.83 + 0.16 2-protonated 1.2 (£0.3) x 10°  1.83 (£0.31) 1.6 (£0.3) x 10~°
KLy 836 4+ 0.19 308 & 0.18 9.63 + 0.17 3-protonated 8.8 (£0.9) x 10>  0.65 (£0.07) 7.4 (£0.9) x 10™*
pKi,  611+016 7374017 863 +0.16 MMP-2
oKy 566 4+ 015 5044 016 671 4+ 017 O-protonated 1.7 (£0.2) x 10° 047 (£0.05) 2.7 (£0.4) x 107°
MMP-2 1-protonated 6.3 (£0.9) x 10 0.019 (£0.004) 3.0 (+0.5) x 1077
Koy 788 + 0.18 790 + 0.17 799 + 0.17° 2-protonated 8.8 (£1.1) x ]Oj 0.68 (£0.09) 7.7 (£1.0) x 10_1
K 740 4 0.16 324 4 0.16 769 4 0.17° 3-protonated 3.4 (£0.7) x 10°  1.10 (£0.24) 3.2 (£0.9) x 10~
pKus 6.63 + 0.18 4.80 + 0.19 6.52 + 0.16* MMP-14 5 s
. O-protonated 1.0 (£0.2) x 10 4.56 (£0.61) 4.5 (£0.6) x 10
PKLL 885+ 0.16 749 £0.16 8.36 = 0'17,4 1-protonated 3.6 (£0.6) x 10°  0.30 (£0.05) 8.6 (£1.4) x 1077
PKL2 6:98 £0.17 705 £0.17 8.13+ 0'18? 2-protonated 2.5 (+£0.7) x 10° 043 (£0.12) 1.7 (£0.6) x 10~
PKis 4.00 £ 0.19 7.08 £ 0.18 554 £ 0.17° 3-protonated 8.8 (£1.2) x 10* 1041 (£1.73) 1.2 (£0.3) x 107*
MMP-14
PKui 6.29 £+ 0.17 6.07 = 0.18 8.03 £ 0.17
pPKu2 8.84 + 0.16 9.68 £ 0.17 5.19 £ 0.18 indicating that in the case of the synthetic substrate the
pKu3 6.23 = 0.19 8.18 = 0.18 8.98 + 0.18 interaction area with MMP-1 is drastically different from
PKy, 8.01 + 0.17 9.39 £0.18 8.49 + 0.17 that involved in the interaction with collagen chains. This
pKi» 6.54 £ 0.16 8.49 £ 0.16 7.57 £ 0.16 is particularly relevant for the pKy values, which refer to
pKis 6.39 £ 0.17 6.65 + 0.17 6.51 + 0.18 the enzyme in the absence of substrate, and which give
“ From [31] some information on the portion of the enzyme involved in

parameters could have been fitted with fewer protonating
groups, the overall description of the enzymatic process
could only be accounted for by three groups (i.e., n = 3 in
Egs. 3, 4, 5) which display a substrate-linked variation of
their pK, values.

A first point to be outlined from the values reported in
Table 1 is that pKy, values are the same for the «-1 and for
the o-2 chains, clearly indicating that the same residues of
MMP-1 are involved in the interaction with both types of
chains. However, the effect of substrate binding is different
for the two chains, since the pKj , values display significant
variations for the two substrates. In particular, the second
protonating group (characterized by pKy, and pKj, in
Table 1) shows a marked decrease for pK, upon binding of
MMP-1 to the a-1 chains, whereas it remains substantially
unaffected upon interaction of the enzyme with the o-2
chains (see Table 1). On the other hand, the first and the
third protonating groups (characterized in Table 1 by pKy;
and pKy; and by pKys and pKjs, respectively) show an
increase of pK, (the first one) and a marked decrease (the
third one) upon formation of the enzyme—substrate com-
plex, which then carries out the rate-limiting cleavage step.
Completely different values of pKy and pKy are observed
for the synthetic substrate MCA-1 (see Table 1), clearly
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the interaction with the substrate, whereas the pK; values
refer to the effect of the substrate interaction and are
obviously dependent on the type of substrate.

However, we cannot attribute the observed pH depen-
dence exclusively to a proton-linked effect on the enzyme
activity, since, as already outlined, collagen I also under-
goes a pH-induced structural change (Fig. 1a), which may
modulate the observed proteolytic process.

