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ABSTRACT. Matrix metalloproteinase (MMP) family members are involved in the physiological remodeling

of tissues and embryonic development as well as pathological destruction of extracellular matrix
components. To study the mechanisms of MMP action on collagenous substrates, we have constructed
homotrimeric, fluorogenic triple-helical peptide (THP) models of the MMP-1 cleavage site in type I
collagen. The substrates were designed to incorporate the fluorophore/quencher pair of (7-methoxycoumarin-
4-ylacetyl (Mca) andN-2,4-dinitrophenyl (Dnp) in the £and R' positions, respectively. In addition,

Arg was incorporated in the,Pand R' positions to enhance enzyme activity and improve substrate
solubility. The desired sequences were Gly-Pro-Lys(Mca)-Gly-Pro-Gln-Géy-Arg-Gly-GIn-Lys(Dnp)-
Gly-lle/Val-Arg. Two fluorogenic substrates were prepared, one using a covalent branching protocol (fTHP-
1) and one using a peptide self-assembly approach (fTHP-3). An analogous single-stranded substrate
(fSSP-3) was also synthesized. Both THPs were hydrolyzed by MMP-1 at thel @lybond, analogous

to the bond cleaved in the native collagen. The individual kinetic parameters for MMP-1 hydrolysis of
fTHP-3 werekes: = 0.080 st andKy = 61.2uM. Subsequent investigations showed fTHP-3 hydrolysis

by MMP-2, MMP-3, MMP-13, a C-terminal domain-deleted MMP-1 [MMPA%{3-450)], and a C-terminal
domain-deleted MMP-3 [MMP-2{245-460)]. The order ok../Ky values was MMP-13 MMP-1 ~ MMP-
1(A243-450 ~ MMP-2 > MMP-3 ~ MMP-3(A24s-460). Studies on the effect of temperature on fTHP-3

and fSSP-3 hydrolysis by MMP-1 showed that the activation energies between these two substrates differed
by 3.4-fold, similar to the difference in activation energies for MMP-1 hydrolysis of type | collagen and
gelatin. This indicates that fluorogenic triple-helical substrates mimic the behavior of the native collagen
substrate and may be useful for the investigation of collagenase triple-helical activity.

Matrix metalloproteinase (MMP)family members are  lular matrix turnover is the hydrolysis of intact triple-helical
involved in the physiological remodeling of tissues and regions found in native collagens. Several of the MMP family
embryonic development as well as pathological conditions members possess collagenolytic activi@). (For example,
such as arthritis, cardiovascular diseases, and cancer celinterstitial collagens (typesdlll) are hydrolyzed by MMP-
metastasis, 2. One of the “committed” steps in extracel- 1, -2 -8, -13, -14, and -18(¢9), while basement membrane
collagen (type 1V) is hydrolyzed by MMP-2, -3, -7, -9, -10,
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of Health (AR 39189 to H.N., CA 77402 and AR 01929 to G.B.F.), lalhali
the Wellcome Trust (057508 to H.N.), and Pfizer, Inc., Central Research collagen, but do nOt. Cle.ave the trlpl_e helical domat-{ .
Division. 12). The further elucidation of specific MMP collagenolytic
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1 Abbreviations: CD, circular dichroism; Cha, 3-cyclohexylalanyl; Mmutagenesis of the MMP-1 catalytic domain has been used

DCM, dichloromethane; Dde, 1-(4,4-dimethyl-2,6-dioxocyclohex-1- to define residues important for catabolism of native collagen

ylidene)ethyl; DIEA, N,N-diisopropylethylamine; DMSO, dimethyl iti i i inle-hali _
sulfoxide; Dnp, 2,4-dinitrophenyl; Dp&-3-(2,4-dinitrophenyl)--2,3- (%S)t In ﬁddltlgn’ Chemécta”y Sythesg.Ze; tl’lptie g.ehcatl S;\J/IbMP
diaminopropionyl; Fmoc, 9-fluorenylmethoxycarbonyl; fTHP, fluoro- ~ Strat€s nhave been used to examine binding by discrete

genic triple-helical peptide; HBTU, 2-t:-benzotriazol-1-yl)-1,1,3,3-  domains {4—17) and for evaluating MMP kinetic parameters
tetramethyluronium hexafluorophosphate; HOBt, 1-hydroxybenzotriazole; (17). Those studies have used rather laborious discontinuous

Hyp, 4-hydroxyt-proline; MALDI-TOF-MS, matrix-assisted laser .
desorption ionization time-of-flight mass spectrometry; Mca, (7- @SSay methods. A continuous assay method, such as one that

methoxycoumarin-4-yl)acetyl; MMP, matrix metalloproteinase; Mtt, utilizes an increase in fluorescence upon triple-helix hy-
4-methyltrityl; ND, not determined; Nva, norvalyl; PTH, phenylthio- drolysis, would allow for rapid and convenient kinetic

hydantoin; RP-HPLC, reversed-phase high-performance liquid chro- . . L .
matography; SSP, single-stranded peptide; TFA, trifluoroacetic acid; valuation of MMPs and thus greatly aid mechanistic studies

THP, triple-helical peptide; TIMP, tissue inhibitor of metalloproteinases. of these enzymes.
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The design of fluorogenic substrates requires several MATERIALS AND METHODS

considerations. First, the fluorophore should have a high Al dard chemical id hesi d q
quantum yield, yet be efficiently quenched by a resonance standard chemicals were peptide synthesis grade an

energy transfer mechanism. Substantial quantum yields arepurCh{leEd from Fisher. HBTU, HOBL, and Fmoc-amino acid

found for 7-methoxycoumarin (Mca) derivatives, which can ?:EXIV,Trl]\wﬁso \g’g:ﬁs Z?éacl)?tehdeir:gmi Nu?\;?ghocehxecrg &ngrneﬁ)'ego’
be readily incorporated into peptideks]. Mca fluorescence He>)<.anoic acid [CH(CH;).COH gesi nat(ed stas u?/-).
is also efficiently quenched by the 2,4-dinitrophenyl (Dnp) : 274 : 9 P
; ) . chased from Aldrich.

group, as described by Knight et a@9j. The Mca/Dnp pair Peptide Svnthesi®entid . bl f q
has been utilized to create a substrate selective for MMP—3b Fep ae ch;] heS| ep |the-(rjeT|n assem Xg}'i%gﬁrpomﬁ
(20). Second, one would like to incorporate the fluorophore Syntl;?gsc' Sé)r' é?ar?:r?e@?m%so ogg/eog z?hes' ed b rr(?:trlm?js
and quencher internally in the peptide sequence. Since ryeviousllz déscribed i1 our Iabc\;\;ato@‘é 30 Ef)c-Glywas
efficient quenching of the Mca fluorescence occurs when (F:)ou led gs the N-terminal amino acid in thé branchgd eptide
the Dnp group is within eight residues, internal incorporation P X ) Pep

; syntheses. The 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylide-
of these groups would allow for quenching regardless of

