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Matrix Metalloproteinase-1 Takes Advantage of the Induced Fit Mechanism To
Cleave the Triple-Helical Type | Collagen Molectile
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ABSTRACT. The collagenases are members of the matrix metalloproteinase family (MMP) that degrade
native triple-helical type | collagen. To understand the mechanism by which these enzymes recognize
and cleave this substrate, we studied the substrate specificity of a modified form of MMP-1 (FC) in
which its active site region (amino acids 21254) had been replaced with that of MMP-9 (amino acids
395-437). Although this substitution increased the activity of the enzyme toward gelatin and the peptide
substrate Mca-PLGL(Dpa)AR-NHby ~3- and~11-fold, respectively, it decreased the type | collagenolytic
activity of the enzyme to 0.13%. The replacement of“&ythe only amino acid in this region of FC that

is conserved in all collagenase family members, with the corresponding Glu residue in MMP-9 resulted
in a substantial decrease in the type | collagenolytic activity of the enzyme without affecting its general
proteolytic activities. The kinetic parameters of the FC/G233E mutant for the collagen substrate were
similar to those of the chimeric enzyme. In addition, substituting?@kpr Glu in the chimera increased

the collagenolytic activity of the enzyme by 12-fold. Interestingly, replacing’&la MMP-9 with Gly,

its corresponding residue in FC, endowed the enzyme with type | collagenolytic activity. The catalytic
activity of the MMP-9 mutant toward triple-helical type | collagen was 2-fold higher than that of the
collagenase chimera. These data in conjunction with the X-ray crystal structure of FC indicate #fat Gly
provides the flexibility necessary for the enzyme active site to change conformation upon substrate binding.
The flexibility provided by the Gly residue is essential for type | collagenolytic activity.

Turnover of extracellular matrix collagens by matrix The collagenases are some of the well-characterized
metalloproteinases (MMPsis considered to be an important MMPs. They are able to digest several extracellular matrix
part of several normal physiological and pathological pro- proteins but are best known for their ability to cleave fibrillar
cesses, such as skeletal growth and remodelif@) (wound type | collagen. Since turnover of type | collagen is an
healing B, 4), periodontal diseas®,6), cancer {—12), and important part of connective tissue remodeling, understanding
arthritis (L3—16). There are four subclasses of MMPs: the mechanism by which collagenases recognize and cleave
collagenases (MMP-1, -8, and -13), gelatinases (MMP-2 and this substrate has been of great interest. Collagenases cleave
-9), stromelysins (MMP-3, -10, and -11), and membrane- the al anda2 chains of triple-helical type | collagen at a
type MMPs (MMP-14-17). Most MMPs are secreted from  unique bond, generating characteristic three-quarter and one-
cells as catalytically latent species and activated by pro- quarter length fragments. However, according to peptide
teolytic processing of their amino termini. With few excep- Substrate specificity studies and the primary amino acid
tions, MMPs are composed of three domains: an amino- sequence of the collagen chains, collagenases should be able
terminal pro-domain, a catalytic domain containing the to cleave many of the peptide bonds within the collagen
catalytic zinc-binding active site region (AS), and a carboxyl- molecule @2, 23). This suggests that the availability of the
terminal domain that consists of a proline-rich hinge region Potential cleavage site and the conformation of the triple helix
followed by a hemopexin-like domain (reviewed in réfs- in the vicinity of the cleavage site play important roles in
21). scissile bond specificity. Several studies have been conducted
with the purpose of identifying structural elements that play
a role in the triple helicase and/or collagenolytic activity of
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of the carboxyl-terminal domain of neutrophil collagenase
(MMP-8) are essential for its type | collagenolytic activity
(24). The carboxyl-terminal domain apparently binds the
collagen and, with the use of the “hinge” region, moves it

O'Farrell et al.

