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ABSTRACT Metalloproteases are metalloenzymes secreted in the extracellular fluid and involved in inflammatory patholo-
gies or events, such as extracellular degradation. A Zn®>* metal, present in the active site, is involved in the catalytic
mechanism, and it is generally coordinated with histidyl and/or cysteinyl residues of the protein moiety. In this study we have
investigated the effect of both pH (between pH 4.8 and 9.0) and temperature (between 15°C and 37°C) on the enzymatic
functional properties of the neutrophil interstitial collagenase (MMP-8), gelatinases A (MMP-2) and B (MMP-9), using the same
synthetic substrate, namely MCA-Pro-Leu-Gly~Leu-DPA-Ala-Arg-NH,. A global analysis of the observed proton-linked
behavior for k.../Km, kcar» @and K|, indicates that in order to have a fully consistent description of the enzymatic action of these
metalloproteases we have to imply at least three protonating groups, with differing features for the three enzymes investi-
gated, which are involved in the modulation of substrate interaction and catalysis by the enzyme. This is the first investigation
of this type on recombinant collagenases and gelatinases of human origin. The functional behavior, although qualitatively
similar, displays significant differences with respect to what was previously observed for stromelysin and porcine collagenase
and gelatinase (Stack, M. S., and R. D. Gray. 1990. Arch. Biochem. Biophys. 281:257-263; Harrison, R. K., B. Chang, L.
Niedzwiecki, and R. L. Stein. 1992. Biochemistry. 31:10757-10762). The functional characterization of these enzymes can
have some relevant physiological significance, since it may be related to the marked changes in the environmental pH that
collagenase and gelatinases may experience in vivo, moving from the intracellular environment to the extracellular matrix.

INTRODUCTION

Degradation of extracellular proteins by PMN-derived pro-several normal and malignant cells (Aimes et al., 1994).
teinases is a fundamental aspect of normal PMN processeSpoperation between interstitial collagenases and gelati-
such as dyapedesis, penetration of tissue barriers, tissuases is thought to be essential during inflammatory and
remodeling, and removal of tissue debris and extracellulanvasive processes, also because MMP-2 seems to have an
matrix (Birkedal-Hansen et al., 1993; Blundell, 1994). action intermediate between typical interstitial collagenases
PMNs contain different proteases and some of these erand a gelatinase such as MMP-9 (Aimes and Quigley,
zymes, namely 92 kDa gelatinase (also called MMP-9) and 995).
neutrophil collagenase (also called MMP-8), are zinc- and Several papers have dealt with substrate specificities of
calcium-dependent endopeptidases (Dioszegi et al., 1995jollagenases and gelatinases (Weingarten et al., 1985; Net-
They are stored in PMN as a proenzymes (Baramova angel|-Arnett et al., 1993; Niyibizi et al., 1994; Welch et al.,
Foidart, 1995), playing an important role in matrix degra-1996) (as well as of other metalloproteinases, such as
dation and in tissue remodeling processes (such as growt{romelysin MMP-3), but to date no systematic investiga-
and development, ovulation, and wound healing), as well agon has been carried out to compare the catalytic properties
in some pathological processes, such as tumor invasioRf human collagenases and gelatinases. Thus, despite mean-
osteoarthritis, periodontitis, and multiple sclerosis (Maede}ngfm functional differences among them both for synthetic
and Sobel, 1996; Rosenberg et al., 1996; Cossins et alnagase and Fields, 1996) and natural substrates (Niyibizi et
1997; Vu et al., 1998). In addition, a 72-kDa gelatinase/typey| | 1994; Tschesche, 1995), the amino acid sequence of the
IV collagenase (also called MMP-2) has been identified incatalytic domain of these metalloproteinases is closely sim-
ilar (Massova et al., 1997), and the same is true for the main
Received for publication 16 December 1999 and in final form 15 JuneStrUCtural aspect_s (Gra_lms_ et al., 1995; Morgunova et al.,
2000. 1999). The only investigation of the pH- and temperature
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information to the different enzymatic action (Massova et al. excess of sample buffer (0.25 M Tris, 0.8% SDS, 10% glycerol, and 0.05%
1998). bromophenol blue) and run on 12% SDS-polyacrylamide gels (SDS-

In this work we have investigated the functional behavior?ACGE) containing either 1 mg/mi of gelatine or collagen type |, as
9 previously described (Fisher et al., 1994). After electrophoresis, SDS was

of the neUtrOphll collagenase (MMP_8) and of gelatmase 'AYemoved from gels by washing twice for 15 min in 2% Triton X-100. The
(also called MMP-2), whose x-ray structure has been solvegeis were then incubated at 37°C for 18 h in the incubation buffer (50 mM
(Bode et al., 1994; Grams et al., 1995; Morgunova et al.jris-HCI buffer pH 7.6, 0.15 M NaCl, 10 mM CagI2% Triton X-100),
1999; Dhanaraj et al.,, 1999)_ Furthermore, we have alsetained with 0.5% Coomassie blue and destained in 10% acetic acid and
investigated the catalytic properties of gelatinase B (a|sd10% methanol until pale prote‘inase bands_were clearly visible. Proteinase
called MMP-9), whose amino acid sequence is known buﬁands were further characterized by adding 20 mM EDTA or 0.3 mM

’ . . ’ ,10-phenanthroline (MMP inhibitors), or 1 mM PMSF (serine proteinase
no CryStal ;tructure is available up to now, and Only rT"C)lec"lnhibitor) in the incubation buffer. Protein markers (Sigma, St. Louis, MO)
ular modeling has been undertaken (Massova et al., 1997)ere used as molecular weight standard.
This study has been focused on the modulation by pH of the Recombinant purified MMP-8 and MMP-9 proenzymes were activated
catalytic parameters for one substrate (MCA-Pro-Leu-by incubating 10Qul of a 0.1 ug/ml procollagenase solution with APMA
GIwaeu-DPA-AIa-Arg—NH2), which was found particu- (Sigfma) gt 37°C ford 2h h; this treatmenit 'Shi|f|ts thg eqléilfibriurri ofithe

