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ABSTRACT. The inhibitory properties of TIMP-4 for matrix metalloproteinases (MMPs) were compared
to those of TIMP-1 and TIMP-2. Full-length human TIMP-4 was expresséd aoli, folded from inclusion
bodies, and the active component was purified by MMP-1 affinity chromatography. Progress curve analysis
of MMP inhibition by TIMP-4 indicated that association rate constakyg énd inhibition constants()

were similar to those for other TIMPs-(L®® M~ st and 10°-10"12 M, respectively). Dissociation rate
constantsky) for MMP-1 and MMP-3 determined using,-macroglobulin to capture MMP dissociating
from MMP-TIMP complexes were in good agreement with values deduced from progress eut@e$ (

s71). K and ko, for the interactions of TIMP-1, -2, and -4 with MMP-1 and -3 were shown to be pH
dependent. TIMP-4 retained higher reactivity with MMPs at more acidic conditions than either TIMP-1
or TIMP-2. Molecular interactions of TIMPs and MMPs investigated by IAsys biosensor analysis
highlighted different modes of interaction between proMMP-2-TIMP-2 (or TIMP-4) and active MMP-
2-TIMP-2 (or TIMP-4) complexes. The observation that both active MMP-2 and inactive MMP-2 (with
the active site blocked either by the propeptide or a hydroxamate inhibitor) have essentially identical
affinities for TIMP-2 suggests that there are two TIMP binding sites on the hemopexin domain of MMP-
2: one with high affinity that is involved in proMMP-2 or hydroxamate-inhibited MMP-2; and the other
with low affinity involved in formation of the complex of active MMP-2 and TIMP-2. Similar models of
interaction may apply to TIMP-4. The latter low-affinity site functions in conjunction with the active site
of MMP-2 to generate a tight enzyménhibitor complex.

Tissue inhibitors of metalloproteinases (TIMPaje im- zymogensZ, 2). TIMP-1 and TIMP-2 bind to the C-terminal
portant regulators of extracellular matrix turnover as primary hemopexin-like domains (HPX) of proMMP-9 and proMMP-
inhibitors of matrix metalloproteinase (MMP) activity within 2, respectivelyg, 4). The in vivo role of TIMP-1-proMMP-9
tissues. The four known mammalian TIMPs are homologues binding is unknown, but TIMP-2 binding to proMMP-2 is
consisting of two distinct domains, each containing three required for activation of the zymogen by cell surface-bound
disulfide bonds 1, 2). Thea-amino and carbonyl groups of MT1-MMP (5—7). TIMP-4 is also able to bind to proMMP-
the TIMP N-terminal half-cystine mediate inhibition by 2, but cannot support its activation by MT1-MMB—11).
coordinating the catalytic zinc ion of the target MME ). TIMP-2 is constitutively and widely expressed, while
Previous studies have indicated that TIMPs differ in their TIMP-1 and TIMP-3 expression is increased in response to
affinity for various MMPs, as well as in their expression signals such as cytokines, hormones, and mitogégs (
profiles, tissue localization, and ability to bind to MMP  16). TIMP-4 differs from other members of the family in
being expressed at highest levels in the helagt18), where
it may protect against cardiomyopathy, tumor development,
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! Abbreviations: a;M, az-macroglobulin; APMA, 4-aminophenyl- loop between the A and BB-strands of the N-terminal

mercuric acetateAC, lacking C-terminal hemopexin domain; HPX, ; ; ; _ Y-
hemopexin domain; HPwup—2, hemopexin domain of MMP-2; MMP, domain that is not present in TIMP-1 or TIMP-3&-29).
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studies of TIMP-2 indicate that this mobile loop affects the
affinity of TIMP-2 for various MMPs.

Here we report functional characterization of full-length
human TIMP-4 expressed iBscherichia coliand folded
from inclusion bodies. On the basis & and k,, data,
TIMP-4 is broadly similar to other TIMPs in terms of its
affinity for various MMPs. However, TIMP-4 retains activity
at more acidic pHs than TIMP-1 or TIMP-2. In addition,

Troeberg et al.

hydroxamate inhibitor GM6001-X [HONHCOGEH-
(isobutyl) CO-Tyr(OMe)-NHMec 39)] was a gift from Dr

J. Oloksyszyn of OsteoArthritis Sciences, Inc. (Cambridge,
MA).

Construction of TIMP-4/pET3adduman TIMP-4 cDNA
was isolated as previously describé&d)( Full-length human
TIMP-4 was amplified by polymerase chain reaction from
TIMP-4-containing cDNA using the sense primeérGAA

IAsys biosensor analysis has provided new insights into the GGA GAT ATA CAT ATG TGC AGC TGC GCC CCG

interaction between proMMP-2/MMP-2 and TIMPs.

EXPERIMENTAL PROCEDURES

Expression of TIMPs and MMPRecombinant proMMP-1
and C-terminally truncated human proMMP-1 [proMMP-
1(AC)] were expressed iB. coliand purified as previously
described31). These were activated to generate MMP-1 and
MMP-1(AC) using 1 mM 4-aminophenylmercuric acetate
(APMA, ICN Biochemicals, Costa Mesa, CA) and MMP-
3(AC) [10:1 molar ratio of proMMP-1:MMP-3{C); 90 min
at 37°C (32)]. MMP-3(AC) was removed from activated
MMP-1 and MMP-1AC) using an anti-MMP-3 immuno-
affinity column 33). ProMMP-2 was purified from human
uterine cervical fibroblasts3@) and activated immediately
prior to use by incubation with 1 mM APMA fol h at 37
°C. These conditions produced stable, full-length 65 kDa
MMP-2 that contained no observable zymogen, 45 kDa, or
other auto-catalytic cleavage products. RecombinantygPX%
was prepared by over-activation of proMMP-2 (1 mM
APMA, 24 h, 37°C) and purified by gel filtration. Recom-
binant C-terminally truncated human proMMP-3 [proMMP-
3(AC)] was expressed irE. coli, purified as described
previously @85), and activated with 1 mM APMA 32).
ProMMP-3 was expressed . coli, purified as described
(31), and activated using 100 ng/mL chymotrypsin (Sigma-
Aldrich, St. Louis, MO) B81). Pro-membrane-type matrix
metalloproteinase-1 (MT1-MMP, MMP-14), lacking the

GCG CAC CC-3 and the anti-sense primef-5TG TTA
GCA GCC GGA TCC CTA GGG CTG AAG GAT GTC
AAC AA-3' (Ndd and BamHL sites in the sense and
antisense primer respectively underlined). The product was
digested withBamHL and Ndd (New England BiolLabs,
Beverly, MA) and ligated into similarly cut pET3a expression
vector (Novagen, Madison, WI) using T4 DNA ligase
(Invitrogen, Carlsbad, CA). The sequence of the final ligation
product was confirmed using the T7 promoter primer by
automated DNA sequencing at the Biotech Facility of the
University of Kansas, KS.