GAGCGCTCCCGGCACTGAGGAATG-3Jsubstituted nu-
cleotides underlined). The expected mutations were con-
firmed, and all of the PCR-derived DNA was found to be
free of secondary mutations by dideoxy sequencing. Expres-

into the AS. Our recently published data demonstrate that sion of these plasmids Bscherichia colistrain BL21(DE3)

Gly?"? is responsible for the hinge bending motic27)

and BL21(DE3)pLysS cells generated +Gel.B/AS chi-

During this process, by means that are not thoroughly meric mutant (FG-Gel.B/AS/E415G, where the number

understood, the enzyme with the aid of the carboxyl-terminal
domain patrtially unfolds the helix to allow cleava@s8,(29).

refers to that of the MMP-9 molecule; Gfd in MMP-9
corresponds to Gfj® in FC) and MMP-9 mutant (Gel.B/

Studies have also suggested that the catalytic domain ofE415G) proteins, respectively.

fibroblast collagenase (MMP-1, FC) contributes to the

The recombinant FC/G233E and fFGel.B/AS/E415G

substrate specificity of the enzyme. It has been shown thatenzymes were activated with 1 mM APMA and purified on
chimeric enzymes containing the entire catalytic domains of a Zn-chelating columns3d), and the Gel.B/E415G mutant

MMP-10 (25 or MMP-3 (26) attached to the carboxyl-
terminal domain of FC, although retaining the ability to digest

was purified as a latent enzyme via gelatin agarose column
chromatography as described previousB3)( Purified

casein, had no type | collagenolytic activity. This suggests enzymes were dialyzed against 50 mM Tris-HCI (pH 7.5),
that the catalytic domain of FC contains structural elements 5 mM CaC}, 150 mM NaCl, and M ZnCl; and stored at

that are required for the type | collagenolytic activity of the

—80°C.

enzyme. Chung and co-workers have demonstrated that the Determination of ky/K, Values for the Fluorogenic

1B RWTNNFREY amino acid sequence in the catalytic
domain of FC is critical for the collagenolytic activity of
the enzyme30). This sequence, however, was not sufficient
to endow MMP-3 with type | collagenolytic activity,

Peptide Substrate (7-Methoxycoumarin-4-yl)acetyl(Mca)-
Pro-Leu-Gly-Leu-[3-(24'-dinitrophenyl)t-2,3-diaminopro-
pionyl](Dpa)Ala-Arg-NH. The k../Km values for the fluo-
rogenic peptide substrate were obtained by assaying the

suggesting that other elements in the catalytic domain of FCenzymes at 23°C using 2 uM substrate as previously
are also required for the expression of this activity. Recently, described 34). Duplicate assays were performed and the

Pelman and co-workers3{) reported that one of the
important components of collagenolysis in MMP-8 is the
interaction between the side chains of ASithat is located

in the S3 subsite and Ty#° with the collagen substrate. In
this report, we have discovered, for the first time, that the
ability of FC to cleave type | collagen is dependent on the

results averaged. Concentrations of active enzymes, [E]
were found by active site titration either with the amino-
terminal, 14 kDa, inhibitory domain of the recombinant tissue
inhibitor of metalloproteinase-2 (TIMP-2-ID, a kind gift from
H. Tschesche, LerstuhlflBiochemie, Universitat Bielefeld,
Bielefeld, Germany) 34) or with GM6001 as described

presence of a Gly residue at position 233 located in the AS previously 85). These methods were used to determine the
region of the enzyme. The presence of a Gly residue at thisconcentration of active enzyme used in every assay in this

position is sufficient to endow any MMP with type |
collagenolytic activity. GI§3® provides the flexibility neces-

report. Concentrations of the active enzyme found by TIMP-
2-ID titration correlated with those determined by the

sary for the enzyme AS to change conformation upon binding Bradford dye binding technique (standard Bio-Rad Labora-

collagen, leading to catalysis.

EXPERIMENTAL PROCEDURES

Plasmid Construction and Purification of Recombinant
Proteins.The construction of expression plasmids pET/FC,
PET/NG, and pET/F&Gel.B/AS containing the cDNA for
MMP-1 (FC), MMP-9, and the MMP-1 chimera containing
the MMP-9 active site (FEGel.B/AS), respectively, and
purification of their corresponding proteins have been
described previously3@, 34). A single-site mutation was
introduced into pET/FC, pET/NG, and pET/FGel.B/AS
by the polymerase chain reaction (PCR) procedure.

