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ABSTRACT: The matrix metalloproteinases gelatinase A and stromelysin-1 have definable N-terminal
(catalytic) and C-terminal domains. In order to analyze their interactions with the N- and C-terminal
domains of the tissue inhibitors of metalloproteinases TIMP-1 and -2, mutants of both the enzymes and
the inhibitors were prepared in which the C-terminal domains had been deleted. Since the K values for
TIMP inhibition of the matrix metalloproteinases are in the picomolar range, it was not possible to measure
these accurately within the sensitivity of available activity assays. Rate constants for the association of the
wild-type proteins were therefore determined and systematically compared with those for the deletion
mutants. It wasfound that TIMP-1 binds more rapidly than TIMP-2 to stromelysin-1 and that the C-terminal
domain of the enzyme does not affect the rate of association of enzyme and inhibitor. This is in contrast
to gelatinase A, where the C-terminal domain has been shown to play an important role in increasing the
rate of complex formation with the TIMPs (Willenbrock et al., 1993). The TIMPs are also comprised of
an N- and C-terminal domain. By deletion mutagenesis, we found that the C-terminal domain of both
TIMPs contributed less to the rate of complex formation with stromelysin-1 than to that with gelatinase
A. Hybrids of the N- and C-terminal domains of gelatinase A and stromelysin-1 were prepared and used
to analyze further the differences in domain interactions with the TIMPs, They demonstrated that the
interactions between the C-terminal domains of enzyme and inhibitor can occur irrespective of the nature
of the N-terminal domain. We can conclude that the TIMPs have two major binding regions which associate
in different ways with the domains of the enzymes gelatinase A and stromelysin-1. The N-terminal domains
of the TIMPs bind to the enzyme catalytic domains to inhibit activity. The TIMP C-terminal domain acts
toincrease the association rate constant by binding to the N-terminal domain of stromelysin or the C-terminal

domain of gelatinase A.

The matrix metalloproteinases (MMPs) are thought toplay
an important role in the physiological and pathological
remodeling of connective tissues, where they are capable of
hydrolyzing collagens, proteoglycans, and other matrix com-
ponents. Extracellular activity of the MMPs is controlled in
vivo by a family of inhibitors, the tissue inhibitors of MMPs,
orthe TIMPs.! Todate, the primarysequences of three human
TIMPs have been obtained by ¢cDNA cloning: TIMP-1
(Docherty et al., 1985), TIMP-2 (Boone et al., 1990), and
TIMP-3 (Apteet al., 1993). Studiesare now directed toward
the understanding of the mechanism of action of the TIMPs.
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! Abbreviations: TIMP, tissue inhibitor of metalloproteinases; Aj27-134
TIMP-1 (N-TIMP-1), TIMP-1 from which amino acids 127-184 have
been deleted; Aj2s-194 TIMP-2 (N-TIMP-2), TIMP-2 from which amino
acids 128-194 have been deleted; Ajzggs60 stromelysin (N-SL), pros-
tromelysin from which amino acids 248—460 have been deleted; N-GL.C-
SL, hybrid of gelatinase A residues 1-417 and stromelysin-1 residues
248-460; N-SL.C-GL, hybrid of stromelysin-1 residues 1-247 and
gelatinase A residues 418-631; PCR, polymerase chain reaction;
McaPLANvaDpaAR, (7-methoxycoumarin-4-yl)acetyl-Pro-Leu-Ala-
Norval-[3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl]-Ala-Arg-NH>;
McaPLGLDpaAR, (7-methoxycoumarin-4-yl)acetyl-Pro-Leu-Gly-Leu-
[3-(2,4-dinitrophenyl)-1-2,3-diaminopropionyl]-Ala-Arg-NH,.