Expression and Refolding of Recombinant TIMREdm-
petentE. coli BL21 (DE3) were transformed with TIMP-4/
pET3a and grown in Luria Bertani Broth with 583/mL
carbenicillin. Expression was induced by addition of 0.4 mM
isopropylthiof-galactosidase (Fisher Scientific, Springfield,
NJ) for 3 h at 37°C and inclusion bodies prepared by
treatment of cells with lysozyme, deoxycholate, and DNAse
I. Inclusion bodies were solubilizeahi8 M urea, 50 mM
Tris/HCI, pH 8.0, 20 mM dithiothreitol, and insoluble
material was removed by centrifugation (15 min, 10§00
Acetic acid was added to alter the pH of the supernatant to
pH 5.5 and the material applied onto a MacroPrep S cation-
exchange resin (2.5< 5 cm, BioRad, Hercules, CA)
equilibrated n 8 M urea, 50 mM sodium acetate, pH 5.5, 1
mM dithiothreitol. The column was washed with equilibra-
tion buffer, and TIMP-4-containing fractions were eluted in
8 M urea, 50 mM Tris/HCI, pH 8.6, 50 mM NaCl, 1 mM

transmembrane and cytoplasmic domains, was expressed inyiihiothreitol and identified by SDS-PAGE(). TIMP-4-

E. coli (36). During in vitro folding, the zymogen underwent
autocatalytic activation to produce a truncated active form
[MT1-MMP(AC)] as previously describe®6).
ProMMP-1(E200A), a catalytically inactive mutant of
MMP-1, was expressed ia. coliand folded from inclusion
bodies as for the wild-type enzym®1)). Purified proMMP-
1(E200A) was activated using MMP/8C) and APMA as
described for wild-type proMMP-1. MMP-1(E200A) affinity
resin was prepared by coupling 2 mg of MMP-1(E200A) to
N-hydroxysuccinimide-activated HiTrap Sepharose (1 mL,

containing fractions were applied to a MacroPrep Q anion-
exchange resin (2.5« 5 cm, BioRad, Hercules, CA)
equilibrated n 8 M urea, 50 mM Tris/HCI, pH 8.6, 50 mM
NaCl, 1 mM dithiothreitol. TIMP-4 eluted in the unbound
fraction, while contaminants, including DNA, adhered to the
resin. Purified TIMP-4 was folded essentially according to
the TIMP-2-folding method described by Wingfield et al.
(41). Cystamine (20 mM) was added to the TIMP-4-
containing fractions and the solution stirred overnight to
allow the formation of mixed disulfides. This material was

Amersham BioSciences, Uppsala, Sweden) according to theghen introduced dropwise into a 10-fold volume of 200 mM

manufacturer’s instructions.

Human recombinant TIMP-1 was expressed in CHO-K-1
cells and purified from the conditioned mediuBYv). Human

Tris/HCI, pH 8.0, 2.5 M urea, 5 mM reduced glutathione, 1
mM oxidized glutathione, 1 mM N&DTA, 0.02% NaN
(~8 h, 4°C). The sample was then sequentially dialyzed

recombinant TIMP-2 was expressed using the mammalianagainst 5 and 15 volumes of 50 mM Tris/HCI, pH 8.0, 0.02%

expression vector pCEP4 (Invitrogen, Carlsbad, CA), trans-

fected into 293-EBNA cells (Invitrogen, Carlsbad, CA) using
FUGENEGBM (Roche Molecular Biochemicals, Indianapolis,
IN) according to the manufacturer’s instructions. TIMP-2
was purified from conditioned medium using Green A
Dyematrex (Millipore, Bedford, MA) and gel filtration with
S-200 (Amersham BioSciences, Uppsala, Sweda8)) (

o-Macroglobulin ¢zM) was a gift from Professor Lars

NaN; (10—12 h each) and concentrated 20 mL on an
Amicon YM-10 membrane (Millipore, Bedford, MA). Mis-
folded forms had lower solubility and precipitated upon
concentration. TIMP-4 was applied to MMP-1(E200A)-
Sepharose equilibrated in 50 mM Tris/HCI, pH 7.5, 0.15 M
NaCl, 5 mM CaC}, 50 uM ZnCl,, 0.02% NaN. Bound
material was eluted with 0.1 M glycine, pH 2.7, 0.02% NaN
directly into 1/10 final fraction volumefol M Tris/HCI,