To substitute a Glu for GR#® in the FC molecule, a'5
mutagenic primer (substituted nucleotide underlined), 5
CTCGGCCATTCTCTTGGACTCTCCCATTC-
TACTGATATCGAGGCTT-3, complementary to nucle-
otides 724-770 in FC, containing &8sl site 5 of the
substituted nucleotide was used. THep8mer, 3-TTTG-
GACTCACACCATGTGTTTTCCATTCAAATTAG-3, was
complementary to the' 3intranslated region of the cDNA.
The 0.8 kb PCR product was digested watsiX| and Dralll
and ligated with a 5.1 kBst¥XI —Dralll fragment from pET/
FC to produce the final expression vector, pET/FC/G233E.

PETFC+Gel.B/AS/E415G and pETNG/E415G mutants
were generated using the mutagenic primerCAT-

tories assay), using bovine serum albumin (BSA) as a
standard.

Analysis of Gelatinolytic Actity. Gelatinolytic activity
was determined using‘C-labeled gelatin essentially as
described previously36, 37). Specific activity values were
calculated by dividing the amount of gelatin degraded per
hour (micrograms) by the nanomoles of enzyme used in the
reaction. Each assay was performed in duplicate, and the
results were averaged.

Type | Collagenolytic Actity. The type | collagenolytic
activity of the enzymes was initially detected by SbBS
PAGE. Enzymes (0.054 pmol) were incubated with 0.2
ugluL bovine type | collagen (Fluka Biochemika, Milwau-
kee, WI) in assay buffer containing 50 mM Tris (pH 7.5), 5
mM CaCl, 150 mM NaCl, 24M ZnCl,, and 0.2ug/uL BSA
at 27°C for 20 h. The reactions were then quenched with
10 mM EDTA, and the mixtures were boiled for 5 min and
loaded onto a 6% SDSPAGE gel. Protein bands were
visualized by staining the gel with Coomassie Blue.

The kinetic parametergg,;andKy, for soluble and FITC-
labeled fibril type | collagen were determined as described
previously @7, 38) with the following modifications. The
soluble type | collagen assay was performed at@5or 1
h in assay buffer that contained 50 mM Tris (pH 7.5), 5
mM CaClh, 150 mM NaCl, and various concentrations of
bovine type | collagen (0:12.5 uM). After the incubation
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1 2 3 4 Considering that FEGel.B/AS was able to cleave gelatin
and the peptide substrate with efficiencies higher than that
of FC, it can be concluded that the substitution of the AS of
FC with Gel.B/AS resulted in a specific decrease in the type
| collagenolytic activity of FC. These observations suggest
that the AS of FC contains unique amino acid residues that
are particularly responsible for enhancing the type I col-
lagenolytic activity of the enzyme.

The Conseration of GIy33 Is Crucial for the Type |
Ficure 1. SDS-PAGE analysis of the type | collagenolytic activity — Collagenolytic Actiity of FC. To identify specific amino
of FC, FC+Gel.B/AS, and FC/G233E. The purified enzymes were 5¢id residues in the active site of EC (FC/AS) that may be

incubated with 0.2:.g/uL bovine type | collagen in an assay buffer . S . L.
containing 50 m,\%%’-ﬁs (pH 7_5;3'“05 mm ng;I150 mMm NgCI, > important for enhancing its type | collagenolytic activity, a

uM ZnCl,, and 0.2uglul BSA at 27°C for 20 h. The reactions ~ Partial amino acid sequence alignmgnt from this region of .
were then quenched with 10 nM EDTA, and the mixtures were several collagenases and the gelatinases was made and is

boiled and separated on a 6% SBISAGE gel as described in  shown in Figure 2. This alignment revealed that all members

Experimental Procedures. Protein bands were visualized by Coo-f the collagenase family, including gelatinase A, contain a
massie Blue staining. The arrowheads indicate three-quarter length ’ '

degradation products afl anda2 chains: lane 1, type | collagen conserved Gly residue at a position corresponding to amino

alone (0.4«g); lane 2, FC (0.06 pmol); lane 3, R@Gel.B/AS (0.3 acid 233 in FC that is substituted with a Glu residue (G)u
pmol); and lane 4, FC/G233E (0.3 pmol). in MMP-9. This observation raised the possibility that the