. . conformations toward the open, autocatalytically activated form, involvin
la‘,rly suited for ,MMP_Z (Km_ght et ?‘l_" 1_992’ Naga,se and the cleavage of the region bF(Jetvveen residu)(/es 71{:1nd 81 for MMP-8. MMP?Z
Fields, 1996), aiming to begin a clarification of the different was activated as described above at 25°C for 1 h. Because BB-94 (known
mechanism operating in these enzymes as far as substrafieo as Batimastat, a peptidomimetic MMP inhibitor, kindly provided by
recognition and processing are concerned. In addition, theritish Biotech Pharmaceutical, Cowley, Oxford, UK) fully inhibits stoi-
temperature_dependence of Cata]ytic parameters has beg@ometrically MMPs, we used it to titrate the active amount of enzyme(s).
measured in order to have some information concerning the
energetics associated to the overall enzymatic mechanism.
This aspect of their functional modulatiqn is physiologi- Enzymatic assay

cally relevant because after extrusion from intracellular gran-
ules, MMPs indeed may experience Iarge variations in enviEnzyme activity was measured using one fluorogenic substrate, namely

ronmental conditions, such as pH and ionic strength. Thug)|CA-Pro-Leu-Gly=Leu-DPA-Ala-Arg-NH, (a gift of Dr. G. Knight,
Strangeways). Experiments were carried out at a final 0.01 nM concentra-

previous obser\(atlons on strqmelysm MMP-3 (Iquj"erdo'tion of purified activated MMPs at 37°C in Tris/HCI 50 mM, NaCl 0.1M,
Martin and Stein, 1992; Harrison et al., 1992; Stein andcacy, 10 mM plus Brij 35 0.05% buffered at different pH values (between
Izquierdo-Martin, 1994) and porcine synovial collagenases and.o and 4.8). The pH value was measured before and after the experiment
gelatinases (Stack and Gray, 1989, 1990) showed a compl@xd only measurements in which no pH change was observed have been
Iinkage between catalytic activity and proton uptake and reLaken into account. Experiments at pH 4.8, 5.7, and 6.2 have been also

. . - . erformed in 5 mM MES, 0.1 M NaCl, 10 mM Cagind no difference for
lease, allowing the unraveling of the role of specific rFJSIdueg)nzymatic activities between two buffer systems (i.e., MES and Tris/HCI)

throth the use of site-directed mutagenesis (Cha and Au'&ras observed. The substrate was diluted in DMSO and preliminary exper-
1997). iments demonstrated that the addition of DMSO to the incubation mixture
These MMPs have been cloned from human genes, andbes not affect MMP activity. Assays were carried out by continuously
they are usually involved in the defense and inflammationmonitoring the increase in fluorescence at 393 nm after excitation at 328
mechanism (Hirose et al., 1992; Walakovits et al., 1992)’nm, using a Jobin-Yvon spectrofluorimeter (model JY-3), and the amount

. . . . of substrate catalyzed was calibrated at every pH, letting the catalysis
but also in tumor invasion (Heppner etal., 1996; Vu et al"reaction go to completion and measuring the amplitude of the signal; only

1998; Fang et al., 2000). Therefore, it seemed relevant t@y,eriments for which a linear dependence on substrate concentration has
study in more detail the effect of pH on some catalytiC been observed have been used for the analysis. The measurement of the
parameters of these enzymes, aiming to obtain some diffeimitial velocity has been referring to a time period over which0% of the

ential information. In this way, it may become feasible to Substrate was degraded during the assay, and data were normalized and

P ; s ; e d as nanomoles of cleaved substrate/s. Assays were made with
initiate the design of more specific drugs, which specifically ©XP'¢S€ . . .
9 P 9 P ysubstrate concentrations betweerx 30 " and 10 “ M, i.e., spanning the

interact \_Nl_th either one Of_ these enzymes, re_SUItmg In Ef'ange ofK,,, values, and no absorptive quenching effect has been detected.
more efficient pharmaceutical effect and avoiding danger-

ous collateral effects.

Data analysis

MATERIALS AND METHODS Values of observel /K, keo» @andK,, for MMP-2, MMP-8, and MMP-9
Methods at any given pH and their pH-dependence over the range investigated (i.e.,

between 4.8 and 9.0) were calculated simultaneously through a global
Recombinant purified matrix metalloproteinases (i.e., MMP-2, MMP-8, analysis of the whole data set, using two formalisms (i.e., linear Line-
and MMP-9) were kindly obtained from Dr. G. Murphy (Strangeways weaver-Burk and sigmoidal Michaelis) for determining the observed pa-
Research Lab., Cambridge, UK). Purity of MMPs was measured by SDSrameter at a given pH value. Fitting of catalytic parameters was constrained
PAGE according to Laemmli (1970). After gels were run, they were to an internally full consistent picture, such that at any protonation level
stained using a silver staining kit (Biorad, Hercules, CA). Zymography wasvalues of all three parameters (i.&. /K, K. @andK,)) must be closely
performed as follows: 2ul purified MMPs were mixed with a fivefold related according to the following general scheme
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P L P whole pH range (i.e., 4.5-9.5, see Figs. 1 and 2), but they
Ev+Ht  BH o B e B, are dashed outside the limit of the enzyme stability. In
+ + + + addition, at pH> 10 we observe a rapid irreversible de-
S S S S crease of the enzymatic activity in all three metalloprotein-
i 11 el U U ases; therefore we decided to ignore this event, which is
PR 4 Plan likely related to some alkaline denaturation of enzymes, and
ES+H" <ESH ... ESH.*H <—ESH, to analyze only data at pE 9.0.
% e ¥ b b e The most straightforward analysis can be carried out on
E+P EH+P ... EH-.+P EH, + P keof Ky @ parameter immediately obtainable from experi-
(Scheme 1) mental data, being referable to the slope of the steady-state