. . s he)ethyl (Dde) group was removed with two 10 min
substrate size. A recently described fluorogenic triple-helical treatments of hydrazireDMF (1:49). The 4-methylrityl

Sle?eSrtrﬁqe Isncorrlpé)r:atﬁ?c,:?enzge?ro,%zoﬁteégqing:;;g?raatlFot:e(Mtt) group was removed with three 10 min treatments of
inus, which unfortunately resufed | Nzaltlon a1 2-ethanedithiotDCM  (1:1:98). (7-Methoxycou-

of the triple helix and somewhat inefficient quenchir2g)( mari : : ! .
) - . arin-4-yl)acetic acid (Mca) was coupled overnight using
Third, the substrate should be sufficiently soluble. Since most 4-fold excesses of Mca, HBTU, and HOBt and an 8-fold

fluorophores and quer_lchers are hydrophob.ig_mo.ieties, fluo- oy cess of DIEA. When necessary, Mca coupling was
rogenic substrates typically h_a\_/_e poor solubilities in aqueous repeated overnight, or a 4-fold excess of 4-(dimethyl)-
environments. However, flexibility in MMP substrate Speci- 5 minanyridine was added and coupling proceeded for 4 h.
ficities (22) can be utilized to construct fluorogenic substrates All peptide-amphiphiles were synthesized as C-terminal
that contain hydrophilic residues. Fourfch_, the triple-helical amides to prevent diketopiperazine formatigd)( Peptide-
structure of the substrate must be sufficiently stable under resins were characterized by Edman degradation sequence
assay conditions. Thus, the overall goal of the present work analysis as described previously for “embedded” (noncova-
is to create soluble, thermally stable triple-helical fluorogenic lent) sequencing3@). Peptide-resins were lipidate26) with

_MMP substrates that inc;orporate Mc;a and an moieties the G group. Removal of the Mtt group and coupling of the
internally. To present a site for potential MMP binding and ;.4 group proceeded as described above.

hydrolysis, the substrates will incorporate a modified version cl . . . ) )
eavage and side-chain deprotection of peptide-resins and
of the collagenase (MMP-1, MMP-8, and MMP-13) cleavage peptide-amphiphile-resins proceeded 2oh using thioani-

site in type |l collagen. sole—water—TFA (5:5:90) @3). Peptide-amphiphile cleavage
Several methods have been described for the synthesis okolutions were extracted with methyBu ether prior to
triple-helical peptides (THPs) incorporating collagen-like purification.

sequences and witfi, values greater than 30C. Our Peptide PurificationRP-HPLC purification was performed
laboratory has developed a solid-phase THP synthetic methodon a Rainin AutoPrep System with a Vydac 218TP152022
which features a C-terminal Lys covalent bran23-(25). Cus column (15-20 um particle size, 300 A pore size, 250

One THP that incorporated the collagenase cleavage site inx 22 mm) at a flow rate of 5.0 mL/min. The elution gradient
type | collagen was found to be hydrolzyed efficiently by was 0-75% B in 75 min where A was 0.1% TFA in water
MMP-1, MMP-2, and MMP-13, but not by MMP-31{). and B was 0.1% TFA in acetonitrile. Detection was at 229
Ottl et al. have created heterotrimeric THPs using a C- nm.

terminal disulfide linkage strategyl4—16). The heterotri- Peptide AnalysesAnalytical RP-HPLC was performed on
meric THPs incorporate thexl(1)].02(1)772-785 region,  a Hewlett-Packard 1100 Liquid Chromatograph equipped
and were hydrolyzed efficiently by MMP-8L4, 16§. We with a Hypersil small-pore, narrow-bore,€RP column (5
have also described an approach by which the noncovalent,m particle size, 120 A pore size, 1602.1 mm). Eluants
self-assembly of lipophilic molecules, N-terminally linked were 0.1% TFA in water (A) and 0.1% TFA in acetonitrile
to a peptide, can be used to form stable triple heli@€s-( (B). The elution gradient was-9100% B in 20 min with a
28). In this study, the branching and self-assembly methods flow rate of 0.3 mL/min. Detection was at 229, 324, and
are used to construct potential fluorogenic THP substrates.363 nm. Edman degradation sequence analysis was per-
The THPs have been modeled after the huma(l)769— formed on an Applied Biosystems 477A Protein Sequencer/
783 sequence Gly-Pro-Pro-Gly-Pro-GIn-Glyeu-Ala-Gly- 120A Analyzer as describe®2) for “embedded” (nonco-
GIn-Arg-Gly-lle-Val (29), and modified to allow for the  valent) sequencing. MALDI-TOF-MS was performed on a
incorporation of a fluorophore and quencher. The suscepti- Hewlett-Packard G2025A LD-TOF mass spectrometer using
bilities of fluorogenic THPs are compared for the MMP either a sinapinic acid or a 2,5-dihydroxybenzoic acid/2-
family members MMP-1, MMP-2, MMP-3, and MMP-13.  hydroxy-5-methoxybenzoic acid (9:1, v/v) matrid4).

To further elucide the role of the MMP C-terminal he- Circular Dichroism SpectroscopyCD spectra were re-
mopexin-like domain, we have utilized C-terminal deletions corded over the range= 190-250 nm on a JASCO J-600
of MMP-1 (residues 243450) and MMP-3 (residues 248 using a 1.0 cm path-length quartz cell. Thermal transition
460) in our kinetic studies. Finally, temperature-dependent curves were obtained by recording the molar elliptici® ]|
assays have been performed to determine the activationat A = 225 nm while the temperature was continuously
energy for MMP-1 triple-helical peptidase activity. increased in the range of-B0 °C at a rate of 0.2C/min.
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Temperature was controlled using a JASCO PTC-348WiI
temperature control unit. For samples exhibiting sigmoidal
melting curves, the reflection point in the transition region
(first derivative) is defined as the melting temperaturg)(
Alternatively, T, was evaluated from the midpoint of the
transition.

Matrix MetalloproteinasesProMMP-1 @5) and proM-
MP-3 (36) were purified from the culture medium of human
rheumatoid synovial cells stimulated with rabbit macrophage-
conditioned medium. ProMMP-2 was purified from the
culture medium of human uterine cervical fibroblas33)(
ProMMP-2 was activated by reacting with 1 mM 4-ami-
nophenylmercuric acetate at 26 for 2 h. ProMMP-1 was
activated by reacting with 1 mM 4-aminophenylmercuric
acetate and an equimolar amount of MMP-3 at’@7for 6
h. After activation, MMP-3 was completely removed from
MMP-1 by affinity chromatography using an anti-MMP-3
IgG Affi-Gel 10 column. ProMMP-3 was activated to the
45 kDa MMP-3 by reacting with xg/mL chymotrypsin at
37 °C for 2 h. Chymotrypsin was inactivated with 2 mM
diisopropyl fluorophosphate. ProMMP-13 was a generous
gift from Dr. P. G. Mitchell, Pfizer, Inc. ProMMP-13 was
activated with 1 mM 4-aminophenylmercuric acetate.
PTOMMP-1@243_450) and PI’OMMP-%248_450) were ex-
pressed inE. coli using the expression vector pET3a
(Novagen), folded from inclusion bodies and purified as
described previously3g). Both zymogens were activated
as described above for the full-length proMMP-1 and
proMMP-3. The amounts of active MMP-1, MMP-2, MMP-
3, and MMP-13 were determined by titration with recom-
binant TIMP-1 @9) over a concentration range of 6-3 ug/
mL.