) . ] conservation of this Gly residue is responsible for efficient
period, reactions were quenched with 10 mM EDTA and gjjization of type | collagen by the collagenases. To test
mixtures were boiled for 5 min and separated on a 6%-SDS g hypothesis, GR3in FC was mutated to the correspond-
PAGE gel. Protein bands were visualized by Coomassie Blueing Glu residue of MMP-9 (FC/G233E). The FC/G233E
staining and quantified with an Alpha Imager 2000 Docu- mtant was expressed as a latent enzynte iroli, activated
mentation and Analy_sis System (Alpha Innotech Corp., San ith APMA, and purified as a 42 kDa active species as
Leandro, CA). Duplicate assays were performed and the gescribed in Experimental Procedures. Like the wild-type
results were averaged. enzyme, FC/G233E exhibited altered electrophoretic mobility
RESULTS under reducing versus nonreducing conditions (data not

shown), which indicated that the disulfide bond in the

To assess contributions of the active site (AS) of MMP-1 carboxyl-terminal domain is intact. The specific activity of
(FC) to the type | collagenolytic activity of the enzyme, the FC/G233E toward gelatin was found to be essentially equal
ability of the FC+Gel.B/AS chimera 34) to cleave type | to that of FC [255 and 272g h ! nmol™%, respectively (Table
collagen was examined. The FGel.B/AS chimera consists  1)]. These data suggested that FC/G233E was properly folded
of a full-length FC with its AS residues (amino acids 212  and that the general proteolytic activity of the enzyme was
254) replaced with that of MMP-9 (Gel.B/AS; amino acids not compromised by this substitution. Interestingly, as shown
395-437) (34). We have recently used this chimera to in Table 1, the effects of the G233E mutation on the kinetic
identify structural elements that determine the substrate parameters of FC for the peptide substrate and type | collagen
specificity of MMP-9 and have shown that the 42 kDa active were quite similar to that of replacing the entire AS of FC
FC+Gel.B/AS is properly folded and, like the FC, has a with that of MMP-9 (FC+Gel.B/AS). The GIl§* to Glu
mixture of amino-terminal sequencesi®. TEG and 10> mutation increased the catalytic activity of FC toward the
TEGN (34). As shown in Table 1 and previously reported peptide substrate by 6.5 times and reduced its catalytic
(34), the substitution of the AS of FC with that of MMP-9  efficiency (../Km) toward type | collagen by more than 99%
increased the catalytic efficiencies of the enzyme toward the (Table 1). Thek.. value of FC/G233E for type | collagen
peptide substrate, Mca-PLGL(Dpa)AR-MHnd gelatin by ~ was 27 times lower and it&, value 7 times higher than
approximately 11 times and 2.5-fold, respectively. The that of the wild type enzyme. Like the R&Gel.B/AS
presence of amino acid residue¥1.A*% and A%in Gel.B/ chimera, the GI?® to Glu mutation did not affect the
AS is apparently responsible for the observed differences in cleavage pattern of type | collagen (Figure 1, lane 4). These
the proteolytic activity of FC and FEGel.B/AS 34). results suggest that G} is responsible for the efficient

Analysis of Type | Collagenolytic Aetfy of FC+Gel.B/ utilization of type | collagen by FC.
AS.To determine the effect of the AS substitution on the  To confirm this observation, Gttf in the active site of
type | collagenolytic activity of FC, the ability of FEGel.B/ the FC+Gel.B/AS chimera (the number refers to the amino
AS chimera to cleave native triple-helical type | collagen acid residue in Gel.B/AS) was replaced with Gly, its amino
was examined. As shown in Figure 1, #Gel.B/AS (lane acid counterpart in FC, and catalytic activities of the
3), like FC (lane 2), was able to digest type | collagen into FC+Gel.B/AS/E415G mutant toward peptide substrate,
three-quarter and one-quarter length fragments. However, thegelatin, and native type | collagen were determined. I1#&8ly
Km and ko values of FG-Gel.B/AS for soluble type | is responsible for the efficient utilization of type | collagen
collagen were 6 times higher aneR orders of magnitude by FC, then replacing Gféf in the FC+Gel.B/AS chimera
lower than those of FC, respectively (Table 1). These resultswith Gly should in principle increase the type | collagenolytic
indicated that the substitution of AS of FC with Gel.B/AS activity of the chimera. As predicted, the mutation increased
adversely affected the binding of the enzyme to type | the catalytic activity of the FEGel.B/AS chimera toward
collagen and more notably resulted in a large decrease intype | collagen by 12-fold without affecting its affinity for
the turnover numbelk.,, of the enzyme for this substrate. the collagen substrate (Table 1). TKg and k., values of