velocity as a function of substrate concentration. The ob-
where ES (as well as E§Hwith x = 1, 2, ...n) simply refers to the  geryation of the pH-dependence kf,/K,, for the three
species undergoing the rate-limiting step a#, (with x = 0, 1, ... metalioproteinases investigated is reported in Fig\, and
refers to all preequilibrium events leading to the species that undertakes the .
rate-limiting step. it shows that MMP-8 has the fastest overall catalytlc rate at
In more detail, the fitting procedure forced the system to be describecll pH values. Furthermore, the effect of pH on this param-
by n protonation states with values ofk.,.andn values ofK,, which must  eter seems rather small both in MMP-2 and MMP-8, at least
combine then to given corresponding values dé.{K, Therefore, the  gyer the pH 6.0-9.0 range, with a similar proton-linked rate
flt_tlng of the pH-dependence is |_nterna||y constrained to obey Scheme bnhancement from pH 9.0 to pH 7.0, while MMP-9 displays
with n values of pK, and pK , which are the same for all three catalytic
parameters. over the same range a marked pH-dependence of the same
Catalytic parameters were also obtained at different temperatures bdarameter with a bell-shaped behavior (Figh)1 A broad
tween 15 and 37°C, and they were analyzed according to the followingoell-shaped pH-dependence kf,/K,, as displayed by
equation MMP-2 and MMP-8 (Fig. 14), is also observed in porcine
3 In(Pard/a(1/T) = (Par2/R 1) syno_wal coI_Iag_enase and gelatinase (Stack and Gray, 1990)
and in matrilysin MMP-7 (Cha and Auld, 1997), whereas a
where Parl & k../K... k. OF K,) is a catalytic parameter, and ParEs  narrow pH-dependent range, such as that shown by MMP-9
(in the case ok..{K,, andk.,) or AH (in the case oKy,). (Fig. 1A), has never been observed over the same pH range,
stromelysin MMP-3 displaying a similar behavior but at a
much lower pH (Harrison et al., 1992; Holman et al., 1999).
RESULTS AND DISCUSSION The shape of the pH-dependence displayed in Fig. 1
Fig. 1 shows the pH-dependence of the catalytic parameteigdicates that we have to imply the occurrence of at least
(i.e., KeafKim Keap @ndK,) at 37°C for the recombinant wild two groups whose protonation modulates the proton-linked
type forms of human neutrophil collagenase (MMP-8), ge-behavior ofk_,/K, in all three metalloproteinases investi-
latinase A (MMP-2) and B (MMP-9) with a common sub- gated, thus using = 2 in Scheme I. Solid lines in Fig. A
strate, namely MCA-Pro-Leu-GlyLeu-DPA-Ala-Arg-  correspond to the nonlinear least-squares fitting of data
NH.,. It is immediately obvious that, unlike what observed according to the following formalism
for porcine synovial collagenase and gelatinase (Stack ang o 1 . N
Gray, 1989, 1990), the proton-linked behavior is markedly Wcaf Kin) = "(KealKen) P+ HkealKin) - Ko[HTYP
different among the three metalloproteases m_vesugate_d, + 2Kl Kin) + K K[HTIP (2a)
even though at least two protons appear to be involved in o _
the pH-dependent modulation of catalytic parameters for aIYVhereO Keal Ky 1S the obszerved parameter at each pH
three MMPs investigated (Fig. 1), as for other MMPs (Stackvalue; “Kea{Kp, “KealKm, and“k..{K, are the parameters in
and Gray, 1990; Harrison et al., 1992; Cha and Auld, 1997the unprotonated, single-protonated, and double-protonated
Holman et al., 1999). forms, respectively (see also Scheme I);a0d K, are the
Unfortunately, the pH-dependent stability of the threeProton-binding association constants for the two protonating
enzymes is quite different, impairing the possibility of ex- groups; and P is the proton binding polynomial.
tending the investigation over the same pH range, this being P=1+ KJHT+ K.KJH 2b
particularly evident for pH< 6.0. Thus, while in the case of [HT]+ KiKIHT (2b)
MMP-8 it has been possible to carry out experiments dowrindeed, the quality of fitting seems to indicate timat 2
to pH 4.8, for gelatinases we were unable to run experimight be appropriate for the description of the system.
ments below pH 6.0 for MMP-9 and below pH 6.4 for However, if we limit ourselves to the evaluation of the
MMP-2, limiting to some extent the accuracy of our inves- proton-linked behavior ok /K., we cannot get enough
tigation on these enzymes. Therefore, even though the fitnformation for the applicability of Scheme I, since both
ting of data has been obtained only over the pH range of¥alues ofk.,,andK,, for any protonation level in Scheme |
enzyme stability (see below), theoretical curves correspondnust be such as to give the resultikg/K,,. Therefore, the
ing to parameters reported in Tables 1-3 are reported for th@vestigation has been extended to the pH-dependence of
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k.ot (Fig. 1 B), another parameter that can be directly ob-
tained from experimental data by the extrapolation of the
steady-state velocity to very large substrate concentrations,
and also in this case we require at least two protonating
groups that modulate the proton-linked behavior kpf;
according to the following formalism

0bﬂ(ca\t: Okca/P + 1kcat' Kl[H+]/P + 2kcat' KlKZ[H+]2/P
(2¢)

where °*k_,, is the observed parameter at each pH value,
%Kear Keap @nd?k.,, are the parameter in the unprotonated,
single-protonated, and double-protonated forms, respec-
tively (see also Scheme I); ,KK,, and P have the same
meaning as applied above. The quality of fitting obtained
for the pH-dependence &, (solid linesin Fig. 1B) indeed
seems to suggest that also in this case two protons may be
sufficient for a satisfactory description of the system. Like
k.ofKms the pH-dependence &f,; shows a significant dif-
ference among the three enzymes (see Fid),1which
display three distinct pH ranges over which the proton-
linked modulation is operative, namely between pH 9.0 and
7.0 for MMP-9, between pH 8.0 and 5.0 for MMP-8, and
between pH 9.0 and 6.0 for MMP-2 (Fig.B). These data
clearly indicate that the three MMPs differ for pKalues of

the groups involved in the modulation of the rate-limiting
step of the enzymatic action. However, it is very important
to outline that pK values, which have been obtained from
the pH-dependence &f./K,, (Fig. 1 A) and ofk_, (Fig. 1

B) and are reported in Table 1, are clearly different each
other, at least in the case of MMP-8 and MMP-9, suggesting

have been obtained for MMP-2J: %k /K., = 3.17 (£0.42) E6 M1 s %,
KealKm = 5.31 (+0.63) E6 M*s ™ %k /K, = 5.00 *+1.21) E5
M~1s™%, K, = 2.16 (:0.95) E8 M"Y, K, = 3.07 (+2.79) E5 M"%; for
MMP-9 (X): % /K, = 1.22 (+0.15) E6 M ts?, Kk /K, = 1.93
(£0.23) E7 M'ts7%, %k /K, = 2.25 (+0.31) E6 Mts™%, K, = 6.07
(£2.42) E7 MY, K, = 4.27 (:1.48) E7 M™% for MMP-8 (+): %k /K., =

8.01 (£0.72) E6 M s %, Kk /K, = 1.04 (+0.09) E7 Mts7 %, %k ./

Kn =251 *0.21) E6 M*s? K, = 1.37 (+0.55) E8 M'%, K, = 5.00
(£1.98) E5 M. (B) Theoretical lines have been obtained by nonlinear
least-squares fitting of experimental data using Eq. 2c. The following
parameters have been obtained for MMP3: (%k_,, = 4.96 (-0.31) E2
st Y, = 8.69 (£0.59) E1 §%, %k, = 2.77 (:0.22) E3 S, K, = 1.55
(+0.48) E8 MY, K, = 1.49 (+1.31) E5 M™%; for MMP-9 (X): %o =
1.02 :0.12) E1 S, K o = 6.30 (+0.53) E2 §%, %k, = 5.77 (:0.49) E1
s K, = 1.71 (:0.68) E8 M%, K, = 2.63 (0.97) E8 M"%; for MMP-8