Early studies showed that they made tight-binding noncovalent
complexes with active MMPs with a 1:1 stoichiometry
(Cawston et al., 1981, 1983; Welgus et al., 1985; Okada et
al., 1986; Murphy et al., 1987). TIMP-1 and TIMP-2 have
previously been shown to have similar abilities to inhibit all
the active MMPs when assessed using macromolecular
substrates (Ward et al., 1991). This is consistent with the
fact that these inhibitors have related primary and secondary
structures. The TIMPs consist of six disulfide-bonded loops,
and deletion mutagenesis studies have demonstrated that two
structurally distinct domains can be defined, the N-terminal
domain consisting of loops 1-3 and the C-terminal domain
consisting of loops 46 (Murphy et al., 1991; Willenbrock ez
al., 1993). The N-terminal domain can act as a functional
inhibitor (Murphy et al., 1991; DeClerck et al., 1993) and is
thought to bind at or near the enzyme active site, since
competition has been observed between TIMP-1 and low-
molecular-weight synthetic inhibitors that are directed at the
catalytic zinc (Leliévre et al., 1990). Very tight complexes
are formed between the TIMPs and MMPs with K values of
less than 1 nM. We have previously reported approximate K;
values of 2 and 30 pM, respectively, for the inhibition of
gelatinase A and a mutant of gelatinase A that lacks the
C-terminal domain (A413-631 gelatinase A, N-GL) by either
TIMP-1o0r TIMP-2 (Murphyet al.,1992b). Fortheinhibition
of stromelysin and a similarly truncated mutant, K; values are
less than 200 pM (Teahan & Stein, 1990; Murphy et al.,
1992a).
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The MMPs also have definable domains, which, in the case
of gelatinase A and stromelysin-1, include an N-terminal
(catalytic) domain and a noncatalytic C-terminal domain
(Matrisian, 1992). Studiesaimed at understanding the nature
of TIMP-MMP complex formation in the case of human
gelatinase A haveidentified twodistinct TIMP-2 binding sites,
one at the active site within the N-terminal domain and one
in the noncatalytic C-terminal domain (Howard & Banda,
1991). These observations were supported by the work of
Kleiner et al. (1992), who used cross-linking methods to
demonstrate two binding sites for TIMP-2 on gelatinase A.
Binding to one site appeared to decrease the affinity of binding
of the inhibitor to the other site. Using kinetic analyses, we
found that TIMP-2 bound to active gelatinase A more rapidly
than TIMP-1 (Willenbrock et al., 1993). This was due to the
fact that TIMP-2 has an exposed charged C-terminus which
promotes rapid binding to the C-terminal domain of gelatinase
A. Wealsofound thatatleast threesites of interaction between
TIMP-2 and gelatinase A could be defined by the study of
binding rates of different inhibitor and enzyme mutants. Here,
we compare the binding of human TIMP-1, TIMP-2, and
deletion mutants of both TIMPs to human gelatinase A and
stromelysin-1. We also compare the binding of TIMPs to
deletion mutants of both enzymes lacking their C-terminal
domain. By measuring the second-order rate constants for
binding, we reveal that the C-terminal domain of gelatinase
A contributes more to the rate of inhibitor association than
the corresponding domain in stromelysin-1. This is a unique
feature of the gelatinase A C-terminal domain and is
independent of the catalytic domain, since it can be transferred
tostromelysin by exchanging the C-terminal domain between
the two enzymes.

MATERIALS AND METHODS

Chemicals. All chemicals were of the highest purity
available commercially. The stromelysin substrate Mca-
PLANvaDpaAR, (7-methoxycoumarin-4-yl)acetyl-Pro-Leu-
Ala-Norval-[3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl]-
Ala-Arg-NH;, wasa gift from Dr. C. G. Knight (Niedzwiecki
et al., 1992; Knight et al., 1992), as was McaPLGLDpaAR
(Knight et al., 1992).

Preparation of Stromelysins and TIMPs. Recombinant
human prostromelysin was purified from the medium of C127
cells expressing this enzyme (Murphy et al., 1987, Koklitis
et al., 1991). Ajsg460 stromelysin (N-SL) was prepared as
described by Murphy et al. (1992a). Prostromelysins were
activated by treatment with trypsin (10 ug/mL, 37 °C, 30
min) followed by a 10-fold excess of soybean trypsin inhibitor.
TIMP-1, Aja7-184 TIMP-1 (N-TIMP-1), TIMP-2, A5 194
TIMP-2 (N-TIMP-2), and Ajg7_194 TIMP-2 were prepared
as described previously (Murphy et al., 1991; Willenbrock et
al., 1993).

Preparation of the N-Terminal Gelatinase A-C-Terminal
Stromelysin Hybrid (N-GL.C-SL), the N-Terminal Stromel-
ysin-C-Terminal Gelatinase A Hybrid (N-SL.C-GL), Proge-
latinase A, and Ags.63; Progelatinase A (N-GL). The
N-terminal gelatinase A—C-terminal stromelysin-1 hybrid
(gelatinase A 1-417-stromelysin 248-460, N-GL.C-SL) was
assembled using the polymerase chain reaction (PCR) overlap
extension method of Ho er al. (1989), pEE12.gelatinase A
(Murphy et al., 1992b) was used as the template in the presence
of an oligonucleotide that primes within the hCMV promoter
and a second mutagenicoligonucleotide that is complementary
to the sequence encoding residues 413-417 of gelatinase A
and residues 248-252 of stromelysin (Figure 1) to generate
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3 ' -GTCAGGGAGATACCTCGGAGAGGACTGTAA-5