___a,
—
-—
P —
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Type I collagenolytic

Activity
214 236
Human MMP-1 (FC) - RVAAHELGHSLGLSHSSDIGALM +
Rabbit collagenase - RVAAHELGHSLGLSHSTDIGALM +
Pig collagenase - RVAAHELGHSLGLSHSTDIGALM +
Bovine collagenase - RVAAHEFGHSLGLSHSTDIGALM +
Rat collagenase - IVAAHELGHSLGLDHSKDPGALM +
Mouse collagenase - IVAAHELGHSLGLDHSKDPGALM +
Human MMP-13 - LVAAHEFGHSLGLDHSKDPGALM +
Human MMP-8 - LVAAHEFGHSLGLAHSSDPGALM +
Catfish MMP-8 - LVAAHEFGHSLGLEHSNVPGALM +
Human MMP-2 - LVAAHEFGHAMGLEHSQDPGALM +
Human MMP-9 - LVAAHEFGHALGLDHSSVPEALM -

FiGurRe 2: Sequence alignment of amino acids in the AS of collagenases from various species and gelatinases. Numbers refer to the amino
acid residues of FC starting from the initial Met. The Gly residue that is conserved in all type | collagenases is shown in bold and underlined.

N

generated several smaller fragments (Figure 3, lane 3). This
is consistent with Gel.B/E415G acting as a gelatinase. The
catalytic efficiency of the Gel.B/E415G mutant toward type

| collagen kealKm = 2.92 bt uM~1) was similar to that of

the FC+Gel.B/AS chimeraK.a/Kn = 3.7 't uM %) with

its keat Value being 2-fold higher than that of the chimera.
NH.-terminal sequence analyses of the one-quarter length
of a1(l) collagen fragments revealed that the cleavage of
o2(l) chain of type | collagen by the Gel.B/E415G mutant
occurred between GHEP and Leld?5, three-fourths of the
distance from the amino terminus. These data indicate that
the presence of a Gly residue at this position of the MMP-9
molecule is sufficient to endow the enzyme with type |
collagenolytic activity.

B

e -

i

A
1

Ficure 3: SDS-PAGE analysis of the type | collagenolytic activity
of FC, MMP-9, and the Gel.B/E415G mutant. The purified enzymes DISCUSSION
were incubated with 0.2g/uL bovine type | collagen as described

in the |egend of Figure 1 except the reaction mixtures were Turnover Of type | Co”agen by mammallan Collagenases

incubated at 25C for 8 h. The arrowheads indicate three-quarter . . . . .
and one-quarter length degradation products’banda2 chains, is considered to be an important part of connective tissue