(*): %Koge = 1.64 (£0.12) E2S%, *k = 5.26 (£0.43) E2 S %, %k, = 1.20
(+0.11) E2 s%, K, = 5.25 (+2.03) E6 M'%, K, = 7.04 (+3.77) E5 M %,

(C) Theoretical lines have been obtained by nonlinear least-squares fitting
of experimental data using Eq. 2d. The following parameters have been
obtained for MMP-2Q): °K,, = 1.34 (+0.22) E-4 M, K, = 3.71 (+2.51)

E4 M™%, K, = 9.77 (+5.26) E9 M"Y, K., = 1.35 (+0.82) E8 M,

nase B MMP-9 K) at 37°C. Theoretical fitted curves are reported as solid K, = 5.13 (-3.83) E6 M %; for MMP-9 (X): °K,,, = 5.55 (+0.62) E-5 M,
lines within the range of pH values where experimental data have beek, = 4.17 (-2.35) E4 M, K,, = 1.32 (:0.97) E.0 M'%, K, = 1.10
obtained. However, they are reported as dashed lines over the range of pi+3.76) E8 M'%, K, = 1.17 (-0.56) E7 M"%; for MMP-8 (%): °K,,, =
values where the lack of experimental data renders theoretical curves leds98 (+0.17) E-5 M, K,; = 3.52 (+1.66) E6 M'*, K, = 3.43 (+1.39)
reliable. @) Theoretical lines have been obtained by nonlinear least-E7 M™%, K., = 3.11 (+1.47) E6 M}, K, = 1.68 (+0.73) E7 M'?,
squares fitting of experimental data using Eq. 2a. The following parameterapplying Eq. 2c. For further details, see text.
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TABLE 1 pK, values for the pH-dependence of catalytic
parameters in MMP-2, MMP-8, and MMP-9, at 37°C

MMP-2 MMP-8 MMP-9

KoafKim

PKaz 8.33+ 0.16 8.14+ 0.15 7.78+ 0.15

PKa 5.49+ 0.28 5.70+ 0.14 7.63+ 0.13
Koal

PKaz 8.19+ 0.12 6.72+ 0.14 8.23+ 0.17

PKa 517+ 0.28 5.85+ 0.19 8.42+ 0.14
Km

PKous 457+ 0.25 6.55+ 0.16 4.62+ 0.17

PKuz 9.99+ 0.20 7.53+ 0.15 10.12+ 0.17

PKL4 8.13+ 0.23 6.49+ 0.17 8.04+ 0.13

PK_ 6.71+ 0.22 7.22+ 0.16 7.07+ 0.15

that the applicability of Scheme | with two protonating
groups (i.e.,n = 2) might be insufficient for an overall
description of the system.

In order to have more insight into the actual mechanism
of proton modulation for catalytic parameters in the three
MMPs, the analysis has been then further extended to the
pH-dependence df,, (Fig. 1 C), even though in this case
the interpretation of the proton-linked behavior is less
straightforward, since this parameter is determined indi-
rectly from experimental data. The pH-dependenc&gf
has been carried out using the following formalism

OKm : (1 + Ku1[H+] + Ku1Ku2[H+]Z)
(1 + Ku[H] + KuKe[HP)

K = (2d)
where®K, is the observed parameter at each pH value and
%K., is the Michaelis-Menten equilibrium constant in the
unprotonated form; K and K_ are the proton binding
association constants to the free enzyme and to the enzyme:

parameters have been obtained for MMPD: Kk o/Ky, = 3.36 (+0.57)
E6 M~'s% % /K, = 574 (£0.63) E6 M st 2 /K, = 5.16
(£0.71) E6 M ts™?, 3k /K, = 4.50 (-0.67) E6 M1s™t (A), %k =
4.81 (+0.31) E2 5%, Yk, = 3.49 (+0.19) E2 § %, %k, = 1.14 (+0.12) E2
s7% 3K = 9.53 (£0.87) E2 s (B), %K., = 1.43 (+0.26) E-4 M ©),
Kys = 9.82 (£1.17) E7 MY, K, = 4.89 (+1.04) E7 M"Y, K5 = 3.33
(+0.89) E6 MY, K., = 2.29 (+0.78) E8 MY, K., = 1.35 (+0.81) E8
M™%, K 3 = 3.52 (+1.13) E5 M. The following parameters have been
obtained for MMP-9 K): %k /K., = 1.75 (:0.17) E4 M s7%, Ik /K., =
1.84 (£0.21) E7 Mts7% % /K., = 4.42 (£0.37) E6 M*s7 %, 3k /
Ky =2.41(£0.22) ES M st (A), %Ko = 1.15 (£0.41) %, Kk = 4.70
(£0.49) E2 s%, %, = 5.53 (+0.52) E1 S%, *k , = 5.04 (+0.44) E1 s*
(B), °K,,, = 5.71 (+0.42) E-5 M C), Ky; = 1.12 (-0.79) EB ML, K, =
7.48 (1.18) E7 MY, K5 = 1.13 (20.93) E6 M™%, K, = 2.52 (+1.04)
E8M™% K, = 1.47 (:1.12) EE ML, K 5 = 6.57 (:1.21) E4 M"*. The
following parameters have been obtained for MMP=B Pk /K., = 8.45
(+0.75) E6 Mts7t, % /K, = 1.22 (:0.11) E7 M*s7%, %k /K., =

nase B MMP-9 K) at 37°C. Theoretical fitted curves are reported as solid 1.12 (+0.13) E7 M*s™%, %/K,, = 3.12 (x0.27) E6 M's™* (A),
lines within the range of pH values where experimental data have beefkea = 1.64 (0.14) E2 §*, k.o = 3.42 (£0.34) E2 §%, %k o = 5.22
obtained. However, they are reported as dashed lines over the range 6£0.49) E2 s*, 3., = 1.45 (+0.09) E2 §* (B), °K,,, = 1.94 (+0.22) E-5
pH values where the lack of experimental data renders theoretical curved (C), Ky, = 1.41 (£1.17) E7 M™%, Ky, = 5.62 (£ 1.09) E6 M, K3 =
less reliable. Theoretical lines have been obtained by nonlinear leastt.12 (+1.32) EE M'*, K, = 9.78 (+1.16) E6 M'*, K, = 3.43 (+0.98)
squares global fitting of experimental data using Egs. 3a—d. The followingE6é M™%, K 5 = 1.15 (+1.36) E6 M. For further details, see text.
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substrate complex, respectively. In the caseKgf it is  values influencing<.,/K,, can only be either pK or pK_
interesting to observe that while both gelatinases display é&nd in Eq. 3a are simply reported as, gk is the proton-
bell-shaped pH-dependence characterized by a peak vallénding polynomial