AssaysSubstrate fTHP-1 was preparesi@5 mMstock
solution in DMSO. Substrate fTHP-3 was prepared as a 27
uM stock solution in “fluorometric assay” buffer (50 mM
Tricine, pH 7.5, 50 mM NaCl, 10 mM Cag10.005% Brij-
35). MMP assays were carried out in assay buffer
incubating a range of substrate concentrations5duM)
with 40 nM enzyme at 30C. For fTHP-1, a maximum of

by
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Val) (29). This sequence is cleaved at the Glyeu bond in
native type Il collagen by MMP-1, -8, and -13(Q, 41). To
accommodate the quenching group, the Arg in the P
position was replaced by Lys(Dnp). To accommodate the
fluorophore, the Pro in thesPposition was replaced by
Lys(Dde). The desired sequence was thus Gly-Pro-Lys(Dde)-
Gly-Pro-GIn-Gly~Leu-Ala-Gly-GIn-Lys(Dnp)-Gly-lle-
Val. Once the peptide was assembled, the Dde group could
be selectively removed and the Mca group acylated to the
Lys e-amino group. The first substrate was thus constructed
with this sequence incorporated between an N-terminal (Gly-
Pro-Hyp)} repeat and the C-terminal branch. Following
peptide assembly, the Dde group was removed with 2%
hydrazine and the Mca group coupled with HBTU/HOBt.
The peptide was cleaved from the resin, but was too insoluble
to allow for efficient RP-HPLC purification. The sequence
was then modified to improve substrate solubility. The Ala
in the B' position and the Val in thedPposition were both
replaced by Arg. Prior studies have shown that MMP-1 and
MMP-8 favor Arg in the B position compared to Ala2@Q).

The peptide was resynthesized with the sequence Gly-Pro-
Lys(Dde)-Gly-Pro-GIn-Gly-Leu-Arg-Gly-GIn-Lys(Dnp)-
Gly-lle-Arg. Assembly proceeded smoothly, but removal of
the Dde group resulted in a shift in the Lys(Dnp) visible
absorption spectrum. The Mca group was coupled, and the
peptide cleaved from the resin. The Lys(Dnp) residue was
believed to be damaged by the hydrazine treatment. A
different protecting group was deemed necessary for selective
Lys deprotection. The third version of the peptide used the
Lys(Mtt) group, and thus contained the sequence Gly-Pro-
Lys(Mtt)-Gly-Pro-GIn-Gly~Leu-Arg-Gly-GIn-Lys(Dnp)-
Gly-lle-Arg. The Mtt group was removed with 1% TFA plus
1% 1,2-ethanedithiol in DCM, and Mca was coupled. The

0peptide (fTHP-1; Figure 1) was cleaved from the resin and

purified.

Subsequent analysis of fTHP-1 revealed three problems.
First, fTHP-1 was much less thermally stable than had been
anticipated based on prior work with branched, triple-helical
peptides (Figure 2). Although thi, value was~36 °C, the

0.3% DMSO was present in the enzyme assay. Fluorescencanermal transition was broad. Second, the yield of fTHP-1

was measured on a Molecular Devices SPECTRAmMax
Gemini Dual-Scanning Microplate Spectrofluorometer using
Aexcitation= 325 NM anemission= 393 nm. Initial velocities

were obtained from plots of fluorescence versus time, using

only data points corresponding to less than 40% full
hydrolysis. The slope from these plots was divided by the

fluorescence change corresponding to complete hydrolysis

and then multiplied by the substrate concentration to obtain
initial velocity in units of micromolar per second. To
determine activation energiek,], an Arrhenius plot of log

velocity versus 1/temperature (K) was constructed where the

slope= —E4/2.3R andR is the molar gas constant.

RESULTS

Synthesis of Fluorogenic Triple-Helical Peptide (THP)
SubstratesThe design of the fluorogenic substrate proceeded

was very low. Third, treatment of the substrate with MMP-1
revealed two sites of hydrolysis by the enzyme. The desired
Gly~Leu bond was cleaved (N-terminal fragment-f¥]*

= 2462.3 Da, theoretical 2459.6 Da), as well as the-Gly

bond (N-terminal fragment [MH]* = 3260.7 Da, theoretical
3265.5 Da). To alleviate these problems, several new design
features were implemented. The nature of the triple-helical
peptide was changed from the branched substrate to a self-
assembling peptide-amphiphile. The thermal stabilities of
triple-helical peptide-amphiphiles can be easily modulated
by alkyl chain length 27), and thus the substrate stability
could be increased by rational design. Also, because peptide-
amphiphiles are purified as single-stranded species, they
typically provide higher post-HPLC vyields than branched
triple-stranded species. Finally, the sequence itself was
slightly modified to eliminate the second cleavage site; lle
in the P’ position was replaced with Val.

as follows. First, a branching protocol was used, based on Two peptide-amphiphile substrates were assembled, dif-

our recent success with a branched, nonfluorogenic triple-

helical substratel(7). The sequence to be incorporated was
based on the human type Il collagen 76383 region (Gly-
Pro-Pro-Gly-Pro-GIn-GlyLeu-Ala-Gly-GIn-Arg-Gly-lle-

fering only in the number of Gly-Pro-Hyp repeats at the N-
and C-termini. The sequences were (Gly-Pro-E@ly-Pro-
Lys(Mtt)-Gly-Pro-GIn-Gly~Leu-Arg-Gly-GIn-Lys(Dnp)-
Gly-Val-Arg-(Gly-Pro-Hyp), and (Gly-Pro-Hyp3-Gly-Pro-
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It

/N
(Gly-Pro-Hyp),4-Gly-Pro-Lys(Mca)-Gly-Pro-Gln-Gly-Leu-Arg-Gly-Gln-Lys(Dnp)-Gly-Leu-Hyp-NH-(CH,)$ NH-—CH,
i
0 CHZ
O
(Gly-Pro-Hyp)4-Gly-Pro-Lys(Mca)-Gly-Pro-GlnAGly-Leu-Arg-Gly—Gln-Lys(an)-Gly-Leu-Hyp-NH-(CH2)5/ NH C CH
N Ny

CIH NH ﬁ—Tyr-Gly

[

0 fHZ

[

(Gly-Pro-Hyp)4-Gly-Pro-Lys(Mca)-Gly-Pro-Gln-Gly-Leu-Arg-Gly-Gln-Lys(an)-Gly-Leu-Hyp-NH-(CHz)s/ \NH—éHZ

