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Clostridium histolyticum Collagenase: Development of New Thio Ester,
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ABSTRACT: A new series of thio ester, depsipeptide, and peptide substrates have been synthesized for the
bacterial enzyme Clostridium histolyticum collagenase. The hydrolysis of the depsipeptide substrate was
followed on a pH stat, and thio ester hydrolysis was measured by inclusion of the chromogenic thiol reagent
4,4’-dithiopyridine in the assay mixture. The best thio ester substrate, Boc-Abz-Gly-Pro-Leu-SCH,CO-
Pro-Nba, had a kg,/ Ky of 63000 M 57!, while several shorter thio ester sequences were inactive as substrates.
In general, the peptide analogues of all the reactive thio ester substrates were shown to be hydrolyzed 5-10
times faster by collagenase. In one case (Z-Gly-Pro-Leu-Gly-Pro-NH,) where a comparison was made,
the peptide substrate was respectively 8- and 106-fold more readily hydrolyzed than the corresponding thio
ester and ester substrates. Cleavages of the two fluorescence-quench substrates Abz-Gly-Pro-Leu-Gly-
Pro-Nba and Abz-Gly-Pro-Leu-SCH,CO-Pro-Nba could be easily followed fluorogenically since a 5—10-fold
increase in fluorescence occurred upon hydrolysis. The fluorescent peptide substrate is the best synthetic
substrate known for C. histolyticum collagenase with a k,./ Ky value of 490000 M~ s™!. A series of new
reversible inhibitors were developed by the attachment of zinc ligating groups (hydroxamic acid, carbox-
ymethyl, and thiol) to various peptide sequences specific for C. histolyticum collagenase. The shorter peptides
designed to bind to either the P;-P; or P,"~P," subsites were poor to moderate inhibitors. The thiol
HSCH,CH,CO-Pro-Nba had the lowest K; (0.02 mM). Elongation of N-hydroxy peptide sequences to
interact with the P,—P;’ subsites of the enzyme failed to yield better inhibitors. None of the potential
irreversible inhibitor structures, which contained CICH,CO-— or CH,~CH—CQO-— groups attached to
peptides, proved to be effective.

Collagenases are a small group of highly specific proteases
capable of causing hydrolytic cleavage in the triple-helical

? This research was supported by a grant to the Georgia Institute of
Technology (HL 29307) from the National Institutes of Health.

region of the collagen molecule. In contrast to tissue col-
lagenases, which cleave the collagen helix at a single site,
bacterial collagenase will make multiple cleavages. Clostri-
dium histolyticum collagenase (EC 3.4.24.3) is one of the most
widely studied bacterial enzymes capable of cleaving collagen.

0006-2960/85/0424-3149%$01.50/0 © 1985 American Chemical Society
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It requires both zinc and calcium and is inhibited by chelating
agents (EDTA! and 1,10-phenanthroline), making it a member
of the metalloprotease family. Numerous investigators have
shown this enzyme capable of cleaving the X-Y bond in the
sequence Pro-X-Y-Pro in both native collagen and synthetic
peptide substrates (Mandl et al., 1958; Grassman et al., 1961;
Yagisawa et al., 1965; Soberano & Schoellman, 1972; Van
Wart & Steinbrink, 1981). X can be virtually any amino acid,
but Y must be a small nonpolar amino acid (alanine or gly-
cine). Exceptions to this specificity have been reported, but
they are probably due to the heterogeneity of most enzyme
preparations (Lwebuga-Mukasa et al., 1976) that have been
shown to be composed of six forms of the enzyme with mo-
lecular weights from 68 000 to 125000 (Bond & Van Wart,
1984b).

C. histolyticum collagenase assays that use collagen as a
substrate are based on changes in physical properties of native
collagen such as viscosity (Seifter & Gallop, 1962), optical
rotation (Seifter & Gallop, 1962), and opacity (Lapiere &
Gross, 1963) or the use of radioactive (**C- or *H-labeled)
collagen to monitor activity (Robertson et al., 1972; Sakamoto
et al., 1972). Fluorescent assays have been developed by the
attachment of fluorescein to native collagen (Stevens et al.,
1975). Most assays using synthetic substrates are stop-point
assays and use ninhydrin or peptides containing chromogenic
groups (Weinsch & Heidrich, 1963). The most useful and
only continuous assay is the spectrophotometric assay devel-
oped by Van Wart & Steinbrink (1981).

A few inhibition studies of C. histolyticum collagenase have
appeared. Several groups tested different peptide fragments
as reversible inhibitors of the enzyme (Yaisawa et al., 1965).
Most synthetic inhibitors for other metalloproteases have a
peptide structure, which is recognized by a particular enzyme,
attached to a functional group that can act as a ligand for the
active site zinc (Holmquist & Vallee, 1979; Cushman et al.,
1977; Nishino & Powers, 1979). This approach has been
utilized by Galardy & Grobelny (1983), who found that in-
hibition of collagenase could be increased by attachment of
various phosphoryl derivatives to various peptide fragments.