FIGURE 1: Construction of gelatinase A—stromelysin hybrids. The
gelatin binding domain is shown as a lightly stippled region, mature
gelatinase A sequences are shown in black, and mature stromelysin- 1
sequences are shown heavily stippled; the prodomain of each enzyme
is shown unshaded. The putative zinc binding region within each
N-terminal region is labeled, and the two cysteine residues in each
C-terminus are shown. The sequences of the oligonucleotides used
to generate each hybrid molecule are shown together with the amino
acids encoded. The junctionsareidentified by the numbered residues
of the wild-type proteins (Collier ef al., 1988; Docherty & Murphy,
1990).

a 1400-bp DNA fragment. A second 780-bp fragment was
generated using pEE12.stromelysin-1 (Murphy et al., 1992a)
asa template, with an oligonucleotide priming within the SV40
polyadenylation sequence of pEE12 and an oligonucleotide
complementary to the mutagenic oligonucleotide described
above (Figure 1). The two fragments were annealed and
further amplified by PCR in the presence of flanking pEE12
oligonucleotide primers. The 1500-bp HindIIl fragment
encoding residues 1-417 of gelatinase A and residues 248—
304 of stromelysin, generated by cleavage of the PCR product,
was ligated into the HindIlI-digested pSP65.

The N-terminal (1-247) stromelysin—C-terminal (418-631)
gelatinase A hybrid (N-SL.C-GL) was generated in an
analogous fashion using PCR with a pair of mutagenic
oligonucleotides that are complementary to the sequence
encoding residues 243-247 of stromelysin-1 and residues 418—
422 of gelatinase A (Figure 1). These generated a 900-bp 5/
stromelysin-1 DNA fragment and an 830-bp 3" gelatinase A
DNA fragment. The two fragments wereannealed and further
amplified by PCR in the presence of the flanking pEE12
primers. The 560-bp HindIIl to BamHI fragment encoding
residues 217-247 of stromelysin-1 and residues 418-571 of
gelatinase A, generated by cleavage of the polymerase chain
reaction product, was ligated into pSP65 that had been digested
with HindIll and BamHI.

To insert the N-GL.C-SL hybrid into pEE12, a 250-bp
Bgll to Hindlll fragment encoding residues 393-417 of
gelatinase and residues 248-304 of stromelysin-1 was
purified from the vector pSP65.N-GL.C-SL and ligated ina
three-way ligation to the large HindIIl fragment of
pEE12.stromelysin-1 containing the 3’ coding sequence of
stromelysin-1 (encoding residues 305-460 in pEE12) and a
1260-bp 5 gelatinase A HindIII to Bgll fragment (encoding
residues 1-392).

To insert the N-SL.C-GL hybrid into pEE12, a 280-bp
HindIII to Bgll fragment from pSP65N-SL.C-GL encoding
residues 217-247 of stromelysin-1 and residues 418-475 of
gelatinase A was ligated to HindIII, EcoRI-cut pEE12, and
a 680-bp Bgll to EcoRI 3’ gelatinase A fragment encoding
residues 476-631. This partial reconstruction of N-SL.C-
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GL in pEE12 was cut with HindIIl and ligated with
the 5’ stromelysin-1 810-bp HindIIl fragment from
pEE12.stromelysin-1.

The constructions pEE12.N-GL.C-SL and pEE12.N-SL.C-
GL were shown by dideoxy chain termination sequencing to
contain the correct sequences of wild-type stromelysin-1 or
gelatinase A, as appropriate. These vectors were transfected
into NSO myeloma cells by electroporation (Murphy et al.,
1991), and colonies were isolated and screened for the
production of metalloproteinase activities degrading casein
or gelatin, The most productive cell lines were expanded and
used to produce conditioned medium from which N-GL.C-
SL or N-SL.C-GL could be purified.

N-SL.C-GL-containing medium (500 mL) was purified by
passage through an S-Sepharose column after equilibration
of both medium and matrix with 25 mM TrisHCI, pH 7.5,
containing 10 mM CaCl,and 0.02% sodium azide. Theloaded
column was washed with the same buffer containing 100 mM
sodium chloride, and the hybrid N-SL.C-GL eluted using the
same buffer containing 200 mM sodium chloride.

N-GL.C-SL medium (500 mL) was purified by binding to
a gelatin Sepharose column equilibrated with 25 mM TrisHCl,
pH 7.5, containing 500 mM NaCl, 10 mM CaCl,, and 0.02%
sodium azide and elution with the same buffer containing
10% (v/v) dimethyl sulfoxide.

Progelatinase A and A43.43; progelatinase A (N-GL) were
expressed from NSO cells and purified as described previously
(Murphy et al., 1992b).