I
CH3(CH,),—C—(Gly-Pro-Hyp)s-Gly-Pro-Lys(Mca)-Gly-Pro-Gln-Gly-Leuv-Arg-Gly-GIn-Lys(Dnp)-Gly-Leu-Hyp-(Gly-Pro-Hyp)s-NH,
Ficure 1: Structures of (top) fTHP-1 and (bottom) fTHP-3. Both triple-helical peptides incorporate modelscdf(ilg69—783 sequence

from type Il collagen.
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Ficure 2: Thermal transition curve for purified fTHP-1 in 0.01%
(v/v) fluorometric assay buffer at [fTHP-1F 5—10 uM. Molar
ellipticity ([6], deg cn? dmol x 1073) was recorded at = 225

nm while the temperature was increased from 5 t¢80

Lys(Mtt)-Gly-Pro-GIn-Gly~Leu-Arg-Gly-GIn-Lys(Dnp)-
Gly-Val-Arg-(Gly-Pro-Hyp}. In both cases, adalkyl chain

3; Figure 1). The substrate incorporating four Gly-Pro-Hyp
repeats at both the N- and C-termini (fTHP-2) required
DMSO for solubilization at concentrations greater thas0

uM, while the substrate incorporating five Gly-Pro-Hyp
repeats at both the N- and C-termini (fTHP-3) was soluble
in agueous buffer up to a concentration of at least AB0
Thus, fTHP-3 was used for subsequent biophysical and
kinetic studies.

Circular dichroism spectroscopy showed that fTHP-3 had
a melting point of~45 °C (Figure 3). ThisTy, value is
suitable for MMP kinetic analyses. The thermal stability of
fTHP-3 was not affected substantially by either Brij-35 or
DMSO (Figure 3).

Hydrolysis of Fluorogenic Triple-Helical Peptides by
Matrix Metalloproteinases Initial enzyme studies were
performed with MMP-1 at 30°C. Edman degradation
sequence analysis of fTHP-3 cleavage products showed that
MMP-1 hydrolysis occurred exclusively at the Glizeu
bond, as the only amino acid seen in the first cycle is PTH-
Leu (emanating from the C-terminal fragment of the cleaved
THP). MMP-1 hydrolysis of fTHP-3 was also examined by
MALDI-TOF-MS. If the Gly~Leu bond is cleaved, the triple
helix denatures, and the two products generated are the
single-stranded N-terminal peptide-(Gly-Pro-Hyp)-Gly-
Pro-Lys(Mca)-Gly-Pro-GIn-Gly ([M-H]* = 2290.5 Da) and
the single-stranded C-terminal peptide Leu-Arg-Gly-Gln-Lys-
(Dnp)-Gly-Val-Arg-(Gly-Pro-Hyp}-NH, ([M+H]* = 2414.6
Da). Mass spectrometric analysis of MMP-1 hydrolysis
showed a product of [MH]" = 2411.0 Da, corresponding
to the C-terminal fragment. The N-terminal peptide fragment
would not be expected to ionize strongly due to the lack of

was added to create the final peptide-amphiphile. After @ free amino group. Since Edman degradation analysis
addition of the alkyl chain, the Mtt group was removed, and revealed the sequence of Leu-Arg-Gly, it is concluded that
the Mca group was acylated. The peptides were cleaved fromMMP-1 cleaved fTHP-3 exclusively at the Gi-eu bond.
the resin and purified by RP-HPLC. MS analysis yielded This is the analogous bond cleaved by MMP-1 in the native
[M+H]* values of 4147.7 Da (theoretical 4152.1 Da) for 1(ll) collagen chain §, 40. Thus, initial studies with

Ce-(Gly-Pro-Hyp)-Gly-Pro-Lys(Mca)-Gly-Pro-GIn-GhyLeu-
Arg-Gly-GIn-Lys(Dnp)-Gly-Val-Arg-(Gly-Pro-Hyp}-NH,

(fTHP-2) and 4685.5 Da (theoretical 4687.0 Da) far(Gly-

Pro-Hyp}-Gly-Pro-Lys(Mca)-Gly-Pro-GIn-GlyLeu-Arg-
Gly-GIn-Lys(Dnp)-Gly-Val-Arg-(Gly-Pro-HypyNH, (fTHP-

MMP-1 indicated that the incorporation of the fluorophore/
guenching pair of Mca and Dnp did not affect the ability of
the enzyme to recognize or cleave the substrate.

Hydrolysis of fTHP-3 was examined for MMP-2, MMP-
3, and MMP-13. Sequence analysis indicated that MMP-2
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Ficure 3: Thermal transition curves for purified fTHP-3 in 0.01%
(v/v) fluorometric assay buffer (triangles), 0.01% (v/v) fluorometric
assay buffer minus Brij-35 (closed diamonds), or 0.01% fluoro-
metric assay buffer plus 0.25% DMSO (squares) at [fTHR=3]
5—10 uM. Molar ellipticities ([0], deg cn#/dmol x 1073) were
recorded af = 225 nm while the temperature was increased from
5 to 80°C.
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FiGure 4: Lineweaver-Burk analysis for MMP-1 hydrolysis of
fTHP-3 in fluorometric assay buffer at 30C. The substrate
concentration range is-350 uM. For this analysisR? = 0.9962.

and MMP-13 cleaved fTHP-3 at two loci, Ghteu and
Gly~GIn, while MMP-3 cleaved fTHP-3 at the same
Gly~Leu locus as MMP-1. MMP-2 has been shown to
cleave Gly~GIn bonds in triple-helical substrates7(, 42,
while MMP-13 has been shown to cleave the &&in bond
three residues away from the GH,eu bond in type I
collagen 41). For either enzyme, it is not entirely clear if
the Gly~GlIn bond hydrolysis occurs after an initial cleavage
of the intact triple helix or as an independent event.
Individual kinetic parameters for MMP hydrolysis of

fTHP-3 were next determined (Figure 4). Kinetic parameters

were evaluated by LineweaveBurk, Eadie-Hofstee, and
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Table 1: Kinetic Parameters for fTHP-3 Hydrolysis by MMPs at 30
°C

enzyme KealKm (ST M) Keat (S71) Kw (uM)
MMP-1 1278 0.080 61.2
MMP-1(A243-150) 1312 0.087 66.6
MMP-2 1082 0.017 17.2
MMP-3 503 0.031 65.0
MMP-3(Az4s_a60) 554 0.035 60.3
MMP-13 2273 0.045 20.5

Table 2: Activation Energies for Substrate Hydrolysis by MMP-1

substrate Ea (kcal/mol)
fTHP-3 [0 1(1)769—783] 11.6
fSSP-3 pd(11)769—783] 34
type | collagen (guinea pig skih) 49.2
o1(l) gelatin (Quinea pig skif) 13.9
o2(1) gelatin (Quinea pig skif) 13.3

aFrom referenceqb).