A closer look at the effect of protonation can obtained
from the catalytic parameters for the different protonation
levels (see Table 2). In this respect, we find that before the
first protonation occurs MMP-1 has a much lower enzy-
matic efficiency toward the o-1 chain, and this is due to a
much slower rate for the rate-limiting cleavage step (about
80-fold slower than for the «-2 chain, see Table 2), which
overwhelms the slightly higher affinity of MMP-1 for the
o-1 chain.

The first protonation brings about a dramatic enhance-
ment of the enzymatic activity toward the o-1 chain
(mostly due to a sevenfold binding affinity increase, see
Table 2), whereas the activity toward the «-2 chain remains
essentially unchanged, showing a compensation between
an increased substrate affinity and a slower rate-limiting
step. Therefore, this group, which somewhat raises its pK,
upon formation of the enzyme—substrate complex, seems to
play a major role in facilitating the interaction of MMP-1
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with the ¢-1 chain, thus decreasing the difference between
the two chains for the interaction with MMP-1.

The second protonation process induces a fivefold
decrease of the enzymatic activity of MMP-1 toward both
chains, but this behavior has a completely different origin
for the two chains, since in the case of the «-1 chain it is
completely due to a decrease of substrate affinity (only
partially compensated by an increase of k., see Table 2),
whereas in the case of the «-2 chain it is wholly attributable
to a decrease of the rate constant for the rate-limiting
cleavage step (see Table 2). This difference is reflected in
the fact that the pK, of the groups is markedly decreased
upon interaction of the enzyme with the «-1 chain, whereas
it does not seem affected by the interaction with the o-2
chains (see Table 1); this clearly demonstrates that (1) the
collagen groups interacting with MMP-1 are different in a-1
and in o-2 chains and (2) the binding of the a-1 chain by
MMP-1 brings about the deprotonation of a group (not
observed for the o-2 chain, see Table 1) and this is
accompanied by a decrease of the binding affinity for the o-
1 chain. This second protonation event, although not
affecting the substrate binding affinity for the o-2 chain, has
a dramatic effect on k., of MMP-1 on the two chains, which
becomes much faster for the «-1 chain, whereas it is
markedly reduced for the o-2 chain (see Table 2). Indeed, it
suggests that the substrate-linked deprotonation of this
group is required for an efficient cleavage process by MMP-
1 (as observed for the o-1 chain) and the fact that it remains
protonated even after the interaction with the substrate (as
observed for the «-2 chain) induces a relevant decrease of its
cleavage efficiency.

The third protonation event is accompanied by a marked
decrease of the enzymatic activity for both chains, being
associated with a decrease of substrate affinity and of k.
(see Table 2), thus suggesting that this phenomenon, which
occurs at acid pH, is likely accompanied by the inactivation
of the enzymatic activity of MMP-1.

pH dependence of the MMP-2 collagenolytic activity

Figures 3a and 4a show the pH dependence of the enzy-
matic efficiency of MMP-2 (i.e., k.,/Kn) on the two chains
of collagen I. Over the whole pH range investigated the
enzymatic activity toward the «-2 chain is significantly
higher than that toward the o-1 chain. The difference is
maximal at alkaline pH (being about 20-fold at pH 9.2) and
it somewhat decreases at neutral pH, such that at pH 7.3 the
enzymatic processing of the o-2 chain is only about five-
fold higher than for the a-1 chain. The difference at alka-
line pH is only due to a slower k., (which is about 25-fold
slower for the o-1 chain, see Figs. 3b, 4b), whereas Ky, is
very similar for the two chains (see Figs. 3c, 4c). However,
as the pH decreases the difference for k., between the two

chains becomes even more pronounced, being about 300-
fold at pH 7.3 (Figs. 3b, 4b); this effect is, however, almost
completely compensated by the opposite trend for Ky,
which decreases for the a-1 chain and increases for the a-2
chain (see Figs. 3c, 4c), such that at pH 7.3 the affinity of
MMP-2 for the -1 chain is about 60-fold higher than for
the o-2 chain. Further decrease down to pH 6.0 brings
about a reduced difference between the k., values for the
two chains (still amounting to a 30-fold higher value for the
a-2 chain, see Figs. 3b, 4b) accompanied by the annihila-
tion of the difference for the Ky; values (see Figs. 3c, 4c),
resulting in a marked difference in favor of the overall
enzymatic processing of the «-2 chain (Figs. 3a, 4a).