of substrate affinity over the pH 7.0-7.5 range, collagenase

MMP-8 shows a single pH-dependent transition (FigC)1 P=1+KH]+ KKJH"F + KiKKfH'F (3d)
However, pK, values obtained by the analysis of the pH- where above considerations apply (i.e., whers &re K s
dependence df, (Table 1) appear even more unconciliable for k., and they can be either ¢ or K, s fork../K,,). Solid

with those resulting from the analysis of the other two curves in F|g 2A-C Correspond to the g|oba| f|tt|ng anal-
parameters. Furthermore, valueskyf at any protonation ysijs according to the above-mentioned constraints, where a
level are incompatible with.,, to give a correct value of petter description of the pH-dependencégfK,, has been
kealKms Which is instead demanded by the applicability of optained using pks obtained from the proton-linked be-
Scheme I. havior of K, (Table 2).

Therefore, an analysis of data far,/Ky, K. andKp, The overall behavior observed in all three MMPs inves-
using two protonating groups, although able to satisfactorilftigated is qualitatively similar to that reported for strome-
describe the pH-dependence of the separate three catalyfigsin MMP-3 (Harrison et al., 1992) and it has been
parameterssplid curvesin Fig. 1, A-C) for all three met-  sketched in Fig. 3, where two groups (i.&,and B) are
alloproteinases investigated, is absolutely unsatisfactorghown to affect the protonation properties of the?Zn
when we try to insert these values in an overall consistengound HO, even though they cannot be definitely identi-
picture of the system. It is worth noticing that this deeperfied. Furthermore, although we have no direct proof that the
information can be obtained only by analyzing the threeppserved pH dependence of the catalytic parameters is not
catalytic parameters altogether. affected by variations of the rate-limiting step (thus render-

We have therefore carried out a global fitting analysis Ofing the measured pKas apparent Va|ues), we can consider
data for each one of the three metalloproteinases inveSt.this poss|b|||ty as a remote one in view of previous inves-
gated, constraining the outcomes to give a single set gf pK tigations on different systems (Stack and Gray, 1990; Har-
and pk, values, as well as Okqq{Kp, 'keap @and'Kp, (r = rison et al., 1992) and of the fact that at pH 7.0 and 9.0 the
0,1,...,n see Scheme I), so as to satisfactorily describ@emperature-dependence shows linear Arrhenius plots (see
the pH-dependence of all three catalytic parameters simubelow). As a matter of fact, in other serine proteases the
taneously for a given MMP. Solid lines in Fig. 2-C  change in the rate-limiting step has been shown to occur at
display the result of such an approach with three protonatingxtreme pH values (i.e=4.5, see Antonini and Ascenzi,
groups (i.e.n = 3, see Scheme I) according to the following 1981). Furthermore, the full applicability of Scheme | for

formalism three protonating groups represents a strong indication that
these pK values are real ones, even though residues to
ob. _ 0 1 . +
kool Kin) = "(keaf Kin) P + *(Kead Kin) - Ki[H' /P which they refer may indeed come into play at different

2 . 2 3 . +13 steps along the catalytic pathway. Therefore, even though
- H(keaf Kin) * KaKIHTTIP + HafKin) - KoK K H (]3/5 we are aware that pivalues reported in Table 2 may not all

be intrinsic parameters, we deem it important to analyze
b3 = KoadPs + Keaer KLa[HT TP + ZKener KK [H /P them with a reasonable confidence that in the range between

pH 5 and 9 they have a physical meaning.
+ 3kcat' KLlKLZKL3[H+]3/P (3b)

ob:
SKm TABLE 2 pK, values from global analysis of the pH
dependence of catalytic parameters in MMP-2, MMP-8, and
. OKm -1+ KUl[H+] + KUlKUZ[H+]2 + Ku1Ku2Ku3[H+]3)

= . . MMP-9 at 37°C
(L + Ku[HT] + KuKp[HTF + KoK K GH

PKy PKL
(Bc)  mmp-2
N _ pK, 7.99+ 0.09 8.36* 0.12
where®ar (par= k. /K, or k., or K,,) is the observed PK, 7.69+ 0.08 8.13+ 0.11
parameter at each pH vall¥aar, *par, ?par, and®par is the PKs 6.52+ 0.08 5.54+ 0.09
parameter in the unprotonated, single-protonated, doublé¥MP-9
. . —+
protonated, and triple-protonated forms, respectively (see Eil 3'3?; 8'8? g"l‘gf 8'82
. [T 2 of=U. 1oz U.
also Scheme 1); and [Kand K _are the proton binding . 6.04+ 0.09 4.82+ 0.08
association constants to the free enzyme and to the enzyme@mp-s
substrate complex, respectively. We have also imposed thatpK, 7.15*0.08 6.99+ 0.09
K, values regulatind.,, must correspond to pKvalues Ky 6.75+ 0.07 6.53+ 0.08
PBa g Gear P A PKs 6.05+ 0.09 6.05= 0.07

(which was impossible in the case 0= 2), and that p
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and a histidyl residue (B group), and proton release by a

AH HB . . .
third more acid residue (A group).
EHs Hee _-H Somewhat different is the proton modulation mechanism

operative in the collagenase MMP-8, because theig pK
values (namely pK= 7.15* 0.08 and 6.75+ 0.07 in the
free enzyme) are essentially one pH unit lower than in both
MMP-2 and MMP-9. Furthermore, unlike the two gelati-
T$ nases, substrate binding in MMP-8 brings about g gift

pKus for these two groups of—0.2 pH units, which is in the
opposite direction as compared to the other two enzymes. In
addition, there is a more acid residue with a,pK 6.05 =

f HB 0.09 (thus closely similar in the free enzyme to the two

- gelatinases, mostly to MMP-9, see Table 2), which is un-
affected by substrate binding, though influencing the cata-
lytic mechanism. This behavior, which accounts for the lack
of a bell-shaped pH-dependence displayet&hyn MMP-8
(Fig. 2 C), is clearly indicating that the environment in the

T ¢ close proximity of the active site is drastically different in

EH2

MMP-8 as compared to that of gelatinases. Therefore, a
pKuz . .
much lower pK value of groups involved in the proton-
linked modulation results in MMP-8, also suggesting that
the mode of substrate binding should markedly differ,
bringing about only the proton release from the two groups.
A closer look at steady-state kinetic parameters describ-
ing the enzymatic mechanism of the three MMPs investi-
gated (Table 3) clearly shows that in both gelatinases the
optimization of the catalysis is accomplished through a
delicate balancing between the two groups protonating with
T¢ higher pK, values. Thus, in MMP-9 the first protonation

EH1

PKu1 event (leading to species 2; Fig. 3) brings about a marked

enhancement d&_,, (by about two orders of magnitude) and

A B some increase for the substrate affinity, while in MMP-2 the

: same phenomenon, though inducing a similar increase for

H substrate binding, shows a slight decreasefgr(Table 3).