The purpose of this paper is to further explore the mecha-
nism and specificity of C. histolyticum collagenase with new
and more sensitive synthetic substrates and to develop new
inhibitors. The substrates were designed to incorporate an ester
or a thio ester at the scissle bond (X-Gly) of peptide sequences
that had previously been shown to be substrates for C. his-
tolyticum collagenase. Enzymatic hydrolysis of thio esters is
often much faster than that of the corresponding amide and
is easily followed by addition of 4,4’-dithiopyridine to the assay
mixture (Grassetti & Murray, 1967). Another type of peptide
substrate investigated was peptides containing fluorescent
groups and fluorescence quenching groups. Cleavage of an
internal peptide bond in the substrate results in a large increase
in fluorescence as the fluorescent group is separated from the
quenching group in solution. Reversible inhibitors containing
thiol, carboxymethyl, and hydroxamic acids attached to ap-
propriate peptide sequences were found to inhibit C. histoly-
ticum collagenase. A series of potential irreversible inhibitors
were designed to search the active site for a reactive nucleo-
phile, but a variety of peptides containing CICH,CO and
CH,=CHCO groups failed to inhibit C. histolyticum col-

! Abbreviations: EDTA, ethylenediaminetetraacetate; Z, benzyloxy-
carbonyl; Abz, 2-aminobenzoyl; Nba, 4-nitrobenzylamide; FA, furoyl-
acryloyl; Boc, tert-butyloxycarbonyl; OBzl, benzyl ester; THF, tetra-
hydrofuran; Me,SO, dimethyl sulfoxide; DMF, dimethylformamide.

VENCILL ET AL.
lagenase.

MATERIALS AND METHODS

Thermolysin, C. histolyticum collagenase (type VII), and
porcine pancreatic elastase were obtained from the Sigma
Chemical Co. The C. histolyticum collagenase used was of
the highest purity available (1100-1600 units/mg protein),
and the concentration was calculated from the number of
enzyme units/mL such that 115 units/mL was 1.0 uM (ap-
proximately 0.1 mg/mL). A molecular weight of 105000 was
used for the enzyme. Sigma type VII collagenase is reported
to contain among the lowest contaminating Bz-Arg-OEt and
casein hydrolyzing activities of any commercial collagenase
preparation (Bond & Van Wart, 1984a). All amino acids and
derivatives were purchased from either Sigma Chemical Co.,
St. Louis, MO, Chemical Dynamics Corp., South Plainfield,
NJ, or Bachem, Torrance, CA. All chemical reagents and
buffers were purchased from Aldrich Chemical Co., Mil-
waukee, WI. Silica gel (32-63 um) and silica gel 60 were
purchased from Sigma Chemical Co.

The purity of all new compounds was checked by thin-layer
chromatography (TLC) on Merck silica gel plates in the
following systems: R/, chloroform—-methanol (3:1 v/v); RA,
chloroform—methanol (5: 1 v/v); Rf , chloroform—methanol (9:1
v/v); Rf , chloroform, R 1 butanol~acetic acid-water (4:1:1
v/v). All NMR spectra were obtained on a Varian T60A
instrument and were consistent with the assigned structures.
Infrared spectra were measured on a Beckman 4240 instru-
ment. Elemental analyses were performed by Atlantic Mi-
crolabs of Atlanta, GA. All melting points were uncorrected.
Mercaptans were detected with a nitroprusside reagent.
Hydroxamic acids were detected in a ferric chloride solution.

Abbreviated syntheses of the best thio ester substrate, the
best fluorogenic substrate, and the best reversible inhibitor are
given later in this section. The syntheses of Z-Gly-Gly-Leu-
NHOH, Z-Gly-Leu-NHOH, HONHCOCH((i-Bu)CO-Ala-
Gly-NH,, and Z-Gly-Pro-Leu-OH have previously been re-
ported (Nishino & Powers, 1978; Yagisawa et al., 1965). The
syntheses of all other new compounds reported in this paper
are included in the supplementary material (see paragraph at
end of paper regarding supplementary material).