Hanes-Woolf analyses. The relative order lof/Ky values

is MMP-13 > MMP-1 ~ MMP-2 > MMP-3 (Table 1).
MMP-13 has the higheskt../{Ku value for hydrolysis of
fTHP-3 primarily due to a loweKy value (20.54M for
MMP-13 versus 61.2M for MMP-1). Consistent with the
fTHP-3 results, MMP-13 cleaves type Il collagen more
rapidly than MMP-1 41). Interestingly, theKy value for
MMP-1 hydrolysis of fTHP-3 is approximately 75 times
higher than that of type | collager3)(

The C-terminal hemopexin-like domain has been proposed
to be essential for MMP collagenolytic activit¢3) but not
for cleavage of THPSL({). To test this hypothesis, we studied
the hydrolysis of fTHP-3 by MMP-1 lacking the C-terminal
domain [MMP-1{\z43-450)]. Sequence analysis indicated that
MMP-1(Az43-450) cleaved the THP at the same Glieu
bond as cleaved by MMP-1. Kinetic analysis revealed that
MMP-l(A24}450) hydrolyzed fTHP-3 with ak./Kv value
of 1312 s M~! (Table 1), which is similar to th&./Ku
value for MMP-1. The C-terminally deleted MMP-3 [MMP-
3(Az248-460)] cleaved fTHP-3 at the same bond and with a
similar keafKy value (Table 1) as MMP-3.

The temperature-dependent hydrolysis of fTHP-3 was
evaluated for MMP-1. Kinetic parameters were determined
at 25, 30, 35, and 4€C, and the activation energi{) was
calculated (Table 2)E, was 11.6 kcal/mol for MMP-1
hydrolysis (Table 2). For comparison, the activation energy
was determined for MMP-1 hydrolysis of the non-triple-
helical substrate Gly-Pro-Lys(Mca)-Gly-Pro-GIn-Glizeu-
Arg-Gly-GIn-Lys(Dnp)-Gly-Val-Arg-NH, (fSSP-3) E, was
3.4 kcal/mol (Table 2). Thus, the activation energies differed
substantially for MMP-1 hydrolysis of the triple-helical
substrate compared with the non-triple-helical substrate. In
addition, we have found that the relatitg, values differ
by ~5-fold for MMP-1 binding to analogous single-stranded
and triple-helical fluorogenic substrates.

A limited number of kinetic analyses were performed with
the branched fluorogenic THP (fTHP-1). Due to the relatively
low melting temperature of fTHP-1, kinetic parameters were
determined for MMP-1 hydrolysis at 25 and 30. MMP-1
cleaved fTHP-1 at the GlyLeu and Gly-lle bonds (see

2T. Sritharan, J. L. Lauer-Fields, H. Nagase, and G. B. Fields,
manuscript in preparation.
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earlier discussion). The relatike,/Ky value increased 4-fold  of the fluorophore and/or quencher, perhaps due to steric
when the temperature was decreased from 30 ttC2&lata hindrance, negative inductive effec&), and/or disruption
not shown). This was partially due to an increased affinity of triple-helix-stabilizing hydrogen bond$1). The proper
for the branched THP at the lower temperature. A decreasebalance of alkyl chain lengti2{) and number of Gly-Pro-
from 30 to 25°C shifts the conformational equilibrium of Hyp repeats could be used to enhance the triple-helical
fTHP-1 in favor of triple-helical structure (Figure 2), and stability and solubility of the substrate. Ultimately, the-C
MMP-1 has a greater affinity toward an intact triple helix (Gly-Pro-Hyp)}-Gly-Pro-Lys(Mca)-Gly-Pro-GIn-GlyLeu-
(16). MMP-2, MMP-3, and MMP-13 were all found to cleave Arg-Gly-GIn-Lys(Dnp)-Gly-Val-Arg-(Gly-Pro-Hyp}-NH flu-
fTHP-1 primarily at the Gly-Leu bond (data not shown). orogenic THP (fTHP-3) was assembled and found to be
compositionally correct and sufficiently stable for use as a
DISCUSSION substrate. The yield of this product was greatly improved

) i i .. compared to the branched fluorogenic substrate (data not
Fluorogenic substrates provide a particularly convenient shown).

enzyme assay method, as they can be monitored continuously \ye found that cleavage of fTHP-3 did occur with MMP-
and utilized at reasonably low concentration ranges. There1 only at the analogous Ghg—Leurzs bond in the native
are three types of fluorogenic substrates: (i) aromatic amlnes,type Il collagen. In similar fashion, the GiyLeu bond was

(ify contact quenched, and (i) resonance energy tranSferprimarin cleaved upon MMP-13 treatment of fTHP-3. Ottl
quenched 44). MMP fluorogenic substrates have been o 51 have demonstrated that a triple-helical peptide model
developed using resonance energy transfer quenching, whichy¢ o [ (1)],02(1)772—785 region is cleaved by MMP-8
are sometimes referred to as intramolecular ﬂuorescenceatasmg|e bond14, 16. We previously reported thatcd -
energy transfer substrates (IFET3)5( Knight and col- 1775 786 pranched THP is cleaved exclusively at the
leagues proposed the use of_Mca asa quorophore for MMP Gly~Ile bond by MMP-1 (.7, 42. We can thus assume that
s_ubstrates](9) _based on the high quantum yield Of_ M@F( THPs contain all the necessary information for efficient
= 0.49). Mca is efficiently quenched by Dnp moietid9( 1 4ro1ysis by MMPs, and that this information is contained
20), as the shoulder in the Dnp absorption spectrum overlaps, iinin ‘a 24 residue stretch of the substrag: (

the Mca fluorescence emission spectrut8)( To use the MMP-2 was found to cleave fTHP-3. Cleavage occurred

Mca/Dnp pair, a Dnp derivative such &3-(2,4-dinitro- at two sites, the GhrLeu bond and the GlyGIn bond. This
phenyl)+-2,3-diaminopropionic acid (Dpa).g) or Lys(Dnp) result is consistent with the general proteolytic behavior

(20) can be synthesized and incorporated by SOIid'phasereported for MMP-2 16, 17. Minor cleavage of the

methods, while Mca is acylated to the peptide N-terminus. gy Gin hond was also observed with MMP-13, consistent
Alternatively, the Mca derivative-2-amino-3-(7-methoxy- it MMP-13 behavior toward type Il collagedl). MMP-
_4—coumary|)prop|on|_c acid (Amp) can be synthesized and 3, which does not cleave types | and Il collagai,(13),
mcorporated b.y solid-phase methodis(47. We sought . cleaved the fTHP-3 slowly at the GiLeu bond. Since the
out a slightly dn‘ferent approach, Whereby the Mca group is fluorogenic THP is triple-helical at 3T (Figure 3), MMP-3
acylat_egl on-resin 1o a free Lysamino group. S_ubstrates is not simply cleaving non-triple-helical substrate in equi-
containing the quorpphorel_—methylanthram||c ac!d (Nma) librium with the triple-helical form (also see comments
have been synthesized using solid-phase reactions to creatgg|q,) MMP-3 is able to cleave this triple-helical substrate,