? However, the occurrence of the second protonation (i.e., the

formation of species 3; Fig. 3) leads in both cases to a

/;\ further increase of substrate affinity accompanied a substan-
tial decrease o, (Table 3). The overall effect is a marked
increase ofk /K., in MMP-9 (mostly related to the en-

FIGURE 3 Sketched reprgsentation qf the protonation events. gonnecteﬁancement of the rate-limiting step efficiency). This is im-

to the modulation of catalysis by MMPs in the free enzyme (modified from .

Harrison et al., 1992). mediately countgrbalanc.:ed' by the decreasbcggfupon the
second protonation, while in MMP-2 the opposite proton-
linked effect onk_, and onK,, (Table 3) leads to a very

From pK, values reported in Tabl2 a clearcut difference weak pH-dependence ¢f. /K, (Fig. 2 A). Therefore, in
between MMP-8 and the two gelatinases emerges. Thuoth gelatinases the overall catalytic rate is maximized after
both gelatinases display two catalytically relevant groupsthe first protonation in species 2 (Fig. 3), which brings about
with pK, values ranging in the free enzyme between 7.6 and dramatic increase for substrate affinity (see Table 3). The

8.1, which undergo a pKshift of ~+0.4 pH units upon formation of species 3 (with the protonation of group B)

substrate binding, and a third group with a p& 6.52 + induces in both enzymes a further increase of substrate

0.08 in MMP-2 and 6.04+ 0.09 in MMP-9, which both affinity (counterbalanced by a decreasekgf) with only a

undergo a pkK shift of ~—1.1 pH unit upon substrate slight decrease &_,/K,, (being somewhat more marked in

binding (see Table 2). Therefore, in gelatinases, substratdMP-9 than in MMP-2). This feature allows both mole-

interaction with enzyme brings about proton uptake fromcules to extend the efficiency of the overall enzymatic
two groups with higher pKvalues, which can be possibly activity over a larger pH range in a modulated fashion (Fig.
referred as to a Zri -bound HO (Vallee and Auld, 1990) 2 A). However, the protonation of the A group, leading to

] ] ]
>
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TABLE 3 Catalytic parameters for different protonation states in MMP-2, MMP-9, and MMP-8. Numbering of species
corresponds to that used in Fig. 3

kca{Km (Milsil) kcat (Sil) Km (M)