Sottrup-Jensen, University of Aarhus, Aarhus, Denmark. The pH 8.0, to ensure rapid neutralization of the eluate. Pooled
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TIMP-4 fractions were dialyzed twice (12 h, 4 °C) in SwissProt/TREMBL using ProteinLynx Global Server.
against 10 volumes of 50 mM Tris/HCI, pH 7.5, 0.15 M Progress Cures to Determine J and K. All kinetic
NaCl, 5 mM CaC}, 50 uM ZnCl,, 0.02% NaN. parameters were determined for TIMP-1 as well as for
Fluorometric Enzyme AssayBnzyme assays were per- TIMP-4 to allow comparison of the values determined in
formed using the synthetic substrate Mca-Pro-Leu-&pa- the present study with previously published data for TIMP-
Ala-Arg-NH; (1.5 uM, Bachem, Bubendorf, Switzerland), 1. K; and ky, were determined from the equilibrium and
where~ indicates the scissile bond and Mca and Dpa are preequilibrium phases of progress curves respectiviy (
(7-methoxycoumarin-4-yl)acetyl and 3-(2,4-dinitrophenyl)- 49).
L-2,3-diaminopropionyl, respectively4®). Assays were The rate of MMP-TIMP association was monitored by
conducted at either 25 or 3T in TNC buffer (50 mM Tris/ addition of MMP (0.1-5 nM) to a mixture of TIMP ([I}, =
HCI, pH 7.5, 0.15 M NaCl, 10 mM Cagl 0.02% NaN, 1-100 nM) and 1.5:M substrate, preequilibrated to 2&
0.05% Brij 35). Fluorescence was monitored using a Perkin- for MT1-MMP and MMP-2 and to 37C for all other tested
Elmer (Beaconsfield, U.K.) LS-50B luminescence spectrom- enzymes. In all cases, {I} 10[E], and substrate hydrolysis
eter with an excitation wavelength of 325 nm and an was less than 5%. Since [Sf K, it was not necessary to
emission wavelength of 393 nm. Total substrate hydrolysis include terms to compensate for substrate competid&h (
was less than 5% in all cases. Active MMP concentrations For MMP-1, MMP-1AC), MMP-3, and MMP-3AC), 5 nM
were determined by titrating the enzymes—¢H0 nM) enzyme was used, with 500 nM TIMP-1 or TIMP-4.
against TIMP-1 (50 nM) of known concentration. For MMP-2 and MT1-MMP, 0.1 nM enzyme was used, with
MALDI Mass Spectrometry of Trypsin-Digested TIMP-4. 1—5 nM TIMP for MMP-2 and 3-12 nM TIMP-4 for MT1-
The MMP-1 (E200A)-Sepharose resin separated the foldedMMP. At least five concentrations of inhibitor were analyzed.
TIMP-4 into two pools: a fully active bound fraction and The biphasic progress curves were followed until equilibrium
an inactive unbound fraction. To further characterize these was reached (about :2 h), and data were fitted to the
two species, we performed matrix-assisted laser desorptionintegrated rate equation:
ionization (MALDI) mass spectrometry on trypic digests of
the active and inactive TIMP-4. Reduction, carbamidom- AF =yt + (v, — vd(1 — e Yk 1)
ethylation of cysteines, and in-gel digestion with trypsin were
performed according to published methodi3-(45) modified whereAF is the increase in product fluorescenegand vs
for use with a robotic digestion systemf] (Investigator are the initial and steady-state reaction velocities, respec-
ProGest, Genomic Solutions, Huntington, U.K.). MALDI tively, t is time, andk is the pseudo-first-order rate constant
mass spectra were recorded with a TofSpec 2E spectrometefor the establishment of equilibrium between enzyme and
(Micromass, Manchester, U.K.), equipped with a 337 nm inhibitor (50). Data were analyzed using the program
nitrogen laser and operated in the positive ion reflectron EnzFitter (BioSoft, Cambridge, U.K.). Linear regression
mode at 20 kV accelerating voltage. The matrix was a analysis of the dependence kfon TIMP concentration
mixture of o-cyano-4-hydroxy-cinnamic acid and nitrocel- indicated that inhibition over the concentration range studied
lulose, applied to the target as a microcrystalline thin film was adequately described by a simple bimolecular model,
by a modification of the procedure of Vorm et &7. allowing calculation ok,,, the second order or association
Spectra were internally calibrated using trypsin autolysis rate constant from the gradient of the pl&fL).
products, and the resulting peptide mass fingerprints were Since substrate concentrations were well below the
searched against a local copy of SwissProt/TREMBL using same progress curves could be used to calclatéhe
ProteinLynx Global Server (Version 1, Micromass, Manches- equilibrium dissociation constant), using the equation
ter, U.K.). One missed cleavage per peptide was allowed,
and an initial mass tolerance of 100 ppm was used in all [1J/(1—a) =K/a+[E], (2)
searches. Cysteines were assumed to be carbamidomethy-
lated, but other potential modifications were not considered where [I] is the TIMP concentration aral= vJv, (48). A
in the first pass search. plot of 1/a versus [I}/(1 — a) gave a straight line with a
HPLC and ESI MS/MS of Aeg and Inactie TIMP-4. gradient equal t&; and aY-intercept of [E}. The dissociation
ESI MS/MS (electrospray ionization tandem mass spectrom- rate constani, was calculated from the relationship=
etry) spectra were recorded using a Q-Tof hybrid quadrupole/ Kyi/kon (48).
orthogonal acceleration time-of-flight spectrometer (Micro-  Direct Calculation of ki Using a,M. While the above
mass, Manchester, U.K.) interfaced to a Micromass CapLC methodology allows for indirect determination ko from
capillary chromatograph. Samples were dissolved in aqueoushe progress curve, we sought to confirm our Ikywalues
formic acid, and aliquots were injected onto a desalting for TIMP-4 by direct determination ok using the pro-
column of Pepmap C18 (LC Packings, Amsterdam), washedteinase inhibitoo;M to irreversibly trap enzyme dissociating
with 0.1% aqueous formic acid, then eluted into the mass from MMP-TIMP complexes. While proteinases bound to
spectrometer with an acetonitrile/0.1% formic acid gradient. a,M are inactive against protein substrates, small synthetic
The capillary voltage was set to 3500 V, and data-dependentsubstrates are able to gain accessAd-trapped proteinases
MS/MS acquisitions were performed on precursors with and are readily hydrolyzed. As more MMP dissociates from
charge states of 2, 3, or 4 over a survey mass range-540 TIMP and becomes trapped koM, substrate hydrolysis
1000. The collision gas was argon, and the collision voltage increases exponentially and can be used as a measure of
was varied between 18 and 45 V, depending on the charge-complex dissociations@). MMP (100 nM) was preincubated
state and mass of the precursor. Proteins were identified bywith TIMP (100 nM) far 1 h at 37°C to form a 1:1 enzyme/
correlation of uninterpreted tandem mass spectra to entriesinhibitor complex. The MMP-TIMP complex (diluted to 5
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nM) was incubated witlooM (50—400 nM) and synthetic 500 7 kDa
substrate (1..xM, 200 uL reaction volume). Fluorescence 200 gzj
was measured every 10 min for up4 h using a Molecular 5
Devices (Sunnyvale, CA) microplate fluorimeter. All assays
were carried out in triplicate.

To calculatekys, the concentration of inhibited enzyme at
each time point, [El], was determined and expressed as a 100 -
fraction of initial enzyme/inhibitor complex concentration,
[Ello (=5 nM). Since [El]= [El]o — [aoM—enzyme], a
standard curve was drawn up to convert fluorescence
measured every 10 min t@jM—enzyme]. The standard [TIMP-4] (nM)
curve was constructed by incubating each MMP (25 nM) Ficure 1: Titration of TIMP-4 with MMP-3AC). TIMP-4 (40~
with azM (125 nM, 1 h, 37°C) and assaying dilutions of 150 nM) was incubated with MMP-3(C) (100 nM) at 37°C for

; ~ ; ; 4 1 h, and residual activity against Mca-Pro-Leu-GB@pa-Ala-Arg-
this a,M-treated MMP in 10 min stopped-time assays. NH; (1.5u4M) was determined. Inset, SDS-PAGE (12% acrylamide)

Once [EIJ/[El], was known for each time poink. was analysis of inactive TIMP-4 (12g, lane 1, without reduction; lane
calculated by linear regression of In [EI}/[BIPn t, using 2, with reduction) and active TIMP-4 (1.2g, lane 3, without
the equation§2) reduction; lane 4, with reduction). Proteins were stained with

Coomassie Blue. M, molecular mass markers.

300 4 317 o

200 4

Fluorescence

T T * 1

0 50 100 150 200

[ENl _

In —koit (3) phase, however, was clearly observed and fitted to the

[Ell, following equation using FastFit software (Affinity Sensors,

Effect of pH on InhibitionWe investigated the effect of Cambridge, U.K.):