Lys(Nma) moieties48). and thus must (a) possess some triple-helical peptidase
The construction of a fluorogenic triple-helical substrate activity and/or (b) destabilize the hydrophobic interactions
proved to be most challenging, based on numerous difficul- petween the alkyl chains of the substrate, destabilizing the
ties. First were undesired side-products. The modification overall triple helix. However, MMP-3 can also cleave the

of the Dnp group during hydrazine treatment fell into this pranched fluorogenic THP (fTHP-1), even at 25 (data
category. The mechanism by which Dnp was modified was not shown). A branched, nonfluorogenic THP that was
not determined, but modification could be minimized by in- hydrolyzed by MMP-1, MMP-2, and MMP-13 was not
cluding 2,4-dinitrophenol in the hydrazir®MF (1:49) sol-  cleaved by MMP-3 at an appreciable rat&)( These results
ution. However, we found it easier to simply use Mttinstead suyggest that MMP-3 may possess selective triple-helical
of Dde as the orthogonal protecting group for the side chain peptidase activity. Future studies will examine MMP-3 and
of Lys. The removal of Mtt with 1% TFA had no apparent other noncollagenolytic protease activity using a variety of
detrimental effect on the Dnp group. Although subsequent triple-helical constructs.
Mca acylation was attainable, efficiency may be increased  MMP-13 was found to hydrolyze fTHP-3 1.8 times more
by using an Fmoe-Amp (46, 47 or Fmoct-Lys(Mca) @49) rapidly than MMP-1 (Table 1). This difference in rate is
derivative instead of postsynthesis Mca incorporation. consistent with the ability of MMP-13 to more rapidly
The second category of difficulties for the synthesis of hydrolyze type Il collagen compared to MMP-41j.
fluorogenic substrates were physical properties of the Interestingly, prior studies have shown that the differences
constructs. THP solubility and stability in the aqueous in relative rates of hydrolysis between MMP-13 and MMP-1
environment were the major issues to be addressed. Solubilitypecome greater when single-stranded substrates are consid-
of the fluorogenic substrate could be improved by substituting ered. For example, MMP-13 cleaves gelatin 41.2 times more
hydrophilic amino acids in subsites where such substitutions rapidly than MMP-1, while the single-stranded fluorogenic
are well tolerated by MMP family memberg3). Improved peptides Mca-Pro-Leu-Glyleu-Dpa-Ala-Arg-NH and Mca-
solubility in the aqueous environment was also achieved by Pro-Cha-Gly-Nva-His-Ala-Dpa-NH are cleaved 62.6 and
incorporating additional Gly-Pro-Hyp repeats. The stability 74.1 times more rapidly, respectively, by MMP-13 compared
of the triple helix was apparently decreased by the presenceto MMP-1 8). Such results are further indicative of the triple-
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Table 3: Kinetic Parameters for MMP Binding to and/or Hydrolysis of Triple-Helical Peptides

substrate Kwm Ko Keat

enzyme substrate Tm (°C) (uM) (uM) (s
MMP-1 fTHP-3 [0l (11)769—783] 45 61.2 0.080
MMP-1(A243-450) fTHP-3 [01(11)769—-783] 45 66.6 0.087
MMP-2 fTHP-3 [a1(11)769—783] 45 17.2 0.017
MMP-3 fTHP-3 [a1(11)769—783] 45 65.0 0.031
MMP-3(A245-460) fTHP-3 [01(11)769—783] 45 60.3 0.035
MMP-13 fTHP-3 [0 1(11)769—783] 45 20.5 0.045
MMP-1 ol(l)772—786 THP 32 63.9 0.11
MMP-1(A243-450) ol()772—786 THP 32 207.% 0.28
MMP-13 ol(l)772—786 THP 32 1482 0.49
MMP-8 [al()]202(1)772—784 THP 33 5.0 ND
MMP-1(E200A) o1 (1)]202(1)772—784 THP 41 3.9 ND
MMP-2(E375A) oL (1)]202(1)772—784 THP 41 0.67 ND

aFrom referencel(7). Assay performed at 38C. ° From referenceld). Assay performed at 2%C. ¢ From referencel(6). Assay performed at
22 °C.

helical nature of our substrate. In addition, cleavage of the hydrolysis of the triple-helical and non-triple-helical species
fTHP-3 by MMP-1 occurs at 25C, where virtually no are very similar. For example, the activation energy for
single-stranded species exists (Figure 3). Finally, the activa-hydrolysis of the non-triple-helical peptide+is3.4-fold lower
tion energy value differences for MMP-1 hydrolysis of than that for the triple-helical peptide, while the activation
fTHP-3 and fSSP-3 are of similar magnitude as for MMP-1 energies for hydrolysis of collagen and gelatin differby.6-
hydrolysis of collagen and gelatin (see discussion below). fold.

It has been proposed that the ability of an MMP to cleave  The Kkinetic parameters for MMP binding to and/or
a triple helix is lost when the C-terminal domain or the hinge hydrolyzing a variety of THPs have been reported in several
region between the catalytic and C-terminal domains is studies (Table 3)Ky values for MMP-1 or MMP-8 range
replaced with one from MMP-31¢, 52. We thus examined  from 5 to 63uM. TheseKy values are higher than those for
the behavior of MMP-14243-450 toward the fluorogenic =~ MMP-1/MMP-8 binding to collagen3, 5. For example,
THP. Cleavage of the fluorogenic THP occurred with MMP- MMP-1 binds to fTHP-3 and type | collagen witky =
1(Az243-450), at the same GlyLeu bond cleaved by MMP-1.  61.2 and 0.8%1.0uM, respectively. The differeriy values
Consistent with these results, both MMP-8 and MMP- indicate that a longer triple helix is bound with higher affinity
8(A243-467) hydrolyzed a heterotrimeric THR4), while both by the enzyme, most likely with the help of the C-terminal
MMP-1 and MMP-1{\243-450) hydrolyzed a homotrimeric, domain of the enzyme. Interestingly, thg or Kp values
nonfluorogenic THP 7). For triple-helical substrates, we for MMP-2 binding to triple-helical peptides are lower than
have recently proposed that the C-terminal domain of for MMP-1. This is most likely the contribution of the
MMP-1 is necessary for orienting the whole, native collagen fibronectin type Il domain of MMP-216). The opposite
molecule but not necessary for binding to and cleaving a trend is exhibited when these enzymes bind to type |
triple helix (17). Thus, the C-terminal domain is necessary collagen, as MMP-2 exhibitsléy = 8.5uM, while MMP-1
for collagenolytic activity but not triple-helical peptidase has aKy = 1.0 uM (5). These observations are further
activity. This proposal is consistent with the large distance indicative of the different roles in collagen binding between
observed between the MMP-1 catalytic and C-terminal the hemopexin-like C-terminal domain of MMP-1 and the
domains observed by X-ray structural analy&8)( Also, it fibronectin type Il-like domain within the catalytic domain
was reported that the MMP-1 C-terminal domain alone could of MMP-2 (16, 5. Both the hemopexin-like and fibronectin
bind native collagen 1), while the MMP-1 C-terminal type ll-like domains do not contribute to the hydrolysis of
domain did not bind synthetic triple helice&6) and the THPs. It is, however, notable that the proteinase domain of
MMP-8 C-terminal domain did not bind type | collagesvy. MMP-1 alone cannot cleave triple-helical interstitial col-
The MMP-1 and -8 catalytic domains alone can cleave THPs, lagens, even at a very high concentration{#) (13).
suggesting that they unwind individual strands of the MMP-3 also does not cleave triple-helical types | and Il
synthetic triple helix {4, 17. collagen in native conformation. Therefore, one must also