MMP-2

Species 1 3.364 0.57) x 10° 4.81 (+ 0.31)X 17 1.43 (+ 0.26)X 104

Species 2 5.744 0.63) X 10° 3.49 (+ 0.19) X 1¢? 6.10 (- 0.48)x 10°

Species 3 5.16% 0.71) X 10° 1.14 (£ 0.12) X 107 2.21(+0.17)x 10°®

Species 4 4.50% 0.67)x 10° 9.53 (+ 0.87)x 107 211 (= 0.19)x 10°*
MMP-9

Species 1 1.75% 0.17)x 10* 1.15 (= 0.41)x 1¢° 5.71 + 0.42)x 10°°

Species 2 1.84: 0.21)x 107 4.70 (= 0.49) X 1(? 2.55 (= 0.18)x 10°°

Species 3 4.42+ 0.37)x 10° 5.53 (+ 0.52)x 10" 1.25 (+ 0.13)x 10°°

Species 4 2.41% 0.22) X 10° 5.04 (+ 0.44)x 10* 2.07 = 0.18)x 10 4
MMP-8

Species 1 8.45% 0.75) X 10° 1.64 (- 0.14)x 107 1.94 (£ 0.22)x 10°°

Species 2 1.224 0.11) X 107 3.42 (= 0.34)x 107 2.80 (+ 0.24)x 10°°

Species 3 1.12+ 0.13)x 107 5.22 (+ 0.49) X 107 4.65 (= 0.43)x 10°°

Species 4 3.124 0.27) X 10° 1.45 (= 0.09)x 107 4.65(* 0.51)x 10°°

the formation of species 4 (Fig. 4), brings about a dramatiknowledge of the system. At the two temperatures we have
decrease of the catalytic activity due to the simultaneousalculated the activation parameters contributing directly to
decrease ok, and an increase oK,, (Table 3), thus the overall phenomenon (fég, /K., see Figs. A and 5A)
decreasing the affinity for substrate. as well as those for the rate-limiting step (fQr, see Figs.
Collagenase MMP-8 is operating in a slightly different4 B and 5B), and indirectly also those referring to the
way, and the proton-linked regulation is occurring at sig-formation of the complex ES undergoing the catalytic rate-
nificantly lower pH values. Thus, the overall activity is only limiting step (i.e.,K,,; see Figs. 4C and 5C). The param-
moderately affected by the first protonation event (goingeters are reported in Table 4 and allow the definition of
from species 1 to species 2, see Fig. 3), because an increasimilarity and variations among the three enzymes investi-
of k., is partially compensated by an increas&qf which  gated.
decreases the substrate affinity, unlike gelatinases (see Ta-At pH 7.0 (Fig. 4) the two gelatinases MMP-2 and
ble 3). Protonation of the B group, leading to species 3MMP-9 display essentially the same overall activity (some-
leaves the overall catalytic activity through an almost per-what smaller than for the neutrophil collagenase MMP-8,
fect balancing between an increasé&gfand an increase of see Fig. 2A), but the above-mentioned analysis permits us
K., (Table 3) unaffected. Therefore, differently from gela- to put in evidence that this close similarity is the result of
tinases in this case, the protonation of the B residue endiffering contributions from various processes affecting the
hances the rate-limiting step and decreases the substratole phenomenon. Thus, even though both in MMP-2 and
affinity, though contributing as well to keep the overall MMP-9 the formation of the rate-limiting complex ES (cor-
enzymatic activity high over a wider pH range. Such aresponding to the intermediate whose enzymatic processing
behavior confirms the idea that substrate interaction withdetermines the rate-limiting step of the whole catalysis) is
these two groups must be very different in MMP-8 with for this substrate endothermic and characterized by a an
respect to gelatinases, because its binding brings aboutemtropy gain, the relative values AH and AS render the
proton release in MMP-8 and a proton uptake in MMP-2free energy for the ES formation less negative in MMP-2
and MMP-9. As in gelatinases, the protonation of the morehan in MMP-9 (Table 4). This difference is compensated
acid A group (Fig. 3) leads to a drastic reduction of theby a faster rate-limiting step for MCA-2 enzymatic process-
overall catalytic activity but, unlike MMP-2 and MMP-9, ing in MMP-2 than in MMP-9, mostly through a less
this takes place only through a decrease of the rate-limitingegative activation entropy of the process. Therefore, these
step process (Table 3), suggesting again that substrate itwo gelatinases clearly display a similar enzymatic mecha-
teraction with this residue is different in MMP-8 with re- nism, where the formation of the ES complex is driven by
spect to both gelatinases. an entropy gain (differing between the two enzymes), while
Deeper information on the different energetic contribu-the catalytic step is characterized in both enzymes by a
tions to the catalytic mechanism may come from the temfegative activation entropy, though to a different extent
perature-dependence of the different parameters in the thré@able 4).
MMPs investigated. Therefore, we have carried out the Completely different from what is observed in gelatinases
temperature-dependence between 15°C and 37°C of theppears to be the energetic contribution of various steps to
substrate enzymatic processing by the three enzymes, dhe enzymatic activity of the neutrophil collagenase
approach that should allow obtaining a further level of MMP-8. In this case, the formation of the rate-limiting
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TABLE 4 Thermodynamic and activation parameters for the
enzymatic activity of MMP-2, MMP-8, and MMP-9 at 37°C at
pH 7.0 and pH 9.0

MMP-2

MMP-8

MMP-9

KealKm
AG* (kJ/mol)

AH? (k3/mol)
TASF (kJ/mol)

kcal
AG¥ (kJ/mol)

AH* (kJ/mol)
TASF (kJ/mol)

Km
AG* (kd/mol)

AH* (kd/mol)

TAS (kJ/mol)

pH 7.0
pH 9.0
pH 7.0
pH 9.0
pH 7.0
pH 9.0

pH 7.0
pH 9.0
pH 7.0
pH 9.0
pH 7.0
pH 9.0

pH 7.0
pH 9.0
pH 7.0
pH 9.0
pH 7.0

+37.3£ 1.9
+39.3£ 1.9
+93.6+ 4.5
+3.7x12
+56.3£5.1
—345x4.2

+64.0x 4.2
+61.4+ 3.8
+54.3+ 3.2
+147.8x 9.7
—9.7+£3.2
+86.4+ 7.2

—26.8* 3.6
—23.2*x 34
+39.3£5.2
—144.1+ 123
+66.1* 8.4

+355+ 1.8
+36.0= 1.8
+22.5+ 3.6
+36.6* 4.0
—13.0£ 4.8

+0.6x 2.0

+62.4+ 3.9
+63.7+x 4.0
+64.0x 3.7
+18.5* 2.7

+15* 26
—452+ 4.8

—27.0£ 3.8
—27.8x 3.7
—415*53
+18.0x 4.5
—145* 49
+45.8+ 5.6

+37.3x 1.7
+38.2+ 1.9
+22.6+ 3.9
+40.0x+ 4.2
—14.7+ 4.6

+1.6+21

+65.8+ 4.2
+65.0x4.1
+12.0*= 2.9
+86.9+ 8.2
—53.8£5.9
+21.9+ 3.2

—28.5*3.8
—25.7+ 34
+10.6*= 4.2
—46.0= 5.8
+39.1*+ 6.7
—20.3x£5.2

pH 9.0 —120.9*+ 13.1

*Parameters are expressed as association equilibrium constants.

complex ES is strongly exothermic for this substrate and
characterized by a significant entropy loss. Therefore,
MMP-8 behaves in an opposite fashion as compared to the
two gelatinases, even though the overall free energy turns
out to be closely similar to that displayed by MMP-2 (see
Fig. 2C and Table 4). The faster overall enzymatic activity
shown by MMP-8 with this substrate at pH 7.0 (FigARis
completely referable to a faster rate-limiting step of this
enzyme with respect to the two gelatinases, wholly attrib-
utable to the slightly positive activation entropy of the
process (as compared to the negative value observed in both
gelatinases; see Table 4). Such an outcome is in keeping
with the evidence of a different mode for substrate binding
between collagenase and gelatinase, as mentioned above,
and the different entropic contribution suggests that the
structural organization of 40 could be playing a role in
characterizing this difference.

Raising the pH to 9.0 (Fig. 5) brings about a significant
reduction for the overall enzymatic activity for all three
enzymes (Fig. 24), although the pH increase is accompa-
nied by a decrease of the rate-limiting step, for MMP-8
and MMP-9, and by a rate enhancement in the case of
MMP-2 (Fig. 2 B). However, for MMP-2 this behavior is
regulated by the activation entropy, which becomes positive
upon pH raising, whereas in the case of MMP-9 the reduc-
tion of k.. at more alkaline pH is totally due to an enhance-
ment of the enthalpic barrier, which overwhelms the posi-
tive effect of the activation entropy observed in this

least-squares fitting of experimental data, applying Eq. 1. Data are reporteg(al‘rjltm_ase as well. Completely dlfferen_t IS th_e prOton_llnked
in Table 4. For further details, see text. behavior of the collagenase MMP-8, in which the pH in-
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crease leads to a strongly negative activation entropy, and
thus to a decrease &f;

Closely similar for the two gelatinases is the pH effect on
K., being mainly represented in both cases by a marked
decrease of the stabilization energy for the ES complex as
the pH is raised (Fig. ). It underlies a common behavior
for this parameter, which can be referred for both MMP-2
and MMP-9 to a progressive loss of the entropy upon
complex formation as the pH is increased (going from
positive values at neutral pH to very negative valueagf
at alkaline pH; see Table 4). However, in the collagenase
MMP-8 only a very limited variation folK,, is observed
over the same pH range, this being related to an enthalpy/
entropy compensation (Table 4 and FigCp