pH on TIMP-1, -2, and -4 inhibition of MMP-XC) and _
MMP-3(AC) by determining<; andk,, from progress curves R=Ro+ Rna{1— kObSt) (4)
at various pHs. Progress curves were measured as described ) .
above, except that TNC assay buffer was replaced by AMT WhereR: is the sensor response (in arc seconds) at time,
buffer (50 mM acetate, 50 mM Mes, 50 mM Tris/HCI, 5 Rois the response at time 0, Rraxis the maximum response
mM CaCb, 0.05% Brij 35, 0.02% Na}. This buffer system, at infinite tl_me, andkgps is the observed assomatlon_ rate
which is effective from pH 4.69.0, ensures that a constant constant. Linear regression &f,s on MMP concentration
ionic strength is maintained across the pH range studigd ( Provided kon and kot from the gradient and Y-intercept,
Analysis of TIMP-MMP Molecular Interactions Using eSPectivelyKp was calculated al/Kon.
IAsys Resonance Mirror Biosensorhe interactions of RESULTS
TIMPs with various MMPs (and their constituent domains)
were analyzed using an IAsys resonance mirror biosensor. TIMP-4 Expression and Folding-his study provides the
This technique, similar to Biacore analysis, detects binding first description of expression and in vitro folding of
of a test protein to an immobilized ligand as changes in the recombinant human TIMP-4 frork. coli. Following two
refrective index of the solution immediately adjacent to a ion exchange steps to remove contaminating material,
resonance mirror sensor surface. Using an IAsys Plus TIMP-4 was folded by slow dilution into a buffer containing
biomolecular analysis system (Affinity Sensors, Cambridge, a 5:1 molar ratio of reduced:oxidized glutathione. Ap-
U.K.)), TIMP-1, TIMP-2, and TIMP-4 (1.5:g each) were  proximately 1 mg of folded TIMP-4 was obtained and the
covalently coupled to carboxymethyl dextran sensor chips preparation was 95% pure based on SDS-PAGE analysis.
(Affinity Sensors, Cambridge, U.K.) via free amino groups However, only 7% of the inhibitor was active when titrated
using N-hydroxysuccinimide/1-ethyl-3-(3-dimethylamino- with MMP-3(AC). To separate active and inactive TIMP-4,
propyl) carbodiimide coupling chemistry. Bovine serum the sample was applied to a MMP-1(E200A)-Sepharose
albumin (1.54g) was coupled as a negative control for each affinity resin. Inactive TIMP-4 passed through the column,
TIMP. Remaining activated sites on the sensor surface werewhile active TIMP-4 bound to the column and was eluted
blocked wih 1 M Tris/HCI, pH 8.0. Between 750 and 1000 with an acid wash. A yield of 5g of TIMP-4 per L of
arc seconds of TIMP or BSA were coupled, corresponding bacterial expression was obtained. The 1:1 stoichiometry of
to between 5 and 20 ng of protein per well. MMP ligands inhibitory activity against MMP-34C) indicated that the
under study were applied to the sensor surface in TNC buffer TIMP-4 fraction binding to the resin was 100% active (Figure
(concentrations ranging from 10 to 500 nM, Z5). To test 1). SDS-PAGE analysis showed a single band of 23 kDa
the relative contributions of MMP N- and C-terminal under reducing conditions, in accordance with a mass of 22.3
domains to the overall interaction, the MMP under study kDa predicted from the primary structuré7j (Figure 1,
was in some cases preincubated with the active site-blockinginset). Samples run under non-reducing conditions exhibited
hydroxamate GM6001-X (1@M, 30 min, 37°C) (54) and a slightly increased mobility, indicating that disulfide bond
reacted with TIMPs in the presence of AM GM6001-X. formation had occurred during folding. Inactive TIMP-4,
Chips were regenerated with a 15 s application of 50 mM which did not bind to the MMP-1(E200A) resin, exhibited
HCI. Control binding experiments were performed at various a similar shift in apparent molecular mass upon reduction,
stages in the analysis to confirm that the regeneration indicating that was also correctly folded (Figure 1, inset).
conditions had not altered the binding capacity of the coupled MALDI and Electrospray Mass Spectrometrictive
TIMP. k.t was too slow to be directly observed over the (bound) and inactive (unbound) TIMP-4 fractions from
time course of the experiment-80 min). The association MMP-1(E200A)-Sepharose were further characterized by
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Ficure 2: MALDI mass spectrometry of inactive and active TIMP-4. Inactive and active TIMP-4 bands were excised from SDS-PAGE

gels and digested with trypsin. The resulting peptides were subjected to MALDI mass spectrometry. For inactive TIMP-4 (A), peptides

corresponding in mass to wild-type TIMP-4 (CSCAPAHPQQHICHSALIVIR) as well as N-terminally acetylated TIMP-4 (Ac
CSCAPAHPQQHICHSALIVIR) and Met-TIMP-4 (MCSCAPAHPQQHICHSALIVIR) were detected. For active TIM@B)Y only the
wild-type form of this N-terminal peptide was present (CSCAPAHPQQHICHSALIVIR).

mass spectrometry. Following in-gel trypsin digestion of the

active and inactive TIMP-4 samples, peptides were analyzed

by both MALDI and electrospray mass spectrometry. MAL-
DI analysis of active TIMP-4 identified a peptide corre-

sponding in mass to the N-terminal peptide predicted to result

from trypsin digestion of wild-type TIMP-4 (CSCAPAH-
PQQHICHSALIVIR, Figure 2B). Generation of de novo

MT1-MMP alone

3 nM TIMP-4
5
8
10

12

Fluorescence

0 200 400 600 800

sequence data by electrospray mass spectrometry confirmed

the sequence of this N-terminal peptide. MALDI analysis
of the inactive TIMP-4 identified two additional peptides

Time (s)
Ficure 3: Progress curves showing TIMP-4 inhibition of MT1-

whose molecular masses are consistent with N-terminal MMP(AC). TIMP-4 (3-12 nM) was added to a solution of MT1-

acetylation of TIMP-4 and the presence of an additional
methionine at the N-terminus of the protein (ACSCAP-
AHPQQHICHSALIVIR and MCSCAPAHPQQHICHSALIV-
IR, Figure 2A).

Determination of k, and K with MMPs.Kinetic param-
eters were determined for four prototype MMPs, MMP-1
(collagenase 1), MMP-2 (gelatinase A), MMP-3 (stromelysin
1), and MMP-14 (MT1-MMP). Biphasic progress curves
were observed, typical of reversible, tight-binding inhibition
(48). A typical progress curve is shown in Figure 3, for the
inhibition of MT1-MMP(AC) by TIMP-4. Progress curves

MMP(AC) (0.1 nM) and Mca-Pro-Leu-GlyDpa-Ala-Arg-NH, (1.5
uM) preequilibrated to 25°C, and product fluorescence was
monitored. Data were fitted to eq 1 to determinethe pseudo-
first-order rate constant for each TIMP-4 concentration.

equilibrium part of the progress curves, were in the low
nanomolar range, except in the case of MMP-2, where
was in the picomolar range (Table 1).