The activation energies for MMP-1 hydrolysis of a triple- consider that triple-helical peptides containing diverse se-
helical (fTHP-3) and single-stranded (fSSP-3) fluorogenic quences may have subtle structural variati& (hat differ
substrate were found to be 11.6 and 3.4 kcal/mol, respec-from native collagens, which could have a significant affect
tively. Welgus et al. %5) have shown the activation energy on the individual kinetic parameters for MMP hydrolysis of
for MMP-1 hydrolysis of type | collagen and gelatin in triple helices.
solution is 49.2 and 13-313.9 kcal/mol, respectively (Table Longer triple-helical peptides may need to be designed in
2). The higher activation energy was proposed to reflect the order to ensure interaction with both the MMP-1 N- and
difficulty in accessing water at the site of hydrolysis in native C-terminal domains, in a fashion similar to collagen. The
collagen. Upon denaturation of the triple helix, the activation required length is not easy to determine, however, as the
energy decreases. The activation energies reported here foproximity of the collagenase (MMP-1, -8, and -13) catalytic
triple-helical and single-stranded fluorogenic peptide hy- (N-terminal) and hemopexin-like (C-terminal) domains is
drolysis are considerably lower than those for type | collagen difficult to ascertain due to the flexible linker that connects
and gelatin, respectively. However, tlrendsfor MMP-1 these domainsb@, 59. A prior modeling study utilized the
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X-ray crystallographic structure of MMP-53) to “dock” a
heterotrimeric THP 16) and evaluate enzymesubstrate
interactions. The heterotrimeric THP had-1¥5 residues

downstream from the MMP cleavage site. Since triple helices

have a length of-3 A per residue9), the THP extended
42—45 A from the cleavage site. The modeling studies

suggested that the end of the C-terminal (downstream) region

of the THP interacted with the MMP-1 C-terminal domain

(16). However, our substrate (fTHP-3) has 24 residues
downstream from the cleavage site, stretching 72 A, yet

apparently does not interact with the MMP-1 C-terminal
domain (see Table 1). It is possible that the MMP-1

Lauer-Fields et al.

5. Aimes, R. T., and Quigley, J. P. (1995)Biol. Chem. 270
5872-5876.

6. Stolow, M. A., Bauzon, D. D., Li, J., Sedgwick, T., Liang, V.
C., Sang, Q. A., and Shi, Y. B. (1998)ol. Biol. Cell 7, 1471~
1483.

7. Mitchell, P. G., Magna, H. A., Reeves, L. M., Lopresti-
Morrow, L. L., Yocum, S. A., Rosner, P. J., Geoghegan, K.
F., and Hambor, J. E. (1996) Clin. Invest. 97 761—-768.

8. Knauper, V., Lpez-Otin, C., Smith, B., Knight, G., and
Murphy, G. (1996)J. Biol. Chem. 27,11544-1550.

9. Ohuchi, E., Imai, K., Fujii, Y., Sato, H., Seiki, M., and Okada,
Y. (1997)J. Biol. Chem. 2722446-2451.

10. Allan, J. A., Hembry, R. M., Angal, S., Reynolds, J. J., and
Murphy, G. (1991)J. Cell Sci. 99 789-795.

C-terminal domain recognizes specific sequences not present11. Murphy, G., Allan, J. A., Willenbrock, F., Cockett, M. 1.,

in fTHP-3. Alternatively, due to the flexible linker, the
MMP-1 N- and C-terminal domains may be less proximal
than previously believed. Additional THP constructs varying

in length and sequence will be required to further evaluate

substrate interactions with both the MMP-1 N- and C-
terminal domains.

In an effort to better understand MMP kinetics and

selectivity, we have successfully adapted the synthesis of

fluorogenic substrates to include fluorogenic triple-helical
substrates. To fully dissect collagenolytic activity of the

native triple-helical interstitial collagens, three issues need

to be considered: (a) the ability to bind collagen efficiently;
(b) the ability to unwind the triple helix; and (c) the ability
to cleave the individual strands of the triple helix. MMPs

are believed to possess superior collagenolytic activity based

on their ability to (a) bind collagen efficiently and (b) unwind
the triple helix more efficiently than other proteases.

However, virtually all previous studies have been performed

with collagen, which does not allow for the discrimination
of (a) and (b). It is possible that enzymes may differ greatly
in the ability to bind collagen efficiently (a) but not greatly
in the ability to unwind the triple helix (b) or the ability to
cleave the individual strands of the triple helix (c). By
creating small triple-helical models, it should be possible to
separate out “collagenolytic” activity (the ability to efficiently
bind collagen and unwind and cleave a triple helix) from
“triple-helicase” activity (the ability to efficiently unwind
and cleave the triple helix). Additional exploration of
fluorogenic substrates that vary i, or the collagen

sequence incorporated may allow us to investigate the

detailed mechanism of both collagen-binding and triple-

helicase activities of collagenase. This may also lead to the

design of selective MMP fluorogenic substrates.

ACKNOWLEDGMENT

We thank David Singleton (Pfizer Central Research) and
other members of the Association of Biomolecular Resource

Facilities (ABRF) Internet group for valuable discussions.

REFERENCES

1. Birkedal-Hansen, H., Moore, W. G. ., Bodden, M. K.,
Windsor, L. J., Birkedal-Hansen, B., DeCarlo, A., and Engler,
J. A. (1993)Crit. Rev. Oral Biol. Med. 4 197—250.

2. Woessner, J. F., and Nagase, H. (200@)rix Metallopro-
teinases and TIMROxford University Press, Oxford, U.K.

3. Fields, G. B. (1991). Theor. Biol. 153585-602.

4. Freije, J. M. P., Diez-ltza, T., Balbin, M., Sanchez, L. M.,
Blasco, R., Tolivia, J., and Lopez-Otin, C. (1994) Biol.
Chem. 26916766-16773.

O’Connell, J. P., and Docherty, A. J. P. (1992Biol. Chem.
267, 9612-9618.

12. Allan, J. A, Docherty, A. J. P., Barker, P. J., Huskisson, N.
S., Reynolds, J. J., and Murphy, G. (19%pchem. J. 309
299-306.

13. Chung, L., Shimokawa, K., Dinakarpandian, D., Grams, F.,
Fields, G. B., and Nagase, H. (2000) Biol. Chem. 275
29610-29617.