Activation of N-SL.C-GL hybrids was most efficiently
effected with trypsin as described above for prostromelysins.
Progelatinase A, N-GL, and N-GL.C-SL were activated by
treatment with 2 mM (2-aminophenyl)mercuric acetate at
25 °Cfor 1.5 h.

Proteinase Assays. Activities of the recombinant protein-
ases were determined using 14C-labeled S-casein or type I
gelatin, as described previously (Murphy et al., 1981).

Kinetic Studies. Assays were performed at 37 °Cat/ =
0.125 in a buffer containing 50 mM TrisHCI, pH 7.5, 100
mM NaCl, 10 mM CaCl,, 1% dimethyl sulfoxide, and 0.05%
Brij 35. Hydrolysis of the substrate McaPLANvaDpaAR or
McaPLGLDpaAR was followed by the increase in fluores-
cence (Aex 328 nm, Ay 393 nm) using a Perkin-Elmer LS50B
fluorimeter (Knight et al., 1992; Niedzwiecki et al., 1992).
Mutant TIMP concentrations were determined by titration
against active stromelysin as described by Willenbrock et al.
(1993). Active metalloproteinase concentrations were de-
termined by titration against a TIMP-1 standard, the
concentration of which had been determined by amino acid
analysis. For this, weassumed that the preparation of TIMP-1
was 100% active and that a molar stoichiometry of binding
to all the metalloproteinases and their mutants occurred.

Stromelysin was generally used at a concentration of 0.3~
0.5nM usingthesubstrate McaPLANvaDpaAR and gelatinase
A at a concentration of 10-100 pM using either McaPLAN-
vaDpaAR or McaPLGLDpaAR. Substrates were used in
the concentration range 0.5-1.5 uM. In each case, [S] < Ky,
(Km > 8 uM; Knight et al., 1992; Q. Nguyen, unpublished
results), giving progress curves that were first-order in substrate
and allowing direct determination of Kcai/Km.

Inhibition by TIMP. Reaction conditions were chosen so
that in each case the TIMP concentration was greater than
10 times the enzyme concentration. Reactions were started
by the addition of enzyme tosolutions of substrate and inhibitor
in buffer. Data were collected until a steady-state velocity
was attained, and the progress curves were analyzed by using
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Table 1: Comparison of the Proteolytic Activities of the Hybrids
Stromelysin (1-247)—Gelatinase A (418-631), N-SL.C-GL, and
Gelatinase A (1-417)-Stromelysin (248-460), N-GL.C-SL, with
Their Wild-Type Counterparts?

ratio casein/
gelatin-degrading

activity keat/Km (M-1571)
gelatinase A 0.28 871496 £ 6370
N-GL.C-SL 0.26 662753 = 13100
stromelysin-1 429 58766 = 1160
N-SL.C-GL 28.9 61533 + 3164

4 The ability of gelatinase A, stromelysin-1, and their hybrids todegrade
14C-labeled casein and type I gelatin at 37 °C was compared. The key/
K, values were determined at 37 °C using the quenched fluorescent
peptide substrate McaPLANvaDpaAR, as described in the Materials
and Methods, and are the mean of four to eight determinations.

the Enzfitter program (Leatherbarrow, 1987) and the equa-
tion:

P=uvt+ (v,-v)(1-e*)/k (1)

in which P is the product concentration, v, and vs are the
initial and steady-state velocities, respectively, for enzyme
catalysis in the presence of inhibitor, and & is the apparent
first-order rate constant for the establishment of equilibrium
between enzyme and inhibitor complexes (Morrison and
Walsh, 1988).

In each case, the dependence of ¥ on TIMP concentration
was determined across as high a concentration range as was
practically possible. The linear relationships observed in each
case provided no evidence for a model more complex than
inhibition by a simple bimolecular reaction in the concentration
range used (see Results). Thus, the second-order rate constant
(kon) was provided by linear regression of & on TIMP
concentration.

RESULTS

Characterization of Hybrid Enzymes. In order to analyze
the role of the C-terminal domains of gelatinase A and
stromelysin-1 in interactions with the TIMPs, we prepared
forms of these enzymes lacking this domain (Murphy et al.,
1992a,b) and hybrid enzymes consisting of the N-terminal
catalytic domain of one enzyme fused to the C-terminal domain
of the other (Figure 1). This is a particularly valuable
approach since the C-terminal domains of all the metallo-
proteinases show a good degree of similarity (>50%).