Thio Ester Substrate Assays. The rates of hydrolysis of
the thio esters were measured with 4,4’-dithiodipyridine
(Grassetti & Murray, 1967). All assays were conducted at
25 °Cin 50 mM Tricine, pH 7.5, containing 10 mM CaCl,,
0.48% Me,SO, and 2.40% MeOH. A typical assay is as
follows: to a cuvette containing 2.0 mL of buffer was added
10 uL of a Me,SO solution of 4,4’-dithiodipyridine, 50 uL of
a MeOH solution of the substrate, and 10 uL of collagenase
in buffer. The increase in absorbance was monitored with a
Beckman Model 35 spectrophotometer. An ¢ of 19800 M™!
cm™! at 324 nm was used (Grassetti & Murray, 1967).
Background hydrolysis was negligible in most cases, but when
significant, it was corrected for by including both substrate
and thiol reagent in the reference cuvette.

The kinetic constants were determined by Hanes plots
(Hanes, 1932) and are based on duplicate rate determinations
at five or six separate substrate concentrations. All correlation
coefficients were greater than 0.99. In the cases where the
slope of the Hanes plot was near 0, the slope of a Lineweav-
er~Burk plot was used to obtain k,,/Ky;. This occurred when
the substrate solubility was much less than K.

pH-Stat Assay of C. histolyticum Collagenase Activity. A
typical assay was performed at pH 7.5 with a Radiometer
instrument equipped with a nitrogen inlet. The concentration
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of titrating NaOH was 0.1 M. To 20 mL of an aqueous
solution containing 2.5% methanol (v/v) of Z-Gly-Pro-Leu-
OCH,COPro-NH, was added 100 uL of C. histolyticum
collagenase (5.4 uM in 50 mM Tricine and 10 mM CaCl,,
pH 7.5). Nitrogen was continuously bubbled through the
reaction mixture to prevent the dissolution of carbon dioxide
during the assay. The addition of NaOH to maintain pH 7.5
in the assay solution was followed with time after the addition
of enzyme. The kinetic values were determined as previously
described for the thio esters.

Ninhydrin Assays of C. histolyticum Collagenase Activity.
The hydrolysis reaction was carried out in 2.0 mL of Tricine
buffer [52 mM Tricine, 10.5 mM CaCl,, 0.5% Me,SO (v/v),
pH 7.5] to which was added 50 uL of substrate in methanol.
The reaction was initiated by the addition of 10 uL of C.
histolyticum collagenase (0.5 uM) in buffer. At appropriate
time intervals, 0.25-mL aliquots were removed to test tubes
containing an equal volume of 0.1 M HCI to stop the reaction.
The amount of a-amino group released over time was deter-
mined colorimetrically according to the ninhydrin method of
Rosen (1957). The kinetic values were determined as pre-
viously described for the thio esters. Glycylprolinamide or
glycylproline 4-nitrobenzylamide was used as the ninhydrin
color standards; hydrolysis product concentrations were de-
termined from curves of absorbance at 570 nm vs. standard
concentration. Fresh Tricine buffer was prepared after four
to five assays since the background As,, increased as the buffer
aged.

Fluorescent Assays. The assay procedure for both Abz-.

Gly-Pro-Leu-SCH,CO-Pro-Nba and Abz-Gly-Pro-Leu-Gly-
Pro-Nba was the same. All assays were conducted at 25 °C
in 50 mM Tricine, pH 7.5, containing 10 mM CaCl,, 0.48%
Me,SO (v/v), and 2.40% MeOH (v/v). A typical assay is as
follows: to a cuvette containing 2 mL of buffer was added 10
uL of Me,SO, 50 uL of a MeOH solution of the substrate,
and 10 uL of collagenase in buffer. The fluorescence change
was measured continuously on a Perkin-Elmer fluorescence
spectrophotometer and Model 50 recorder. The excitation and
emission wavelengths were 340 and 415 nm, respectively. The
hydrolysis rates were linear up to 15%.

Fluorescence intensity vs. concentration of substrates (and
hydrolysis products) curves were constructed for each peptide
tested (see Figure 1 for an example). The fluorescent change
at each substrate concentration was measured by subtracting
the tangent of the starting peptide curve from the tangent of
the hydrolysis product curve at the appropriate concentration
of substrate and hydrolysis products. These tangents usually
fell in the linear portion of the starting peptide curve and
always in the linear region of the hydrolysis products’ curve.
The fluorescence change was used to convert fluorescence rate
measurements into absolute molar velocities. Quinine sulfate
(1 uM in 0.10 N HCI) was assigned the value of 1 fluorescence
unit and was used to standardize the instrument daily. The
kinetic constants were determined as previously described for
the thio esters.

Assay of the Substrate FA-Leu-Gly-Pro-Ala. Kinetic
measurements with this substrate were as previously described
(Van Wart & Steinbrink, 1981). In a typical experiment 10
pL of collagenase was added to 2.0 mL of a pH 7.5 solution
of FA-Leu-Gly-Pro-Ala containing 50 mM Tricine, 10.1 mM
CaCl,, 0.48% Me,SO and 2.4% methanol (v/v). The decrease
in absorbance over time was monitored with a Beckman Model
35 spectrophotometer. The wavelengths used at different
substrate concentrations were 345 (0.96 mM), 343 (0.63-0.34
mM), and 338 nm (0.24-0.19 mM). The kinetic values were
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determined by the Hanes method (Hanes, 1932); the corre-
lation coefficient was 0.995.