A structural interpretation of the different catalytic be-
havior displayed by these three enzymes is not straightfor-
ward, although the x-ray structure has been solved for the
catalytic domains of MMP-8 (Bode et al., 1994; Grams et
al., 1995) and, to a lower resolution, of MMP-2 (Dhanaraj et
al., 1999) as well as of the whole pro-MMP-2 (Morgunova
et al., 1999), allowing to formulate some working hypoth-
esis for the groups involved in the proton-linked functional
modulation. Thus, it would be plausible to identify Glu-198
as the A residue with the lowest gkalue in three MMPs
(pKy = 6.54 = 0.08 for MMP-2, 6.04= 0.09 for MMP-9,
and 6.05+ 0.09 for MMP-8; see Table 2), even though it
has been reported that in matrilysin MMP-7 its substitution
by uncharged residues, such as GIn and Ala, does not alter
significantly the pK of the acidic transition (Cha and Auld,
1997). Obviously, the influence of Glu-198 might be dif-
ferent between MMP-7 (where site-directed mutants have
been tested) and the enzymes investigated in our study, so
that the evidence reported for MMP-7 might be not relevant
for MMP-8, MMP-2, and MMP-9. As a matter of fact, in
stromelysin MMP-3 a very recent investigation of the pH-
dependence of catalytic parameters indicates that a loy pK
(=5.6; see Johnson et al., 2000) may be attributable to the
Glu-Zr**-H,O complex. However, in our case the lowest
pKy values may also find an additional explanation, and
residue A could instead be proposed to be one of the histidyl
residues coordinating the catalytic Zn and in fact the
acidic pK, value(s) (= 6.05= 0.07 in MMP-8, 5.54+ 0.09
in MMP-2, 4.82+ 0.08 in MMP-9 for the substrate-bound
forms; see Table 2) might well be compatible with the
protonation of the N from a imidazole coordinated to a
metal (thus displaying a lower pKvalue). In the case of
residue B, because the observed, pélues may certainly
be referred to an uncoordinated histidyl residue (pke
7.69 = 0.08 for MMP-2, 7.87x 0.07 for MMP-9, and
6.75+ 0.07 for MMP-8, see Table 2), a potential candidate
indeed is His-162, which is conserved in most MMPs (in-
cluding MMP-2, MMP-9, and MMP-8; see Massova et al.,
1998), and which has been shown to interact with an inhib-
itor of MMP-8 (Grams et al., 1995). The Zh-bound HO
might be referred to the group with the highest pkalue
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(PKy = 7.99 = 0.09 for MMP-2, 8.05+ 0.08 for MMP-9,  also underlines some variations and similarities in the fine
and 7.15%+ 0.08 for MMP-8; see Vallee and Auld, 1990; regulation of their function. Although it is not possible yet
Mock and Stanford, 1996), even though in the case ofo describe to a great molecular detail the functional differ-
matrilysin MMP-7 and in MMP-3 it has instead been pro- ences detected, it is important to begin a structural-func-
posed to be responsible for the very low pdbserved (Cha tional analysis to distinguish the mode of action of these
and Auld, 1997; Johnson et al.,, 2000), in view of theenzymes in order to trigger the design of enzyme-specific
possible interaction with the protonated Glu-198 (seenhibitors.
above). More complex is the task of understanding why 1)
pK, values of ZA*-bound HO and of His-162 are much
lower in MMP-8 than in both MMP-2 and MMP-9; and 2) The authors acknowledge Elisabetta Bennici for her expert support and
collagenase and gelatinases display a different mode ofara Sherwood for editing the manuscript.
substrate binding, as indicated by the differing behavior ofThis work was supported by the Italian Ministero dell'Universitalella
MMP-8 and in MMP-2 (Grams et al.,. 1995; Morgunova et
al., 1999), suggesting that the structural determinants should
be the same for collagenases and gelatinases, even thougfFFERENCES
the resolution IeYEI_may not be h|gh enoth to detect Sm‘r’w\imes, R. T., D. L. French, and J. P. Quigley. 1994. Cloning of a 72 kDa
but relevant variations between the two enzymes. Obvi- matrix metalloproteinase (gelatinase) from chicken embryo fibroblasts
ously, an important difference between MMP-8 and the two Using gene family PCR: expression of the gelatinase increases upon
. . . malignant transformatiorBiochem. J300:729-736.
gelatinases is the presence, in the latter ones, of the Iong _ , _ _
fibronectin Il-like sequence close to the active site, which is eo: R. .. and J. P. Quigley. 1995. Matrix metalloproteinase-2 is an
.' q ) i ’ interstitial collagenase. Inhibitor-free enzyme catalyzes the cleavage of
inserted between the fiftt8 strand and helix 2 of the  collagen fibrils and soluble native type | collagen generating the specific
catalytic domain (Morgunova et al., 1999). This structural 3/4-and 1/4-length fragments. Biol. Chem270:5872-5876.
difference indeed mlght be respons”:)le for a dlﬁerentAntOnlnl, E., and P. Ascenzi. 1981. The mechanism of trypsin catalysis at
h distributi in th | - f th IVt low pH. Proposal for a structural model. Biol. Chem.256:
charge istribution in the close proxlmlty of the catalytic  15449_12455.
site, and thus for the marked \_/ar'atlon of palues Ob_' Baramova, E., and J. M. Foidart. 1995. Matrix metalloproteinase family.
served between collagenases (i.e., MMP-8) and gelatinasescell Biol. Int. 19:239-242.
(i.e., MMP-2 and MMP-9; see Table 2). This possibility is Birkedal-Hansen, H., W. G. I. Moore, M. K. Bodden, L. J. Windsor, B.
further strengthened by the recent proposal that in MMP-3 Birkedal-Hansen, A. DeCarlo, and J. A. Engler. 1993. Matrix
.. . . . . . metalloproteinases: a revie@rit. Rev. Oral Biol. Med4:197-250.
a histidyl residue, which participates in shaping an- _ o _
hor int fi ith a tri tid iaht disol | Blundell, T. L. 1994. Metalloproteinase superfamilies and drug design.
chor interacting with a tripeptide, mig isplay a very low ~ nat Struct. Biol 1:73-75.
pKa value (56'0; see Johnspn (?t al., 2000)' Howe\{er' lweBode, W., P. Reinemer, R. Huber, T. Kleine, S. Schnierer, and H.
cannot also exclude that in different enzymes differing Tschesche. 1994. The x-ray crystal structure of the catalytic domain of
residues are responsible for the various proton-linked tran- human neutrophil collagenase inhibited by a substrate analogue reveals
. . . . the essentials for catalysis and specificBMBO J.13:1263-1269.
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