The N-terminal (residues 1-247) stromelysin—C terminal
(residues 418-631) gelatinase A hybrid, N-SL-C-GL, was
expressed from myeloma cells and purified using S-Sepharose.
It migrated during SDS polyacrylamide gel electrophoresis
(reducing conditions) as a single band with a molecular mass
of 57 kDa (Figure 2B). The hybrid was apparently ungly-
cosylated, which would be predicted from our previous
observation that the potential glycosylation site of the
stromelysin catalytic domain was not utilized (Murphy ez al.,
1992a). The hybrid could be activated by incubation with
(4-aminophenyl)mercuric acetate or trypsin with similar
kinetics to wild-type stromelysin-1 by loss of the 10-kDa
propeptide (Figure 2B). Optimal activation, as assessed by
B-casein or McaPLANvaDpaAR assays, was obtained using
trypsin at a concentration of 10 ug/mL (data not shown),
which was therefore used routinely. The hybrid N-SL.C-GL
degraded casein efficiently and was a poor degrader of gelatin,
with a similar ratio of activities against these substrates as
that of stromelysin-1 (Table 1). The N-terminal (residues
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FiGuRe 2: Comparison of the activation of gelatinase A—stromelysin-1
hybrids with their wild-type counterparts. (A) Progelatinase A was
incubated alone (lane 1) or in the presence of 2 mM (4-aminophenyl)-
mercuric acetate (lane 2) at 25 °C for 1 h. N-terminal gelatinase—
C-terminal stromelysin, N-GL.C-SL, was incubated under the same
conditions: alone (lane 3) and with (4-aminophenyl)mercuric acetate
(lane 4). The products of the incubations were analyzed on an 11%
polyacrylamide gel with SDS under reducing conditions and stained
with Coomassie Blue. (B) N-terminal stromelysin—C-terminal
gelatinase, N-SL.C-GL, was incubated at 37 °C alone for 2 h (lane
1) or with 2 mM (4-aminophenyl)mercuric acetate for 1 h (lane 2),
2 h (lane 3), and 4 h (lane 4). Treatment with trypsin (5 pg/mL)
at 37 °C for 30 min followed by the addition of a 10-fold excess of
soybean trypsin inhibitor elicited a similar fall in molecular mass
(lane 5). Stromelysin-1 behaved similarly upon incubation under
the same conditions: alone (lane 6), with (4-aminophenyl)mercuric
acetate for 1 h (lane 7), 2 h (lane 8), and 4 h (lane 9), or with trypsin
(lane 10). Trypsin and soybean trypsin inhibitor are shown in lane
11. The incubations were analyzed on an 11% polyacrylamide gel
with SDS under reducing conditions and stained with silver. The
mobilities of standard molecular mass (kDa) proteins are indicated
to the right of each gel.

1-417) gelatinase A—C terminal (residues 248—460) stromel-
ysin-1 hybrid, N-GL.C-SL, could be purified on gelatin
Sepharose, since it retains the fibronectin-like collagen binding
domain (Figure 1). It migrated during SDS polyacrylamide
gel electrophoresis (reducing conditions) as a single band of
molecular mass 72 kDa (Figure 2A). In some preparations,
a minor higher molecular mass band was detectable, which
may be due to glycosylation of the C-terminal domain of
stromelysin-1. The hybrid could be activated by incubation
with (4-aminophenyl)mercuric acetate with a similar time
course to full-length gelatinase A and involving the apparent
loss of the propeptide piece (Figure 2A). As in the case of
wild-type gelatinase A, trypsin treatment did not cause the
same shift in molecular mass (Figure 2A) nor activate the
hybrid (data not shown). Optimal activation was obtained
by 1-2-h treatment with the organomercurial (2 mM), as
determined by gelatin or McaPLANvaDpaAR assays, and this
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treatment was used routinely. The hybrid N-GL.C-SL
degraded gelatin efficiently and casein poorly, with a similar
ratio of activities as that of wild-type gelatinase A (Table 1).
The specificities of stromelysin-1 and gelatinase A therefore
both appear to result from the N-terminal catalytic domains
of these enzymes.

Inhibition Kinetics. Analyses of the inhibition of the
activated purified recombinant MMPs by TIMP-1 and
TIMP-2 and their truncated forms were carried out using a
continuous fluorimetric assay with the appropriate internally
quenched fluorescent substrate (Neidzwiecki et al., 1992;
Knight et al., 1992). Kjvalues for the inhibition of wild-type
and mutant enzymes by the wild-type TIMPs are all less than
200 pM. In order to obtain accurate values, it is necessary
to use enzyme and inhibitor concentrations which are less
than the K;. Under these conditions, long incubations (>24
h) are needed to reach a steady-state velocity, during which
time enzyme activity is lost due to instability at such low
concentrations. In addition, the activity assays are not
sufficiently sensitive to allow reliable measurements to be
performed at enzyme concentrations below the K; value.
Attempts to determine the dissociation rate constants were
also prevented by the limitations in assay sensitivity. However,
half-lives for the dissociation of complexes of each enzyme
and inhibitor of several hours were observed, confirming that
all of the interactions are tight-binding.