Unlike MMP-1, MMP-2 shows different pKy, values for
the interaction of the free enzyme with the two types of
collagen chains (see Table 1). Since it is known that MMP-2
binds collagen I preferentially by the fibronectin-like domain
[11, 13], this difference might underlie the possibility that the
o-1 chain interaction involves a different portion of the
collagen binding domain of MMP-2 with respect to that
binding the «-2 chain. In this respect, it is very important to
underline that the pKy values for the o-1 chain are very
similar to those reported for the interaction of MMP-2 with
synthetic substrates [31]. Although a comparison between
data on synthetic macromolecular substrates is not straight-
forward, since the enzyme—substrate interface is obviously
different, this evidence suggests that in MMP-2 similar
groups are possibly involved in the binding both to the
synthetic substrate and to the a-1 chain of collagen I. How-
ever, it must be remarked that this is limited to the o-1 chain,
since the pKyy; and pKy; values for the interaction of MMP-2
with the o-2 chain are clearly different, strengthening the
idea that either (1) distinct portions of the fibronectin-like
domain of MMP-2 bind the two chains of collagen I or else
(2) a different domain(s) (such as the hemopexin-like
domain) is (are) involved in the interaction with the two
chains.

The interaction of MMP-2 with the «-1 chain is then
characterized by an increase of pK; and by a decrease for
the other two protonating groups, whereas the interaction
with the o-2 chain brings about a decrease of the first two
proton-linked groups and an increase of pK3 (see Table 1),
supporting the idea that the two collagen chains interact
with a somewhat different portion of MMP-2.

Obviously, in view of the pH effect on the structure of
collagen I (see Fig. 1a), we cannot rule out at this stage the
possibility that some of these pK, values are also related to
the proton-linked conformational change of collagen 1.

The behavior observed for the catalytic parameters upon
protonation confirms the drastic difference for the two
chains (see Tables 2, 3). Before the first protonation takes
place, MMP-2 displays very similar affinity for the two
collagen I chains, whereas a dramatic 20-fold difference can
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Table 3 Catalytic parameters for the enzymatic processing of the o-2
chain of collagen I by different MMPs for various protonation levels

keadKna M1 571 koo 579 Kyv (M)
MMP-1
O-protonated 1.6 (£0.3) x 10° 16,9 (£2.31) 1.1 (£0.2) x 107>
l-protonated 1.9 (£0.3) x 10° 544 (£0.76) 2.8 (£0.4) x 107¢
2-protonated 3.3 (£0.4) x 10°  0.79 (£0.09) 2.4 (£0.3) x 107¢
3-protonated 1.2 (£0.2) x 10> 0.54 (£0.07) 4.6 (£0.6) x 107*
MMP-2
O-protonated 3.2 (£0.4) x 10®  9.89 (£1.22) 3.1 (£0.4) x 107°
I-protonated 7.3 (£0.9) x 10° 579 (£0.69) 7.9 (£0.9) x 107¢
2-protonated 2.1 (£0.3) x 10° 255.6 (£31.2) 1.2 (+£0.4) x 107*
3-protonated 2.3 (£0.4) x 10°  1.52 (£0.33) 6.5 (£0.9) x 1077

MMP-14

O-protonated 1.1 (£0.3) x 10° 58.61 (£7.07) 5.3 (£0.7) x 107*
l-protonated 3.5 (£0.5) x 10°  0.089 (£0.015) 2.5 (£0.4) x 1077
2-protonated 3.5 (£0.7) x 10> 0.014 (£0.004) 4.0 (£0.8) x 1076