respectively: lane 1, type | collagen alone (@g); lane 2, FC remodeling. It has been noted that the collagen triple helix
(0.2 pmol); lane 3, Gel.B/E415G (3.0 pmol); and lane 4, MMP-9 is too large to fit into the AS of the collagenase)(
(3.0 pmol). suggesting that a partial unfolding of the triple helix by the
collagenases and/or changes in the active site conformation,
the FC+Gel.B/AS/E415G mutant for type | collagen were induced upon binding to the collagen molecule, are needed
1.83 uM and 83 h, respectively. The GR® to Gly for the peptide chains to fit into the enzyme subsites. Chung
mutation, however, reduced the general proteolytic activity and co-workers 29) have recently suggested that the
of FC+Gel.B/AS to that of FC. As shown in Table 1, the carboxyl-terminal domain of MMP-1 (FC) helps to unwind
catalytic activities of the FE€Gel.B/AS/E415G mutant  the triple-helical structure of the collagen molecule prior to
toward synthetic substrate and gelatin were 6 times and 2-foldcatalysis. In this report, we demonstrate, for the first time,
lower than that of FE&Gel.B/AS, respectively. These data that the ability of FC to cleave type | collagen is also
clearly demonstrate that Gf plays a direct role in the type  dependent on its AS ability to adopt a conformation that
| collagenolytic activity of FC. These data also suggest that mediates collagen binding and catalysis, and this process is
the presence of a Gly residue at this position may be dependent on the presence of a Gly residue at position 233
sufficient to endow any MMP with the ability to utilize native  |ocated in the AS region of the enzyme. &fprovides the
triple-helical type | collagen as a substrate. flexibility necessary for the enzyme AS to change conforma-
Substitution of Gly for GI#®> in MMP-9 Confers the  tion upon binding collagen (induced fi82), leading to
Enzyme with Type | Collagenolytic Adty. To substantiate  catalysis. This finding is based upon the observations that
the hypothesis given above, the Glu residue at position 415the presence of a Gly residue in the MMP-9 active site is
in full-length MMP-9 was substituted with Gly (Gel.B/ sufficient to endow the enzyme with type | collagenolytic
E415G), its corresponding residue in FC. As shown in Table activity and the FC chimera in which the AS of FC was
1, the Gel.B/E415G mutant cleaved gelatin and synthetic replaced with that of MMP-9 (FEGel.B/AS), although had
substrate with an efficiency similar to that of wild-type higher activity toward the peptide substrate and gelatin than
MMP-9. However, contrary to MMP-9 (Figure 3, lane 4) that of FC, it was not able to efficiently cleave type |
but similar to FC (Figure 3, lane 2), the Gel.B/E415G mutant collagen. The specific decrease in the type | collagenolytic
was able to cleave thel ando2 chains of triple-helical activity of the enzyme was due to a large decrease in the
type | collagen at a unique bond, generating characteristick.,s and a significant increase in th&, value. FC-Gel.B/
three-quarter and one-quarter length fragments (Figure 3, laneAS was by all indications stable, properly folded, and
3). Longer incubation of the enzyme with the substrate able to be processed by APMA to an active species
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having the samé/l; and amino termini as FC. An amino
acid sequence alignment of the collagenase family revealed
that the conserved GI§2in collagenases (the number refers
to the amino acid residue in FC) is substituted for a Glu
residue in MMP-9 (Figure 2), suggesting that this substitution
is responsible for the observed difference in the type |
collagenolytic activity of FG-Gel.B/AS and FC. This was
confirmed by the observation that the replacement of&ly
in FC with Glu (FC/G233E), the corresponding residue in
MMP-9, substantially decreased the catalytic efficiency of
FC toward type | collagen (Table 1). However, the FC/
G233E mutant retained full peptidolytic and gelatinolytic
activity, indicating that the decrease in the collagenolytic
activity of FC was specific and that its general proteolytic