Our analysis was limited, therefore, to following the
association of enzyme and inhibitor by using low reagent
concentrations (10-50 pM gelatinase A or 0.3-0.5 nM
stromelysin). Under these conditions, inhibition was observed
ascurvature in the progress curve of substrate hydrolysis which
could be analyzed using eq 1. For each reaction, it was
confirmed in the absence of inhibitor that the curvature was
due to inhibition by TIMP only and not enzyme instability
orsubstratedepletion. Analysisof the progress curves provided
the pseudo-first-order rate constant (k) for the formation of
El. Thedependence of k on TIMP concentration was studied
for each reaction. TIMP concentrations used were 20-400
nM for reactions with ko, values of 10* M-1s-1, 2-50 nM for
koq values of 10° M-! s-1, and 1-10 nM for kg, values of 106
M-1s-l. Thereaction of gelatinase A with TIMP-2 wasstudied
at a TIMP concentration of 100 pM and an enzyme
concentration of 10 pM. The interaction of N-SL.C-GL with
full-length TIMP-1 or TIMP-2 was too rapid to be followed
under pseudo-first-order conditions, and lower limits for the
values of k,, only were obtained. Ineach case, theinitial rate
of the enzyme-catalyzed reaction was independent of the
inhibitor concentration and values of k showed a linear
dependence on TIMP concentration (data not shown). Both
observations provide no evidence for a mechanism involving
significant concentration of intermediate states. Linear
regression of k on TIMP concentration provided the value of
the second-order rate constant k,,. As discussed previously
(Willenbrock et al., 1993), the second-order rate constant ko
determined in the present work could contain a term for the
interaction of TIMP with the enzyme—substrate complex as
well as with the free enzyme.

The results of the determination of rates for the MMPs and
TIMPs are summarized in Table 2. Inhibition of full-length
wild-type enzymes by wild-type TIMPs is rapid with second-
order rate constants in the range of 105-107 M~! s-!, The
relative rates of inhibition vary for each enzyme; in the case
of stromelysin, TIMP-1 is a more rapid inhibitor than TIMP-
2. Removal of the C-terminal domain of TIMP-1 reduces the
rate constant with stromelysin by less than 2-fold, whereas
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Table 2: Rate Constants for the Interaction of TIMP-1 and -2 and Their N-Terminal Domains with Wild-Type and Mutant Forms of

Gelatinase A and Stromelysin?

Kon (M-1571) X 10-6

Agr7184 Ap2s-194
TIMP-1 TIMP-2
TIMP-1 (N-TIMP-1) TIMP-2 (N-TIMP-2)

stromelysin 1.9 1.17 0.30 0.05
As4g-460 stromelysin (N-SL) 1.9 1.2 0.47 0.05
gelatinase A 4.7 0.17 38 0.36
Agq15-631 gelatinase A (N-GL) 0.014 0.14 0.30 0.30
stromelysin;_z47—gelatinasesis 631 (N-SL.C-GL) >10 1.58 >10 0.045
gelatinase;4;7-stromelysinag_4g0 (N-GL.C-SL) 0.14 0.15 0.83 0.32

4 The data are the mean of more than four determinations at 37 °C.

removal of the TIMP-2 C-terminal domain results in a 6-fold
decrease in the association rate constant. Removal of the
stromelysin C-terminal domain had little effect upon these
patterns of interactions. The deletion of the nine amino acid
charged “tail” from the C-terminal domain of TIMP-2 (A)g7-194
TIMP-2) only modified the ko, to 0.21 X 10% M-! s-1, and
variation of ionic strength did not alter the value of ko
significantly (data not shown).

As previously reported, inhibition of gelatinase A is
characterized by a higher rate constant for TIMP-2 than for
TIMP-1. Removal of the C-terminal domain of TIMP results
in a dramatic decrease in the rate of inhibition: 50-fold for
TIMP-1 and 100-fold for TIMP-2. Removal of the enzyme
C-terminal domain also affects the rate constants markedly,
with a 300-fold decrease in the rate of inhibition by TIMP-1
and a 100-fold decrease in the case of TIMP-2. Rate constants
for inhibition by the truncated TIMPs, N-TIMP-1, and
N-TIMP-2, are unaffected by the gelatinase A C-terminal
domain.