3-protonated 3.0 (£0.5) x 10*  4.09 (£0.53) 1.4 (+0.3) x 107*

—_

be observed for the speed of the rate-limiting step (with k.,
much faster for the -2 chain, see Tables 2, 3), resulting in a
faster enzymatic activity (i.e., ke, /Ky) toward the o-2 chain
(see Tables 2, 3). However, the first protonation is accom-
panied by a tenfold increase of affinity for the a-1 chain,
whereas the interaction with the «-2 chain is only very
slightly affected. In both cases, after the first protonation
event a reduction of k., is observed, even though this is
much more marked for the «-1 chain (see Tables 2, 3); for
both chains the net result is a slight reduction of the enzy-
matic activity. On the other hand, whereas the second
protonation does not change significantly the affinity of the
enzyme for the a-1 chains, the affinity for the -2 chain is
dramatically decreased, being accompanied by a marked
increase of k., for both collagen I chains, with an overall
increase of the enzymatic activity, which for the «-1 chain
attains the highest value over the whole pH range investi-
gated (see Table 2). The third protonation brings about a
drastic decrease of the enzymatic activity of MMP-2 toward
the a-1 chain, which is mostly due to a dramatic decrease of
affinity (see Table 2). Conversely, after the third proton-
ation the enzymatic activity toward the o-2 chain is kept
constant by a marked increase of affinity, which counter-
balances the relevant decrease of k., (see Table 3).

pH dependence of the ect-MMP-14 collagenolytic
activity

Figures 3a and 4a show the pH dependence of the overall
enzymatic activity (i.e., keo/Ky) of ect-MMP-14 toward
the collagen chains, whereas Fig. 5a displays the pH
dependence of the proteolytic activity of ect-MMP-14
toward the synthetic substrate MCA-MMP14. The observed
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proton-linked behavior is fairly similar for the two chains
of collagen I, though displaying a somewhat different pH
dependence, such that at pH 7.5 a tenfold higher activity is
observed toward the o-2 chain, whereas a very similar
value for the two chains is detected at pH 7.0. This
behavior can be attributed to the difference reported for
the pKy, values of the two chains (see Table 1), in spite of
the close similarity of the k., /Ky for the two chains
after the first and the second protonation process (see
Tables 2, 3). Further, at pH < 7.0 the overall enzymatic
activity toward the o-1 chain increases, whereas the pro-
cessing of the o-2 chain remains essentially constant
between pH 7.3 and 6.0 (Figs. 3a, 4a). This different pro-
ton-linked effect can be instead related to the much lower
value of pKyj; for the a-1 chain associated with a somewhat
faster enzymatic activity against the «-1 chain after the
third protonation occurs.

The decrease of the overall enzymatic activity of ect-
MMP-14 after the first and the second protonation event is
fully attributable to a drastic reduction of the velocity of
rate-limiting step for both chains (i.e., k., see Figs. 3b, 4b,
Tables 2, 3). This decrease is more marked for the o«-2
chain but it is fully compensated by the higher affinity of
ect-MMP-14 for this chain (Fig. 4c), being especially
evident after the second protonation (see Tables 2, 3). On
the other hand, after the third protonation, ect-MMP-14
displays a somewhat higher activity toward the a-1 chain,
which is only due to a faster rate-limiting step (i.e., kca(, S€€
Fig. 3b, Tables 2, 3), since the substrate affinity is very
similar for the two chains.

In the case of the synthetic substrate the overall enzy-
matic activity of ect-MMP-14 displays a pH dependence
characterized by maximum efficiency at pH 7.0, which
decreases upon both pH increase and pH decrease (see
Fig. 5a). This effect is almost completely attributable to the
proton-linked behavior of the substrate affinity (see
Fig. 5¢), whereas the rate-limiting-step k., shows a very
limited pH dependence (see Fig. 5b).

Unlike MMP-1 and similarly to MMP-2, ect-MMP-14
displays different pKy values for the two types of collagen
chains (see Table 1), underliying also in this case the
possibility that the interaction of ect-MMP-14 is different
with the two chains. In particular, the interaction with the
o-1 chains brings about a marked increase of pK; and a
decrease of pK,, leaving pK3 essentially unchanged (see
Table 1). Conversely, the interaction with the «-2 chain
shows a marked increase of pK; and a decrease for pKs3,
whereas the protonating group characterized by pK,
undergoes only a moderate pK, decrease (see Table 1).
Like for MMP-1, also in the case of ect-MMP-14 the pKy
values obtained for the enzymatic processing of the syn-
thetic substrate are different from those observed for the
activity toward the collagen chains (see Table 1), even
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though pKys; for the synthetic substrate is similar to the
value of pKy, obtained for the collagen «-1 chain, sug-
gesting that this might be attributable to the same group.