Direct Determination of § Using oM. To determine the
kot rate of TIMP-MMP complexes, we employed some of
the unique properties @f;M, namely, (i) only proteolytically
active endopeptidases form an irreversible complex with

were fitted to the integrated rate equation (eq 1) to determine a,M; (i) reactions of MMPs witho,M are rapid, especially

k, the pseudo-first-order rate constant, for each TIMP

in a large excess af,M (55), and (iii) the enzymatic activity

concentration. In all cases, there was a good fit between theof a,M-bound MMPs can be detected using a sensitive
experimental data points and the theoretical curve generatedsynthetic substrate. Thus, this system allowed us to measure

using eq 1. Linear regression kfon TIMP concentration

the amount of enzyme dissociating from the TIMP-MMP

indicated that a simple bimolecular model adequately complex from the exponential increase in substrate hydrolysis

described the data arkg, was calculated from the gradient
of a plot of TIMP concentration versiksIn accordance with
previously published data for MMP inhibition by TIMPs,
kon values were on the order of 181! s (Table 1).K;

over time. Experiments carried out at differexgM con-
centrations (50, 100, 200, 300, and 400 nM) confirmed that
Ko Is independent afi,M concentration under the conditions
used ¢ 10-fold excess ofi,M over TIMP—MMP complex).

values, calculated using steady-state velocities from theA typical exponential increase in the rate of substrate
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Table 1: K; andk,, Values for TIMP-4 and TIMP-1 Inhibition of MMPs

TIMP-4 TIMP-1
kon Ki kon Ki
(x105M1s™Y) (nM) (x105M1sY (nM)

MMP-1 2.03+0.19 0.65+ 0.10 1.59+0.14 0.38+ 0.02
MMP-1(AC) 1.13+0.17 2.59+ 0.23 0.52+ 0.07 2.11+ 041
MMP-2 (25°C) 45.9+ 10.0 0.004+ 0.001 26.2H 6.40 0.014+ 0.001
MMP-3 0.71+0.12 151+ 0.21 2.00+ 0.24 0.63+ 0.10
MMP-3(AC) 0.49+ 0.07 1.24+0.11 1.20+ 0.20 1.08+0.18
MT1-MMP(AC) (25°C) 2.2940.71 0.73+ 0.09 ND ND

aTIMP-1 and TIMP-4 ([I, = 5—100 nM) inhibition of MMPs (0.£5 nM

) was assessed using progress curve analysis‘@ 8less otherwise

stated. Data were fitted to egs 1 and 2 to deternkinend K; respectively. Errors shown are standard errors of the mean. ND: Not determined

Table 2: pH Dependence & for TIMP Inhibition of MMP-1(AC)
and MMP-3AC)

Ki (nM)
TIMP-1 TIMP-2 TIMP-4
pH MMP-3(AC) MMP-3(AC) MMP-1(AC) MMP-3(AC)
9.0 ND ND 0.36+ 0.06 1.214+ 0.54
: , ; . 8.5 0.72+0.18 0.64+ 0.06 0.20+ 0.06 1.04+ 0.85
0 25 50 75 100 8.0 0.19+ 0.02 0.81+ 0.23  0.21+ 0.06 0.85 0.23
. . 7.5 0.15+ 0.01 1.03£ 0.16 0.33+0.04 0.51+ 0.22
B Time (min) 70 120£048 1414015 068:0.02  0.24+ 0.04
0.1 6.5 2.29+ 0.08 1.30+£0.22 0.74+0.02 0.20+ 0.06
0.0 6.0 2.50+ 0.33 480+ 1.09 0.86t 0.02 0.46+ 0.02
== 0.1 55 997+ 1.3 13.52+1.43 1.12+0.39 2.49+ 0.56
E 0'2 50 10.46+1.5 ND 7.38+0.81 542+ 1.14
= '0‘3 ] s 4.5 ND ND ND 6.54+ 1.72
Y aK; values for TIMP-1, TIMP-2, and TIMP-4 ([§]= 10—250 nM)
= 05 inhibition of MMP-1(AC) and MMP-3AC) (1 nM) were measured as
0‘ 6 described for Table 1, except that pH was varied between pH 4.5 and
=0 25 50 75 100 9.0 using a constant ionic strength AMT buffer (50 mM acetate, 50
. . mM Mes, 50 mM Tris/HCI). Errors shown are standard errors of the
Time (min) mean. ND: Not able to be determined.

FicUrRe 4: Calculation ok for TIMP-4/MMP-1 dissociation using
oM. (A) MMP-1 (100 nM) and TIMP-4 (100 nM) were preincu-
bated to form a 1:1 equilibrium complex. The equilibrium complex
was diluted to 5 nM witho,M (300 or 400 nM) and 1.xM Mca-
Pro-Leu-Gly~Dpa-Ala-Arg-NH, (200 uL reaction volume), and
fluorescence measured every 10 min. Samples incubatedwbith
showed higher activity than those incubated withamsN! (). Data
obtained with 300 nM@®) and 400 nM [0) a,M are shown. Error
bars represent standard deviations of the mean from triplicate runs.
(B) Using a standard curve constructed wiiM-treated MMP-1,

but their catalytic rates with these substrates may be altered.
ozM-bound MMP-3 was slightly less active against the
synthetic substrate than the free enzyme, whiél-bound
MMP-1 hydrolyzed the substrate more rapidly. Interestingly,
ozM-bound MT1-MMP was essentially inactive (less than
5%) against the synthetic substrate, preventing calculation
of a ke value using this method (results not shown).

fluorescence measured at each time point was converted to a Effect of pH on TIMP InhibitionThe crystal structures of

concentration ofa,M—enzyme. Since [Ell= [El], — [aoM—
enzyme], the fraction of inhibited enzyme ([ElJ/[B)]could be
calculated and. calculated as the gradient of a plot of In [EI}/
[El]o vs time.

hydrolysis is shown in Figure 4A. Using this method, we
calculated & value for TIMP-4 dissociation from MMP-1
of 8.07 @& 0.05) x 10°° s ! (Figure 4B). Dividing this by
the kon value calculated from the progress curve (Table 1,
2.03 x 1® M~ s1) gives aK; value of 0.4 nM, which
compares well with the value of 0.65 nM determined from
the equilibrium part of the progress curve. Similarly, using
oM, we determined & value for TIMP-4 dissociation
from MMP-3 of 7.61 @& 0.16) x 105 s™L. Dividing this by

the ko, value calculated from the progress curve (Table 1,
0.71x 10° M~1s™) gives aK; value of 1.07 nM, comparing
well with the value of 1.51 nM determined from the
equilibrium part of the progress curveor MMP-2, dis-
sociation was too slow to be observed over the time course
of the experiment~2 h). Once trapped by,M, MMPs are
generally still able to hydrolyze small synthetic substrates,

TIMP-MMP complexes 2, 27) suggest that the N-terminal
o-amino group of TIMP needs to be deprotonated to interact
with the catalytic ZA" of an MMP. Since pH will affect the
charge on this N-terminal-amino group, we predicted that
TIMP inhibition of MMPs would be pH-dependent. Progress
curve analysis showed this is indeed the case, With
increasing (Table 2) and#l,, decreasing (Figure 5) with
decreasing pH for TIMP-1, TIMP-2, and TIMP-4 inhibition
of MMP-1(AC) and MMP-3AC). At extreme pH values (pH
>8.5 and pH<5.0), MMP activity was substantially reduced,
making reliable determination & difficult. It was, however,
still possible to accurately determikg, at these pH values,
as shown in Figure 5.