The hybrid enzymes were also inhibited rapidly by wild-
type TIMPs. The hybrid consisting of the N-terminal domain
of stromelysin and the C-terminal domain of gelatinase A
(N-SL.C-GL) was inhibited at similar rates by TIMP-1 and
TIMP-2 with ko, values considerably larger than for wild-
type stromelysin. Limitations of the sensitivity of the
stromelysin assay using the substrate McaPLANvaDpaAR
prevented the use of enzyme concentrations lower than 0.3
nM which would permit accurate determination of the latter
rate constant. The effect of removal of the TIMP C-terminal
domain is to decrease the rate constants by approximately
7-fold for TIMP-1 and over 200-fold for TIMP-2. The rate
of inhibition of the other hybrid, N-GL.C-SL, is relatively
unaffected by the C-terminal of either TIMP, which was
comparable to the behavior of wild-type stromelysin.

DISCUSSION

We previously reported evidence that the N-terminal domain
of TIMP-1 is responsible for the inhibition of the matrix
metalloproteinases, largely by interactions with the enzyme
catalytic domain (Murphy et al,, 1991). In the case of
gelatinase A, further interactions between the C-terminal
domains of either TIMP-1 or TIMP-2 with the enzyme
C-terminal domain play an important role in increasing the
rate of formation of the inhibitory complex (Murphy et al.,
1992b; Willenbrock et al., 1993). In order to assess whether
this interaction between the C-terminal domains of MMPs
and TIMPs is a general phenomenon, we have now extended
the study to a comparative analysis of the inhibition of
stromelysin and gelatinase A. We have determined the
contribution of the C-terminal domains of enzyme or inhibitor
to the rate of inhibition by comparing the full-length proteins

with their genetically engineered counterparts that lack the
C-terminal domain. The interaction of TIMP with each
enzyme was studied by determining the rate constant for the
formation of the inhibitory complex. Such an analysis does
not provide information on the features of each molecule that
are important in determining the stability of the complex. It
does however allow us to draw some conclusions about the
nature of the initialinteraction. Inordertodoso, itis essential
that the changes we have made, exchanging domains between
enzymes or expressing individual catalytic domains, have not
resulted in structural changes to the domains themselves. We
have previously reported that the activation and catalytic
activity of the N-terminal domain of both stromelysin and
gelatinase A are not altered by the removal of the C-terminal
domain (Murphy et al., 1992a,b). In the present work, we
have also demonstrated that the properties of the N-terminal
domains are not altered in the hybrid enzymes. We are
confident, therefore, that differences observed between the
full length, truncated, and hybrid enzymes with respect to
TIMP binding are not due to conformational changes in the
mutant enzymes. The conformation of the truncated form of
TIMP-1 has been investigated in some detail by chemical
modification studies and susceptibility to trypsin. The
inhibitory activity of both forms of TIMP-1 are affected to
a similar extent by modification with diethyl pyrocarbonate
(Williamson et al., 1993b). Trypsindigestion not only releases
the same peptides from the sequence common to both forms
of TIMP but also releases them in the same order (Williamson
et al., 1993a). Therefore, it has been concluded that the
structure of the N-terminal domain of TIMP-1 is not affected
by the C-terminal domain. In view of the homology between
TIMP-1 and TIMP-2, it is reasonable to assume that the
conformation of the TIMP-2 mutant is also correct.

Eachreaction studied in the present work has been analyzed
for the existence of a rate-limiting step in the reaction pathway
due to a conformational change in either of the reagents or
the enzyme—inhibitor complex by determining the dependence
of the apparent first-order rate constant k on TIMP concen-
tration. The linear dependence observed provides no evidence
for an association process more complex than a bimolecular
collision. As discussed previously (Willenbrock et al., 1993),
although many of the rate constants are lower than would be
expected from a diffusion-limited encounter, similar values
have been reported for other enzyme interactions (see
Hammes, 1982 and references cited therein). In our inter-
pretation of the kinetic data, we therefore assume the simplest
model for the interaction of a diffusion-limited bimolecular
collision. This model does not preclude the possibility that
conformational changes occur after formation of the inhibitory
complex to give a final complex in which different interactions
are important.
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In contrast to our observations on TIMP interactions with
gelatinase A, the association rate constant for the TIMP-
stromelysin interaction is greater for TIMP-1 than for TIMP-
2. Inaddition, the rate of inhibition of stromelysin is affected
to a much lesser extent by the C-terminal domain of either
TIMP than is that of gelatinase A, and ionic interactions do
not appear to be important in the association of the TIMPs
with stromelysin. Removal of the C-terminal domain of
stromelysin also does not result in any significant changes in
the association rate constants, although a small increase in
the ko, for inhibition by TIMP-2 is observed. This differs
from the results obtained with gelatinase A, in which the
C-terminal domain of the enzyme is responsible for a (100-
300)-fold increase in the rate of inhibition by TIMP, via
interactions with the TIMP C-terminal domain. Thus, the
C-terminal domains of the two enzymes appear to be
functionally very different with respect to TIMP binding.