A closer look at the catalytic parameters for different
protonation levels shows that the similar enzymatic activity
for the two types of chains derives from a different bal-
ancing of k., and Ky (see Tables 2, 3). Before the first
protonation, the much faster k., of ect-MMP-14 for the «-2
chains is fully compensated by the much lower affinity
with respect to the «-1 chain (see Tables 2, 3), whereas for
both chains the decrease of the enzymatic activity after the
first protonation event is associated with a decrease of k
(though to a different extent) compensated by a similar
increase of the substrate affinity (i.e., a decrease of Ky, see
Figs. 3c, 4c, Tables 2, 3). On the other hand, the 100-fold
lower enzymatic activity observed for both chains after the
second protonation process is only due to a decrease of
affinity of ect-MMP-14 for the o-1 chain, whereas for the
o-2 chain the same effect results from a combination of a
fivefold decrease for k., and a 20-fold decrease of sub-
strate affinity (i.e., an increase of Ky, see Figs. 3c, 4c,
Tables 2, 3). Finally, the third protonation event brings
about a 40-fold increase of the enzymatic activity toward
the «-1 chain, which is only due to a 40-fold increase of k.
(see Figs. 3b, 4b, Table 2), whereas the tenfold enhance-
ment of the enzymatic activity toward the o-2 chain is
attributable to a 300-fold increase of k., partially com-
pensated by a 30-fold decrease of substrate affinity (i.e., an
increase of Ky, see Figs. 3c, 4c, Table 3).

Discussion

MMP-1, MMP-2, and MMP-14 are valid representatives of
three classes of MMPs (namely, of collagenases, gelatin-
ases, and membrane-type metalloproteinases, respectively)
and the detailed comparison of their enzymatic activity
toward the major natural substrate present in the ECM
represents an important contribution to the elucidation of
different aspects of the proteolytic mechanism exerted by
these MMPs. This is particularly true since no structural
information is available on the interaction between colla-
gen I and any of the MMPs

In particular, from the physiological point of view, pH
may turn out to be very important for the modulation of
enzyme activity under different physiopathological condi-
tions, which can be accompanied by relevant pH changes.
It is well known that during pathological processes and in
particular in tumor growth there is a significant remodeling
of the interstitial space and of the ECM surrounding a
tumor, favoring in most cases the tumor growth itself. This
process is characterized by a unbalanced degradation
of ECM components (such as collagen, laminin, and

fibronectin) and it is mediated by MMPs and other matrix-
degrading enzymes, secreted by tumor cells and other cell
types. The activity of these enzymes is strictly connected to
physicochemical parameters, such as pH, which can dra-
matically change under various conditions. In this sense it
is well known that the tumor microenvironment is char-
acterized by a more acid pH (ranging between 5.85 and
7.68 depending on the tumor) than under physiological
conditions. These pH changes may also affect the radiation
response and the effectiveness of chemotherapy on mam-
malian cells [25].

However, also under physiological conditions, different
body compartments can display drastic pH differences. As
an example, it is worth mentioning that in the bloodstream,
where many MMPs are secreted by circulating cells (such
as neutrophils), and in the ECM (where most MMPs are
physiologically operative) the average pH is 7.4 £ 0.1,
whereas in joints (where collagen I and collagen II are
present) the synovial fluid displays an average pH of
8.1 £ 0.1 [26]. This difference can have a relevant effect
for the action of MMPs depending on whether they are
functioning in the bloodstream (and/or the ECM) or in
specific microenvironments.