The pH profile of inhibition by TIMPs was confirmed to
be independent of the pH profile of enzymatic activity (data
not shown) as expected, sinkg is a function of the ratio
between inhibited and uninhibited activity at each p&l.
andko, were lower and higher, respectively, when determined
in AMT buffers compared to TNC buffers [compare MMP-
3(AC) values in Table 1 and Figure 5]. This indicates that
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Ficure 5: Effect of pH on TIMP-1, TIMP-2, and TIMP-4 inhibition
of MMP-1(AC) and MMP-3AC). k,, was determined from pre-

steady-state progress curves, in constant ionic strength 50 mM

acetate, 50 mM Mes, 50 mM Tris/HCI, 5 mM CaC0.05% Brij
35, 0.02% NaN (AMT) buffers. For TIMP-4 inhibition of MMP-
1(AC) (m) and MMP-3AC) (O), half-maximalk,, values were
observed at pH 6.4. For TIMP-Dj and TIMP-2 (1) inhibition of
MMP-3(AC), half-maximak,, values were observed at pH 7.4 and
pH 7.0, respectively.

Table 3: IAsys Biosensor Analysis of Binding between
immobilized TIMP-1 and Various MMP Ligands

Kon Kot Ko
MMP (x10°M~1sY (s (nM)
ProMMP-1 no binding
MMP-1 0.379 0.0009 23
MMP-1 + GM6001-X no binding
MMP-1(AC) 0.043 0.0010 247
MMP-1(AC) + GM6001-X no binding
ProMMP-2 no binding
MMP-2 0.379 0.0014 39
MMP2 + GM6001-X no binding
HPXump—2 no binding
ProMMP-3 no binding
MMP-3 0.108 0.0002 24
MMP3 + GM6001-X no binding
MMP-3(AC) 0.057 0.0005 95
MMP-3(AC) + GM6001-X no binding
MT1-MMP(AC) no binding
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FIGURE 6: |Asys analysis of TIMP-4 and TIMP-2 interaction with
MMP-2. Various concentrations of MMP-2 (£#200 nM) were
added to immobilized TIMP-4K) and TIMP-2 @). Association
was analyzed using FastFit software (Affinity Sensors, Cambridge,
U.K.). There was a linear correlation betweénand MMP
concentration, indicating that a simple monophasic binding model
adequately described the data. Valuesdgandk.; were calculated
from the gradient andy-intercept, respectively, an&p was
calculated agos/kon.

because it gave a linear correlation between MMP concentra-
tion andk (Figure 6), and the error was less than 1% in all
casesKp values determined are summarized in Tables 3 to
5. On averagep values were 2 orders of magnitude higher
thanK; values. This is likely to be due to the influence of
factors such as constraint of one of the interacting partners
on the sensor surface, chemical modification concomitant
with immobilization and variation in the orientation of the
immobilized molecule §6). Despite this limitation, the
analysis enabled us to dissect the relative contributions of
each domain to the overall molecular interaction (e.g.,
proMMP-2, hydroxamate-inhibited MMPs and Hiwe—>2).

As expected, none of the tested TIMPs bound to proM-
MP-1 or proMMP-3, and they failed to bind to active MMP-1
and MMP-3 in the presence of the low molecular weight
active site-directed hydroxamate inhibitor GM6001-X (Table
3). In most cases, the binding affinities of TIMPs for MMP-
1(AC) and MMP-3AC) were weaker than those for the full-
length enzymes. On the basis of the 1ASys analysis, the
C-terminal HPX domains of these MMPs make a contribu-
tion to the overall free energy of binding, although they alone
are unable to support binding. MMP-3 is inhibited more
strongly by TIMP-1 than by TIMP-2 or TIMP-4.

ionic strength affects inhibition constants and reiterates the Both TIMP-2 and TIMP-4, but not TIMP-1, bound to

importance of using constant ionic strength AMT buffers
for this study.

In all cases studiedk,, decreased with decreasing pH
below pH 8.0 (Figure 5). The variation &, with pH was
similar for TIMP-4 inhibition of MMP-1AC) and MMP-
3(AC), and differed from the pH profile for TIMP-1 and
TIMP-2 inhibition of MMP-3(AC) (Figure 5). For TIMP-4,
half-maximalk,, values were at pH 6.4, while for TIMP-1
and TIMP-2, half-maximak,, values were at pH 7.4 and
7.0, respectivelyK; values for TIMP-4 inhibition of MMP-
1(AC) and MMP-3AC) were relatively constant above pH

proMMP-2 and the isolated C-terminal HRp—2 (Tables

3 to 5) as reported previousl{ @, 51, 57). However, theKp
values of TIMP-2 for proMMP-2 and for full-length active
MMP-2 were essentially identical. It is striking that, unlike
other MMPs, the binding of TIMP-2 to MMP-2 was not
blocked nor was the affinity altered in the presence of the
hydroxamate inhibitor GM6001-X, even at a very high
concentration (5&M). Given that theK; of GM6001-X for
MMP-2 inhibition was 0.7 nM (results not shown), this
concentration of GM6001-X should completely block the
MMP-2 active site. We therefore concluded that when the

6.0 and increased below pH 5.5 (Table 2). In comparison, active site of MMP-2 is blocked by GM6001-X, TIMP-2

K values for TIMP-1 and TIMP-2 inhibition of MMP-2(C)

binds to MMP-2 through the HPp—2, @s in the case of

were constant above pH 6.5 and increased below pH 6.0.proMMP-2 (see Figure 7). Th€p of TIMP-2 for HP Xymp—2

Thus, TIMP-4 retained higher reactivity with MMPs in an alone was slightly higher than for proMMP-2 or GM6001-
acidic environment than either TIMP-1 or TIMP-2. X-inhibited MMP-2, suggesting that there is an additional
Analysis of Mode of Interaction between TIMP and MMP. minor interaction formed with the full-length MMP-2 or

The interactions of TIMP-4 with various MMPs were proMMP-2.

measured by IAsys biosensor analysis and compared with TIMP-4, on the other hand, exhibited different binding
those of TIMP-1 and TIMP-2 (Tables 3 to 5). For data parameters (Table 5). The affinity of TIMP-4 for proMMP-2
analysis we used a simple monophasic binding model was about 5-fold lower than that for the active MMP-2. In
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Table 4: |Asys Biosensor Analysis of Binding between Immobilized TIMP-2 and Various MMP Ligands