14. Ottl, J., Battistuta, R., Pieper, M., Tschesche, H., Bode, W.,
Kihn, K., and Moroder, L. (1996ffEBS Lett. 39831—-36.

15. Ottl, J., and Moroder, L. (1999) Am. Chem. Soc. 12653~
661.

16. Ottl, J., Gabriel, D., Murphy, G., Kuaer, V., Tominaga, Y.,
Nagase, H., Kiger, M., Tschesche, H., Bode, W., and
Moroder, L. (2000)Chem. Biol. 7119-132.

17. Lauer-Fields, J. L., Tuzinski, K. A., Shimokawa, K., Nagase,
H., and Fields, G. B. (200Q). Biol. Chem. 27513282-13290.

18. Fields, G. B. (2000) itMethods in Molecular Biology, Vol.
151: Matrix Metalloproteinase ProtocokClark, 1. M., Ed.)
pp 495-518, Humana Press, Totowa, NJ.

19. Knight, C. G., Willenbrock, F., and Murphy, G. (1992BS
Lett. 296 263-266.

20. Nagase, H., Fields, C. G., and Fields, G. B. (1994Biol.
Chem. 26920952-20957.

21. Mtiler, J. C. D., Ottl, J., and Moroder, L. (200Bjochemistry
39, 5111-5116.

22. Nagase, H., and Fields, G. B. (19%ippolymers 40399—
416.

23. Fields, C. G., Mickelson, D. J., Drake, S. L., McCarthy, J. B.,
and Fields, G. B. (1993). Biol. Chem. 26814153-14160.
24. Fields, C. G., Lovdahl, C. M., Miles, A. J., Matthias-Hagen,
V. L., and Fields, G. B. (1993iopolymers 331695-1707.
25. Grab, B., Miles, A. J., Furcht, L. T., and Fields, G. B. (1996)

J. Biol. Chem. 27112234-12240.

26.Yu, Y.-C., Berndt, P., Tirrell, M., and Fields, G. B. (1995)
Am. Chem. Soc. 1182515-12520.

27.Yu, Y.-C., Tirrell, M., and Fields, G. B. (1998) Am. Chem.
Soc. 1209979-9987.

28.Yu, Y.-C., Roontga, V., Daragan, V. A., Mayo, K. H., Tirrell,
M., and Fields, G. B. (1999Biochemistry 381659-1668.

29. Baldwin, C. T., Reginato, A. M., Smith, C., Jimenez, S. A,
and Prockop, D. J. (198®Biochem. J. 262521-528.

30. Fields, C. G., Grab, B., Lauer, J. L., Miles, A. J., Yu, Y.-C.,
and Fields, G. B. (1996)ett. Pept. Sci. 33—16.

31. Fields, G. B., Tian, Z., and Barany, G. (1992)3gnthetic
Peptides: A User’s Guid¢Grant, G. A., Ed.) pp 77183,

W. H. Freeman & Co., New York.

32. Fields, C. G., VanDrisse, V. L., and Fields, G. B. (1998}t.
Res. 6 39-47.

33. Fields, C. G., and Fields, G. B. (199B2trahedron Lett. 34
6661-6664.

34. Henkel, W., Vogl, T., Echner, H., Voelter, W., Urbanke, C.,
Schleuder, D., and Rauterberg, J. (19®8chemistry 38
13610-13622.

35. Suzuki, K., Enghild, J. J., Morodomi, T., Salvesen, G., and
Nagase, H. (1990Biochemistry 2910261-10270.

36. Ito, A., and Nagase, H. (1988)ch. Biochem. Biophys. 267
211-216.



Fluorogenic Triple-Helical Substrates Biochemistry, Vol. 40, No. 19, 2005803

37. Itoh, Y., Binner, S., and Nagase, H. (19%pchem. J. 308 50. Holmgren, S. K., Taylor, K. M., Bretscher, L. E., and Raines,
645-651. R. T. (1998)Nature 392 666—-667.
38. Suzuki, K., Kan, C.-C., Huang, W., Gehring, M. R., Brew, 51. Bella, J., and Berman, H. M. (1998) Mol. Biol. 264 734—
K., and Nagase, H. (199&iol. Chem. 379185-191. 742.
39. Huang, W., Suzuki, K., Nagase, H., Arumugam, S., Van Doren, 52. Hirose, T., Patterson, C., Pourmotabbed, T., Mainardi, C. L.,
S., and Brew, K. (1996FEBS Lett. 384155-161. and Hasty, K. A. (1993Proc. Natl. Acad. Sci. U.S.A. 90
40. Miller, E. J., Harris, J. E. D., Chung, E., Finch, J. J. E., 2569-2573.
McCroskery, P. A., and Butler, W. T. (197@iochemistry 53. Li, J., Brick, P., O’'Hare, M. C., Skarzynski, T., Lloyd, L. F.,
15, 787-792. Curry, V. A., Clark, I. M., Bigg, H. F., Hazleman, B. L.,
41. Billinghurst, R. C., Dahlberg, L., lonescu, M., Reiner, A, Cawston, T. E., and Blow, D. M. (199%tructure 15541—
Bourne, R., Rorabeck, C., Mitchell, P., Hambor, J., Diekmann, 5409.
O., Tschesche, H., Chen, J., Van Wart, H., and Poole, R. 54, Knauper, V., Osthues, A., DeClerk, Y. A., Langley, K. E.,
(1997)J. Clin. Invest. 99 1534-1545. Blaser, J., and Tschesche, H. (198pchem. J. 291847
42. Lauver-Fields, J. L., Nagase, H., and Fields, G. B. (2Q00) 854.
Chromatogr., A 890117-125. 55. Welgus, H. G., Jeffrey, J. J., and Eisen, A. Z. (1981Biol.
43. Clark, I. N., and Cawston, T. E. (198Bjpchem. J. 26301~ Chem. 2569516-9521.
206. 56. Steffensen, B., Wallon, U. M., and Overall, C. M. (1995)

44. Knight, C. G. (1995Methods Enzymol. 2488—34.
45. Gershkovich, A. A., and Kholodovych, V. V. (1996)
Biochem. Biophys. Methods ,3B35-162.

Biol. Chem. 27011555-11566.

57. Kramer, R. Z., Bella, J., Mayville, P., Brodsky, B., and

! ‘ Berman, H. M. (1999Nat. Struct. Biol. 6 454-457.

jg ﬁz:gm 8 g Eiggéﬂc@fhg&tjsgﬁ&fs 58. Bode, W., Fernandez-Catalan, C., Tschesche, H., Grams, F.,
R v I : - i N , H., Maskos, K. (1 Il. Mol. Lif i

48. Bickett, D. M., Green, M. D., Berman, J., Dezube, M., Howe, 6(?33222. and Maskos (1990 ol. Life Sci. 55
A.S., Brown, P. J., Roth, J. T., and McGeehan, G. M. (1993) ' 5q Bejla, J., Eaton, M., Brodsky, B., and Berman, H. M. (1994)
Anal. Biochem. 21,258—64. Science 26675-81

49. Malkar, N. B., and Fields, G. B. (200Lgtt. Pept. Sci(in '

press). B10101190