activity was not compromised by this substitution. The effect
of the G233E mutation on kinetic parameters of FC for type
| collagen was similar to the effect of the replacement of
the entire AS of FC with that of MMP-9 (Table 1). These
data indicated that the conservation of &in FC is crucial
for the efficient cleavage of type | collagen by the enzyme.
This was substantiated by substituting the ‘&esidue (the
number refers to the position of the amino acid residue in
the MMP-9 molecule) in F&Gel.B/AS with Gly, the
corresponding residue in FC. The catalytic activity of the W
FC+Gel.B/AS/E415G mutant toward type | collagen was
12- and 2.7-fold higher than that of FGel.B/AS and the
FC/G233E mutant, respectively (Table 1). The mutation,
however, did not have any effect on th&, value of
FC+Gel.B/AS for the collagen substrate. These data dem-
onstrated that the type | collagen binding capacity of
FC+Gel.B/AS was not affected by the Gly substitution and
suggested that the Gly residue contributes to catalysis by
facilitating the interaction between the collagen substrate and
the active site residues. o
It has been noted that the AS of many enzymes contains jjil§ /
a recognizable Gly-containing sequence motif, G-X-Y or Yy
Y-X-G, where X and Y are polar and nonpolar residues, §
respectively, with Leu and Ala having the highest frequency
(40). These Gly residues have been shown to be important
for the catalytic hinge bending motions of several enzymes
(41—43). Gly**is located in the G-A-L oligopeptide motif > T I/ ™
in the active site of FC (Figure 2), suggesting that it directly ~ S0 e TN / \ -
and/or indirectly contributes to the local flexibility of the Ficure4: X-ray crystal structure of FC. (A) Catalytic domain of
active site, which is generally considered to be important FC highlighting the active site of the enzyme. The conserved Gly
for catalysis. Thus, it is conceivable that any substitution at res(;d‘;]e is ﬂ_‘OW” i_g magehnta. The pﬂsition of ”é‘? cat?jlytiE(;: ZiA”C_iO”
this position has a generz_il effect on the mobility of the active ggi d; trr?:t S:JS”roeuSr'] d”%? gvvz{'sénggbo\m\?vrg Ipn c;ggt“en g E)rz)gr?rlr?o
site of FC. The observation that FGel.B/AS and the FC/ a5 used to substitute G& of FC with Glu. The mutated amino
G233E mutant have significantly lower catalytic activity acid (Glu) is shown in red. ASBL, Thr274 and Ph&'6, residues that
toward the collagen substrate than that oftR&el.B/AS/ migh}qinteract with thel%l\ll\?sgélét%?ug|l:e?p;hgivlzecli;GTZIﬁgEQHJ;J;?LES
E415G supports this concept and suggests that the flexibility &€ Shown In green, yeflow, ' -
provided by Gly is essential for type | collagenolytic activity. adapted from the crystal structure of FC solved by Li et 29).(
This idea is in accord with the X-ray crystal structure of FC 1). A molecular modeling study demonstrated that for the
(39). In FC, GIy¥*3is located in a turn at the bottom of the side chain of a Glu residue to fit at position 233 in FC
AS where the polypeptide chain turns back toward the centerwithout affecting the overall structure of the enzyme, it would
of the enzyme (Figure 4A)30). The distortion of the turn  point either toward the firsg-propeller of the carboxyl-
that is presumably needed to “open” the AS of the enzyme terminal domain or in the opposite direction toward the hinge
may be less easy to achieve when &las been replaced region (Figure 4B). If it pointed toward the former, it would
with Glu as in MMP-9, FG-Gel.B/AS, and FC/G233E. Thus, clash with Ph&®€, To avoid this, Ph&® could rotate out into
Glu may have “locked” the AS of these enzymes in a more the collagen binding area of the carboxyl-terminal domain.
closed state, resulting in reduced catalytic efficiency as If the substituted Glu residue pointed in the opposite
demonstrated by either their lack of collagenolysis or the direction, it would fill the space between the bottom of the
low catalytic efficiency toward the collagen substrate (Table AS and the hinge region and would clash with Ad@nd/
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Table 1: Kinetic Parameters of FC, FGel.B/AS, MMP-9, and Their Mutarts