[GM6001-X Kon Koft Ko
MMP (uM) (x10°M1sY) (s (nM)
ProMMP-1 - no binding
MMP-1 - 0.362 0.0014 39
MMP-1 + GM6001-X 10.00 no binding
MMP-1(AC) - 0.385 0.0026 69
MMP-1(AC) + GM6001-X 10.00 no binding
ProMMP-2 - 0.225 0.0016 71
ProMMP-2+ GM6001-X 10.00 0.243 0.0017 70
MMP-2 - 0.195 0.0011 60
MMP-2 + GM6001-X 10.00 0.267 0.0016 60
50.00 0.263 0.0015 57
HPXuwmp-2 - 0.051 0.0006 117
HPXump—2 + GM6001-X 10.00 0.050 0.0005 107
ProMMP-3 - No binding
MMP-3 - 0.018 0.0013 706
MMP-3 + GM6001-X 10.00 No binding
MMP-3(AC) - 0.015 0.0016 1020
MMP-3(AC) + GM6001-X 10.00 No binding
MT1-MMP(AC) - 0.154 0.0041 269
MT1-MMP(AC) + GM6001-X 10.00 No binding
Table 5: IAsys Biosensor Analysis of Binding between Immobilized TIMP-4 and Various MMP Ligands
[GM6001-X Kon Koft Ko
MMP (uM) (x10°M~1s}) (s (nM)
ProMMP-1 - no binding
MMP-1 - 1.18 0.0068 58
MMP-1 + GM6001-X 10.00 no binding
MMP-1(AC) — 0.079 0.0025 319
MMP-1(AC) + GM6001-X 10.00 no binding
ProMMP-2 — 0.066 0.0022 333
ProMMP-2+ GM6001-X 10.00 0.083 0.0028 345
MMP-2 — 0.309 0.0021 70
MMP-2 + GM6001-X 0.001 0.260 0.0017 65
0.010 0.240 0.0019 79
0.015 0.230 0.0023 100
0.020 0.205 0.0022 107
0.025 0.182 0.0024 132
0.050 0.142 0.0026 183
10.000 0.084 0.0029 345
HPXump—2 - 0.036 0.0013 380
HPXump—2 + GM6001-X 10.00 0.040 0.0016 400
ProMMP-3 - no binding
MMP-3 - 0.022 0.0005 245
MMP-3 + GM6001-X 10.00 no binding
MMP-3(AC) - 0.021 0.0010 479
MMP-3(AC) + GM6001-X 10.00 no binding
MT1-MMP(AC) - 0.051 0.0034 677
MT1-MMP(AC) + GM6001-X 10.00 no binding

the presence of GM6001-X, the affinity for MMP-2 reduced The inactive TIMP-4 underwent similar shifts in mobility
in a concentration-dependent manner so that atuliD upon reduction as was seen with the active inhibitor,
GM6001-X, the affinity was identical to that for proMMP-2 indicating that it is likely that similar disulfide bonds have
and for HPXsup—2 alone. These results indicate that the been formed in the active and inactive forms. MALDI and
active site of MMP-2 makes a significant contribution to the electrospray mass spectrometry indicated that this TIMP-4
enzyme-inhibitor complex, but when the active site of fraction was inactive because of inappropriate processing,
MMP-2 is blocked, the interaction with TIMP-4 is primarily  j.e., retaining its initiation Met residue or N-terminal acety-
through the HPXwp—2 domain. lation. Such N-terminal modification is a well-known
potential problem of overexpression B coli, but is of
DISCUSSION crucial importance to the expression of active TIMPs, since
TIMP-4 Expression and FoldingVhile TIMP-4 has been  a free N-terminal Cysl residue is essential for TIMP
expressed in mammalian cell$1j, baculovirus 21), and inhibition of MMPs. Various factors affect N-terminal
Pichia (58), this is the first reported expression of full-length  processing of expressed proteingsincoli, such as saturation
TIMP-4 in E. coliand folding of active protein from inclusion  of the bacterial methionine aminopeptidase machinery, the
bodies. host genotype, and the nature of the amino acid residues
In the final purification step, active TIMP-4 was separated following the initiation Met. Proteins with Cys residues
from inactive TIMP-4 on a MMP-1(E200A) affinity resin.  following the initiation Met are poorly processefdj, and
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A) proMMP-2

Kp=71nM Kp =333 nM

B) GMB001-X-inhibited MMP-2

TIVE=2)
Ko =57 nM
C) MMP-2
Kp = 60 M Kp=70nM
D) HPXMMF’-Z
Kp =117 nM Kp = 380 M

Ficure 7: Schematic model showing mode of interaction of
TIMP-2 and TIMP-4 with various forms of MMP-2. (A) TIMP-2
and TIMP-4 both bind to proMMP-2, although TIMP-2 has 4-fold
higher affinity. This interaction is through the high affinity “A”
site in the HPXymp—2 domain. (B) Binding of TIMP-2 and TIMP-4
to GM6001-X-inhibited MMP-2 resembles binding to proMMP-2.
(C) TIMP-2 binding is insensitive to GM6001-X inhibition, while
TIMP-4 affinity for MMP-2 is reduced 5-fold by GM6001-X
treatment. This indicates that although TIMP-2 and TIMP-4 have
similar affinity for MMP-2, the active site of MMP-2 contributes
more to the overall free energy of binding to TIMP-4 than to TIMP-
2. TIMP-2 and TIMP-4 interact with the both the catalytic domain
and the putative low affinity “B” site of the HPyup—> domain.
(D) Both TIMP-2 and TIMP-4 bind to HPMup—», but TIMP-2
interacts more strongly than TIMP-4.

interestingly, similar N-terminal processing problems have
been reported foE. coli expressed TIMP-24(1), which has

Biochemistry, Vol. 41, No. 50, 20025033

2, TIMP-4 reacts with MMP-2 2660-fold faster than either
MMP-1 or MMP-3. Our data for TIMP-4 inhibition of
MMP-2 and MT1-MMP are in agreement with Bigg et al.
(12) and extend the limited kinetic characterization of
N-TIMP-4 of Stratmann et al58). TIMP-4 does not appear

to differ markedly from other TIMPs in its inhibition of the
tested MMPs, suggesting that its in vivo role is modulated
by expression patterns and tissue localisation, as is the case
with the other TIMPsk,, values are higher ari lower for
TIMP-1 and TIMP-4 inhibition of full-length MMP-1 and
MMP-3 than for the catalytic domain alone, indicating that
the C-terminal domains of the enzymes participate in binding
to TIMP-4 (Table 1).Ky values were also determined
directly usinga,M to irreversibly trap any MMP dissociating
from MMP-TIMP complexes. For MMP-1 and MMP-3, the
resultantk.; values agree well with those calculated from
Ki andko,n. From Table 1, we predict théts for TIMP-4-
MMP-2 is in the range of+1.5 x 107° s%, which is about

5 times slower than that for MMP-1 and MMP-3. This
suggests that we would be unable to calcukgtausing this
method and, as expected, we saw no measurable dissociation
over the time course of the experiment. The continuous
nature of the assay described here does not permit monitoring
for more than a few hours. Use of radiolabeled TIMP-4, as
previously described for TIMP-26Q), would permit direct
calculation of thisk.s value.