The replacement of the C-terminal domain of stromelysin
with that of gelatinase A in the N-SL.C-GL mutant results
inadramaticincreasein k,, values for both full-length TIMPs
relative to those for stromelysin, whereas ko, values for the
truncated TIMPs are unchanged. The results obtained with
the wild-type enzymes demonstrated that the TIMP C-ter-
minal domain interacts with both the N-terminal domain of
stromelysin and the C-terminal domain of gelatinase A. If the
two domains (N-SL and C-GL) share a common binding site
on the C-terminal domain of TIMP, then (a) binding of the
C-GL domain of the hybrid enzyme would result in incorrect
alignment of the enzyme and inhibitor N-terminal domains
and (b) there would be competition between the domains of
the hybrid enzyme for binding to TIMP. Both effects would
result in a lower kg, value for the inhibition of N-SL.C-GL
than for the inhibition of stromelysin. The observed result of
an increase in ko, leads us to conclude that the C-terminal
domain of TIMP must have a separate binding site for each
enzyme. The results also suggest that either there is a great
deal of flexibility in the enzyme and/or inhibitor which allows
both sets of domains to bind efficiently or the domain shuffling
has not altered the distance between the binding sites on the
two enzyme domains.

The results obtained with the C-GL.N-SL hybrid differ
somewhat. As for N-SL.C-GL, the reactions with the
truncated TIMPs are characterized by the same rate constant
as the appropriate enzyme N-terminal domain alone, con-
firming that the N-terminal domain of the TIMPs do not
interact with the C-terminal domain of stromelysin. However,
the full-length TIMPs have higher k,, values than expected.
In the case of the full-length TIMP-1, it is the result with
truncated gelatinase A that seems to be anomalous, in that
the rate constant is 10 times lower than that for N-TIMP-1.
It is possible that the presence of the gelatinase C-terminal
domain masks a site on the enzyme catalytic domain which
interacts with the TIMP-1 C-terminal domain and is unfa-
vorable for TIMP-1 inhibition. It is interesting to note that
this site is also apparently masked by the presence of the
stromelysin C-terminal domain in the hybrid. There is also
anincreasein ko, for the inhibition of N-GL.C-SL by TIMP-2
when compared to its interaction with N-TIMP-2 and the &,
for the N-GL-TIMP-2 interaction. This suggests that there
is an interaction between the C-terminal domains of stromel-
ysin and TIMP-2, although it plays a minor role in the
association of the enzyme and inhibitor. For wild-type
stromelysin, this interaction actually decreases k,, slightly,
indicating that this low affinity interaction aligns the TIMP-2
inhibitory site incorrectly for the stromelysin-TIMP-2 in-
teraction but correctly for the inhibition of N-GL.C-SL.
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FIGURE 3: Schematic representation of the binding sites involved in
formation of inhibitory complexes of TIMP-1 with stromelysin,
gelatinase A, and their hybrids, N-SL.C-GL and N-GL.C-SL. The
enzymes are represented as N-terminal (left side) and C-terminal
domains divided by a vertical line and with different shading. TIMP-1
is denoted as consisting of two major regions made up of the
N-terminal and the C-terminal three disulfide-bonded loops. The
N-terminal domain contains the inhibitory site and binds the
N-terminal catalytic domain of both stromelysin and gelatinase A
(and their hybrids) to forma tight inactive enzyme—inhibitor complex
(site 1). The C-terminal domainof TIMP-1 also binds totheenzymes
toincrease the rate of inhibition of each enzyme to differing extents.
There are at least two discrete binding sites within this domain, each
of which interacts with different enzymes. These are depicted for
stromelysin (site 2) and gelatinase A (site 3).

In summary, the N-terminal domain of TIMP binds to the
enzyme catalytic domain to inhibit activity (site 1 in Figure
3). Thisreaction can be quite slow in many cases with second-
order rate constants ranging from 5 X 104 to 1.2 X 106 M-!
s7! for the interactions reported in the present work. The
presence of the C-terminal domain of TIMP increases the
rate constant for the association by binding to the N-terminal
domain of stromelysin (site 2 in Figure 3) or the C-terminal
domain of gelatinase A (site 3 in Figure 3). The binding sites
for the two enzymes on the TIMP C-terminal domain are
separate entities. The mechanism by which the binding of
the TIMP C-terminal domain increases the rate of reaction
need be no more complicated than increasing the probability
of an interaction between the two N-terminal domains.
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