Mca-PLGL(Dpa)AR-NH gelatin type | collagen
KealKm specific activity Keaf K

enzyme (mM~1s) («g h™* nmol™?) Keat (N72) Km (uM) (htuMm~1)
FC 14.17+0.51 272+ 9 828+ 120 0.31+ 0.08 2760
FC+Gel.B/AS 160+ 4 692+ 25 6.7+ 0.08 1.8+ 0.4 3.7
FC/G233E 95.6: 4.2 255+ 4 31+ 3 22+04 14
FC+Gel.B/AS/E415G 26.4- 2.3 335+ 60 83+ 8 1.83+ 0.47 45.3
Gel.B/E415G 1336- 4 61850+ 6570 12.95+ 0.02 4.44+ 0.09 2.92
MMP-9 2313+ 123 83030t 2770 ND NDb NDP

a Experimental details are given in Experimental Procedirbiait determined.

or Thrr7* of the hinge region (Figure 4B). This could cause flex toward the catalytic domain. This would severely hamper
Asp?®! to rotate out into the collagen binding area and/or the ability of the carboxyl-terminal domain to position the
Thr?"*to rotate toward the center of the enzyme or out toward collagen sufficiently close to the AS for efficient catalysis,
solvent. The displacement of any one of the amino acid sideresulting in a decrease kg, Consistent with this hypothesis,
chains, Ph&¢, Asp3?, or Th74 not only makes the structure  we have found that thie..c of FC/G233E for type | collagen
of the active site more rigid, hampering the ability of the was much lower than that of the wild-type enzyme. However,
AS to accommodate the collagen substrate, but also interferegontrary to this notion is the fact that both the MMP-9 mutant
with substrate binding. These result in a decreade.jand [Gel.B/E415G (Figure 3 and Table 1)] and MMP-2 (gelati-
an increase K, values. The observation that FGel.B/ nase A) 45) that contains a Gly residue at position 418
AS and FC/G233E have a significantly loweg and a higher corresponding to GR#®in FC (Figure 2, bold and underlined)
Km for type | collagen than the wild-type enzyme cor- are also able to cleave triple-helical type | collagen. Studies
roborates this hypothesis. In addition, the catalytic activities (34, 36, 47—49) suggest that the fibronectin-like domain of
of FC+Gel.B/AS and the FC/G233E mutant toward the these enzymes is responsible for binding to and presenting
collagen substrate are significantly lower than that of macromolecular substrates, including type | collagen in the
FC+Gel.B/AS/E415G, suggesting that the flexibility pro- case of MMP-2 49, 50), to the AS of the enzyme for
vided by Gly is essential for type | collagenolytic activity. cleavage. This domain is unique to the gelatinases and is
This concept is further supported by the fact that although inserted into their catalytic domains, adjacent to their AS
the three-dimensional structure of the catalytic domain of (17—21). Thus, it is reasonable to conclude that the presence
MMP-9 (44) is highly homologous to that of FC39), of a small amino acid residue like Gly at this position
MMP-9 cannot cleave the native type | collagen substrate provides the flexibility necessary for enzyme active site to
(Figure 4, lane 4). GHi® is the corresponding Gly residue change conformation upon substrate binding.
in the active site of MMP-9 (Figure 2). On the other hand, It is worth mentioning that not all MMP members with
like FC, the MMP-9 mutant (Gel.B/E415G) in which Gi& collagenolytic activity contain this Gly residue. The membrane-
is substituted with Gly, its corresponding residue in FC, is bound MMP (MT1-MMP, MMP-14) that also cleaves triple-
able to cleave native triple-helical type | collagen at three- helical type | collagen contains a Ser residue at this position
quarters of the distance from the amino terminus (Figure 3, in its active site. In comparison to the collagenase family,
lane 3). This observation indicates that the AS of the Gel.B/ the MT1-MMP molecule contains a convertase cleavage site
E415G mutant has acquired the conformation necessary forbetween the pro-peptide and the catalytic domain and also a
type | collagenolysis. transmembrane-1 and a cytoplasmic tail after the hemopexin-
The replacement of the Gly residue at position 233 with like domain (8—21). In contrast to MMP-129), Tam and
a Glu as in F&G-GelB/AS and FC/G233 may also affect co-workers have recently shown that the isolated carboxyl-
collagenolysis by interfering with the ability of the carboxyl- terminal domain of MT-IMMP (MT1-LCD) binds to the
terminal domain to present the collagen to the AS. Consider- native type | collagen and induces structural perturbation in
ing the different catalytic-hemopexin-domain configurations the molecule §0). In addition, they have demonstrated that
of latent and active MMP-1, Jozic and co-worket$)(have MT1-LCD enhances the type | collagenolytic activity of
proposed that proper positioning of the hemopexin domain MMP-1 and -8 in trans, while it inhibits the type |
with respect to the catalytic domain may be necessary for collagenolytic activity of MT1-MMP. MT1-LCD, however,
the triple helicase activity of the enzyme. They speculate was not able to endow MMP-7 and trypsin, the noncol-
that the open form of the active MMP-1 interacts with native lagenolytic proteases, with type | collagenolytic activity,
triple-helical collagen and this interaction triggers a change suggesting that unwinding of triple-helical collagen by MT1-
in the position of the hemopexin domain relative to the LCD is localized and MT1-LCD does not completely
catalytic domain leading to a closed conformation, which in denature the collagen molecule. These data also suggest that
turn locally unwinds triple-helical collagen. In the wild-type MT1-MMP binds collagen at a different site than MMP-1
enzyme, the presence of a Gly at position 233 provides and MMP-8, and triple helicase activity is independent of
enough space between the hinge region and the bottom ofa-chain hydrolysis. Further studies are needed to identify
the AS (Figure 4) to allow the hinge region to flex and the collagen binding sites and elucidate the mechanism of
properly position the hemopexin domain during catalysis. collagenolytic activity of MT1-MMP.
However, as mentioned above, if the substituted Glu residue In conclusion, triple-helical type | collagenolysis is a
were oriented in the direction of the hinge region, it would function of a multistep process. Initially, the carboxyl-
fill this space, leaving little room for the hinge region to terminal domain in the case of collagenas2d) (or the
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