Inhibition of MMPs by TIMP was shown to be pH
dependent, witlK; increased and,, decreased by lowering
pH (Table 2 and Figure 5). The pH profile of inhibition varies
with the TIMP analyzed rather than the MMP, indicating
that the effects observed are a result of protonation of the
TIMP rather than the MMP. While our analysis does not
permit identification of the residues involved, Cys1 of TIMP
is known to be crucial for inhibition with ite--amino and
carbonyl groups coordinating the catalytic?Zrion of the
MMP (1, 2). The K, of thea-amino group of a half cystine
residue is~7.9, and this value is normally reduced by about
1.5 units when the residue is at the N-terminus of a

the same N-terminal tripeptide sequence as TIMP-4. This polypeptide chain. For TIMP-4, half-maximia), values are

inactive TIMP-4 may be useful as a negative control in future
studies on TIMP-4 activity and biological functions as well
as for dissecting the role of the C-terminal domain of TIMP-4
in various biological functions, such as inhibition of apoptosis
(25, 60). Our yield was about 10-fold lower than that
previously achieved in either mammalidi) or baculovirus

observed at pH 6.4, while for TIMP-1 and TIMP-2, half-
maximal k., values are observed at pH 7.4 and 7.0,
respectively. These are within the expectéd, palues for
an N-terminal half cystine, with slight variations between
TIMPs, reflecting differences in their microenvironments.
Furthermore, TIMP-4 retained lo¥; values at more acidic

(21) expression systems, indicating that those systems arepH values than either TIMP-1 or TIMP-2 (Table 2),

more suitable for expression of TIMP-4. Alternatively,
coexpression of TIMP-4 with methionine aminopeptidase
(62) may improve the yield of active TIMP-4 frora. coli.
Our current system, however, provided us with sufficient
fully active TIMP-4 for detailed kinetic characterization and
comparison with TIMP-1 and TIMP-2.

Kinetic CharacterizationPublishedk,, values for TIMP
inhibition of MMPs are generally in the range of aL0°
M1 s1 with K; values ranging from the high picomolar to
low nanomolar range. We calculat&g and ko, values for
TIMP-1 inhibition to confirm the validity of our assay
conditions, and these agree well with previously published
data for TIMP-1 (1, 37, 49, 51, 62). Our data show that
TIMP-4 is broadly similar to other members of the TIMP
family in its inhibition of MMP-1, MMP-2, MMP-3, and
MT1-MMP (Table 1). As is the case for TIMP-1 and TIMP-

indicating that TIMP-4 has inhibitory activity at more acidic

pH values than TIMP-1 or TIMP-2. Since tumors are known
to have lower extracellular pHs than surrounding normal
tissues 64, 65), TIMP-4 may have an extended protective
effect against MMP activity compared with TIMP-1 or

TIMP-2.

Mode of Binding of TIMP-4 and TIMP-2 to MMP-Zhe
IAsys biosensor system allowed us to investigate the mode
of interaction of TIMPs with MMPs. TIMP binding to MMPs
has been proposed to be a multistep process, involving both
the catalytic and the HPX domain§3, 66). However, in
contrast with a previous repor8); a simple bimolecular
model adequately described our data in all cases.

Our studies also indicate that TIMP-4 and TIMP-2 have
similar affinities for MMP-2, but TIMP-4 has a 5-fold lower
affinity for proMMP-2 and HPXuwp—, than TIMP-2. A
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negatively charged stretch of amino acid residues (QE- proMMP-2 located between the third and fourth blades of
FLDIEDP) at the C-terminus of TIMP-2 plays an key role HPXwuwp—2 (illustrated as the “A” site) is different from the
site that interacts with TIMP-2 in the active form (“B” site).
Alternatively, “A” and “B” may reside in the same site of

in TIMP-2 binding to proMMP-2 §7), with deletion of these
nine residues reducing the, rate 4-fold 61). While the
corresponding region in TIMP-4 &FVDIVQP) shares four

the

HPXump—2 domain but the overall structural changes of

identical residues (bold) and two conservative substitutions MMP-2 upon binding to TIMP-2 (or TIMP-4) through the
catalytic site may significantly lower the affinity between
charged than the corresponding region of TIMP-2, having HPXywp-2 and TIMP-2 (or TIMP-4). Clear understanding
two acidic residues compared to four in TIMP-2. These of how each domain of MMP-2 and TIMP-2 (or TIMP-4)
interacts upon formation of the activated enzyrirghibitor
complex must await the determination of the three-
dimensional structures of the MMP-2-TIMP-2 and MMP-
2-TIMP-4 complexes.

(underlined) out of nine residue&q), it is less negatively

differences may prevent TIMP-4 from forming strong

electrostatic interactions with HRXr—»> and may underlie

its inability to support ternary complex formation with MT1-

MMP.

The observation that the low molecular weight inhibitor

GM6001-X did not alter the affinity of TIMP-2 for MMP-2

is unexpected since, in most cases, the major binding energy ;.
for the formation of a protease-inhibitor complex is derived
from the interaction with the active site of the enzyme.
Indeed, the binding of other MMPs (MMP-1, -3, and -14)
with TIMP-2 and TIMP-4 were completely blocked by
GM6001-X. Therefore, the lack of hydroxamate effect on

TIMP-2 binding to MMP-2 is unlikely to be an artifact. It is

also unlikely that TIMP-2 is displacing GM6001-X from the

MMP-2 active site given a vast excess of GM6001K( €
0.7 nM for inhibition of MMP-2) and a limited amount of

TIMP-2. Even if GM6001-X were displaced by TIMP-2, its
presence would reduce the apparent affinity between TIMP-2
and MMP-2, which we did not observe. In the presence of
GM6001-X, the mode of interaction between MMP-2 and
TIMP-2 is therefore considered to be similar to that between
proMMP-2 and TIMP-2, being driven solely through
HPXump—2 Similar to the crystal structure of the TIMP-2-
proMMP-2 complex with the inhibitory N-terminal domain

of TIMP-2 exposed 7). Similarly, complex formation

between TIMP-4 and the GM6001-X-inhibited MMP-2 is
also through the C-terminal domains. Compared with TIMP-

2, TIMP-4 has lower affinity for both the GM6001-X-
inhibited form of MMP-2 and the HPvp—>.
Although there was little difference in th&p value

between the GM6001-X-inhibited MMP-2 and the active
MMP-2, for TIMP-2 binding, it is anticipated that a
considerable energetic contribution is made through the
interaction of the active site of the enzyme and the reactive
site of the inhibitor. Therefore, we suspect that the interaction

between HPXwup-» and the C-terminal domain of TIMP-2

is significantly reduced. This suggests that the mode of
interaction through the two C-terminal domains in the

proMMP-2-TIMP-2 complex (or the GM6001-X-inhibited
MMP-2-TIMP-2 complex) is different from that in the MMP-

2-TIMP-2 complex. Figure 7 depicts models for these
differences. When the active site of MMP-2 is blocked either

by the propeptide or GM6001-X, the high-affinity “A” site
in the HPXymp—2 is involved in TIMP-2 binding, whereas
the low affinity “B” site is involved in the case of MMP-
2-TIMP-2 complex. These two sites in HRp—» are also
likely to be involved in interactions with TIMP-4.

The three-dimensional structure of the proMMP-2-TIMP-2
complex 67) suggests that activation of this complex, e.g.,
by a mercurial compound, 4-aminophenylmercuric acetate,
must be accompanied by a considerable structural rearrange—2 :
ment in order for TIMP-2 to inhibit the activated MMP-2.
We therefore postulate that the TIMP-2 binding site in
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