In general terms, we can outline that over the pH range
investigated (i.e., between pH 6.0 and 9.5) both MMP-1
and MMP-2 appear to enzymatically process preferentially
the -2 chain, whereas MMP-14 does not show any pref-
erential activity toward either of the two types of chains
(see Figs. 3a, 4a, Tables 2, 3). However, a closer look at
the catalytic parameters of the three MMPs allows one to
extract more information on the different molecular aspects
of the proteolytic mechanism operative for the three
MMPs. The preferential cleavage of the o-2 chain by
MMP-1 and MMP-2 is in both cases completely attribut-
able to a much faster rate-limiting cleavage step (i.e., a
faster k., see Figs. 3b, 4b, Tables 2, 3), since a higher
affinity for the o-1 chain is observed for both MMPs (i.e., a
lower Ky, see Figs. 3c, 4c, Tables 2, 3). This behavior,
which is observed for the zero-, one-, and two-protonation
levels in the case of MMP-1 and MMP-2, is not detected in
the case of ect-MMP-14, where, for the one- and two-
protonation levels, a higher affinity for the «-2 chain and a
faster k., for the a-1 chain is instead observed (see Figs. 3,
4, Tables 2, 3). This behavior clearly suggests that binding
of the three MMPs involves different topological regions of
the collagen I triple helix and occurs through a different
interaction mode for the two types of chains. In this
respect, it is important to remark as for MMP-2 a close
similarity is observed for the values of the three pKy with
the a-1 chain of collagen I (see Table 1) and those obtained
with synthetic substrates [31], indicating that these proton-
linked groups belong unequivocally to the free enzyme and
no contribution comes from the interacting substrate. On
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the other hand, the drastically different values of pKy
between the synthetic substrates and the collagen chains
observed for MMP-1 and ect-MMP-14 (see Table 1)
clearly indicate that in these enzymes the mode of inter-
action with collagen chains is not regulated by the same
residues involved in the reactivity modulation of the
enzymatic activity toward synthetic substrates. Since in the
case of synthetic substrates the active site of MMP-1 and
ect-MP-14 is likely to be the main area responsible for the
observed pK, values, this result indeed suggests that the
enzymatic activity of MMP-1 and ect-MMP-14 is mostly
regulated by exosites, such as the substrate interaction with
the hemopexin-like domain and/or additional regions of the
catalytic domain and of the hinge portion [40]. Unfortu-
nately, the lack of any detailed structural information on
the interaction between macromolecular substrates and this
region of both MMP-1 and MMP-14 rules out the possi-
bility of any detailed structural interpretation of this
behavior.

The significantly faster rate for the cleavage step in
MMP-1 and MMP-2 suggests that these two enzymes
interact with regions where the o-2 chain might be more
susceptible to being cleaved off (possibly because of a
more pronounced unwinding of the triple-helix assembly
either intrinsically or as a consequence of the interaction
with the enzyme) [13, 34]. On the other hand, the binding
of ect-MMP-14 probably involves a region of the triple
helix, which, though displaying a fairly high affinity for the
enzyme (see Tables 2, 3), does not alter the structural
assembly of the triple helix of both the o-1 and the a-2
chain (as also indicated by the lack of CD signal change
upon binding of the fully inhibited MMP-14) [13].

An important aspect to be considered is also the con-
formation of the triple helix of collagen I at different pH
values. At pH > 7.5 a relevant decrease is observed for the
ellipticity (see Fig. la, c), suggesting a progressive relax-
ation of the triple-helix arrangement of the molecule at
alkaline pH values. Interestingly, this proton-linked con-
formational transition of collagen I is associated in most
cases with a relevant decrease of affinity for the enzyme(s),
as represented by the increase of Ky (see Figs. 3c, 4c).
This behavior clearly suggests that in most cases the partial
unwinding of the collagen triple helix decreases the affinity
for the enzyme, likely because the structural loosening
distorts the interaction pocket, rendering less efficient the
molecular recognition by the enzyme binding domain. The
only exception among the MMPs investigated concerns the
interaction between MMP-2 and the «-2 chain of collagen I
(see Fig. 4c), where a decrease of Ky, is observed instead
between pH 7.0 and 8.5, underlying the possibility that this
interaction has features that are clearly distinct from those
of the other substrate binding processes, as also demon-
strated by the fact that the pKy values for MMP-2 with the
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o-2 chain are different from those operative in the inter-
action with the o-1 chain (see Table 1) and with synthetic
substrates [31].

In line with the MMP-2 behavior observed at 25 °C
[19], our results indicate that also at 37 °C MMP-2 is a
very efficient collagenase. If we compare the three MMPs
investigated, we can observe that for the enzymatic pro-
cessing of the «-1 chain at physiological pH (i.e., pH 7.3)
the faster overall rate observed for MMP-2 (only slightly
higher than for MMP-1 and about tenfold higher than for
MMP-14, see Fig. 3a) is only due to the higher affinity of
the interacting domain (likely the fibronectin-like one) of
MMP-2 (somewhat higher than that of the hemopexin-like
domain of MMP-1 and about 70-fold higher than for MMP-
14, see Fig. 3c). On the other hand, k., for the cleavage of
the «-1 chain is significantly higher for MMP-14 (about
twice that of MMP-1 and sevenfold faster than for MMP-2,
see Fig. 3b), partially compensating for the different sub-
strate affinity.

In the case of the «-2 chain, at pH 7.3 the much higher
enzymatic activity of MMP-2 (only slightly faster than for
MMP-1, but almost 100-fold higher than for MMP-14, see
Fig. 4a) is predominantly related to a faster k., of MMP-2
(about 100-fold faster than that displayed by MMP-14 and
tenfold faster than what we observed for MMP-1, see
Fig. 4b), whereas the substrate affinity is very similar for
MMP-2 and MMP-14 and only about fivefold higher for
MMP-1 (Fig. 4c).

As a whole, we can summarize these data at physio-
logical pH (i.e., at pH 7.4), stating as a working hypothesis
that the enzymatic processing of the a-1 chain appears to be
mainly regulated by Ky, through a modulation of the
binding with different types of MMPs, whereas the enzy-
matic processing of the «-2 chain is mostly controlled by
variations of k.,. This different mode of controlling the
enzymatic activity on the different components of the
collagen I triple helix implies that (1) the «-1 chain dis-
criminates among various MMPs through the binding
region and/or the binding mode, keeping unchanged the
overall tertiary structure of the chain (and thus its suscep-
tibility to cleavage by various MMPs), and (2) the o-2
chain interacts quite similarly with different MMPs, though
undergoing different ligand-linked conformational chan-
ges, which bring about a MMP-dependent unwinding of the
helical arrangement, exposing to a different extent the
chain to the proteolytic cleavage. As previously reported,
the reciprocal structural flexibility between the hemopexin-
like domain and the catalytic domain seems to be a general
property of all MMPs [41]. In line with these findings,
different levels of conformational freedom seem to be
very important, as indicated by different effects on Ky
(mostly regulated by the interaction with exosites) and
on k., (mostly regulated by the catalytic domain) of the
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proteolytic processing of different chains of collagen 1. As
also observed for MMP-9 [42], we might postulate, as a
working hypothesis at this stage, that the two types of
chains of collagen I have different flexibility and this fea-
ture, associated with the different intramolecular flexibility
of various domains, modulates the MMP-specific enzy-
matic properties against collagen I.

Although the lack of structural information on the
interaction between collagen I and MMPs impairs a
detailed identification of residues involved in the recogni-
tion mechanism, this proton-linked behavior may turn out
very useful to predict the enzymatic activity of MMPs in
different environmental conditions. Therefore, at physio-
logical pH values (i.e., 7.4 in the bloodstream and 8.1 in the
synovial fluid) the overall proteolytic activity of the three
MMPs is significantly different, being (1) on the o-1 chain
much higher for MMP-2 with respect to the other MMPs in
the bloodstream and very similar in the synovial fluid (see
Fig. 3a) and (2) on the «-2 chain similar for MMP-1 and
MMP-2 both in the bloodstream and in the synovial fluid,
but much lower for ect-MMP-14 (see Fig. 4a). Further-
more, on the basis of the pH dependence of the proteolytic
function and of the fact that inflammatory processes induce
an acidification, lowering the pH of the bloodstream to
7.1 £ 0.1 and of the synovial fluid to 7.5 &+ 0.1 [26], we
can predict that under inflammatory conditions (1) the
MMP-1 collagenolytic activity is decreased on both col-
lagen I chains in the bloodstream, but it prefers the o-1
chain degradation in the synovial fluid (see Figs. 3a, 4a),
(2) MMP-2 preferentially degrades the a-1 chain both in
the bloodstream and in the synovial fluid (see Figs. 3a, 4a),
and (3) the overall activity of ect-MMP-14 is decreased on
both chains in the bloodstream as well as in the synovial
fluid (see Figs. 3a, 4a).

In conclusion, we can say that these MMPs are modu-
lated in a different fashion by pH compartmentalization,
envisaging the possibility that their enzymatic activity
toward the two o chains can be finely tuned in various body
compartments, and allowing them to play differing roles in
different environmental conditions. All these data confirm
the complexity of the system, where different environ-
mental conditions (which may occur in vivo) affect the
functional behavior of these MMPs toward an important
natural substrate, such as collagen I. In this sense, both the
substrate and the enzyme(s) show a different way of
interacting, strictly dependent on where and when this
interaction happens. Therefore, this complexity justifies a
deeper analysis of the biochemical parameters, as attemp-
ted in this work, and this information should also be helpful
for understanding why it is often difficult to achieve a
successful therapeutic strategy based on the inhibition of
the catalytic activity of MMPs.
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