Reversible Inhibitor Assays. The reversible inhibitors were
assayed by one of two procedures. The first involved use of
the fluorogenic peptide Abz-Gly-Pro-Leu-Gly-Pro-Nba. The
procedure is as follows: to 2.0 mL of a substrate (Abz-Gly-
Pro-Leu-Gly-Pro-Nba) solution [pH 7.5, 50 mM Tricine, 10
mM CaCl,, 0.5% Me,SO (v/v)] of the appropriate concen-
tration (0.15-0.025 mM) was added 50 uL of a MeOH so-
lution of the inhibitor and 10 uL of collagenase in buffer. The
fluorescence change was monitored continuously on a Per-
kin-Elmer fluorescence spectrophotometer and a Model 50
recorder. The second assay involved the use of the depsipeptide
Z-Gly-Pro-Leu-OCH,CO-Pro-NH,. To 1 mL of substrate
(Z-Gly-Pro-Leu-OCH,CO-Pro-NH,) solution of the appro-
priate concentration (1 or 4 mM) was added 100 uL of the
appropriate inhibitor solution (1-10 mM). The pH was ad-
justed to 7.5, and 50 uL of collagenase solution (10 mM in
calcium acetate) was added to give a final enzyme concen-
tration of 60 ug/mL.

The kinetic constants were determined by both Lineweav-
er—Burk and Dixon plots. They are based on duplicate rate
determinations at five or six separate substrate and inhibitor
concentrations. All correlation coefficients were greater than
0.99. Most of the Ky values for the hydroxamic acids were
determined with the depsipeptide Z-Gly-Pro-Leu-OCH,CO-
Pro-NH,. The inhibition constants of HSCH,CH,CO-Pro-
Nba and HO,CCH,NHCH,CO-Pro-Nba were determined
with FA-Leu-Gly-Pro-Ala as a substrate. All other mercaptan
inhibitor constants were determined from the fluorescent assay
with Abz-Gly-Pro-Leu-Gly-Pro-Nba.

Irreversible Inhibitor Assays. The procedure for treating
C. histolyticum collagenase with all the potential alkylating
agents was the same. To a 1.1-mL solution of the enzyme (50
mM Tricine, 10 mM CaCl,, pH 7.5) was added 25 uL of a
methanol solution of the alkylating agent. Incubation with
all the alkylating agents was continued for no less than 2 h.
An incubation mixture containing the enzyme but no alkyla-
ting agent was shown to be stable for 12 h. Aliquots (100 uL)
were periodically taken and assayed for residual enzyme ac-
tivity by following the hydrolysis of a 2.16-mL solution of
Z-Gly-Pro-Leu-SCH,CO-Pro-Nba [0.045 mM, 0.27 mM
4,4'-dithiodipyridine, SO mM Tricine, 10 mM CaCl,, 0.46%
Me,SO (v/v), 2.4% MeOH (v/v)] spectrophotometrically at
324 nm on a Beckman Model 35 spectrophotometer.

3-Mercaptopropionyl-L-proline 4-Nitrobenzylamide
(HSCH,CH,CO-Pro-Nba). Ac-SCH,CH,CO,H was syn-
thesized from acetic anhydride and 3-mercaptopropronic acid.
Pro-Nba-HC] was synthesized by standard peptide conden-
sation methods. The two fragments (3-acetylmercapto)-
propionic acid (1.03 g, 7 mmol) and Pro-Nba-HCI (2.00 g,
7 mmol) were then coupled by the mixed-anhydride method
with isobutyl chloroformate and N-methylmorpholine in
THF-DMF (1:1 v/v). The crude product was recrystallized
from cold ether: yield 1.72 g (64%); R? 0.67; mp 91-92 °C.

The recrystallized Ac-SCH,CH,CO-Pro-Nba (1.13 g, 3
mmol) was dissolved in 25 mL of anhydrous methanol and
cooled to 0 °C. Ammonia gas was bubbled through this
solution for 5 min. After 10 min, the reaction was complete.
The reaction mixture was evaporated and redissolved in
CH,Cl,. This solution was washed 3 times with 10% citric
acid, 3 times with 5% NaHCO,, and 3 times with a saturated
NH,CI solution. Purification of the crude product was
achieved via flash column chromatography on silica gel (32—63
um) with CH,C1,-MeOH (20:1 v/v) as the eluant: yield 0.657



3152 BIOCHEMISTRY VENCILL ET AL.
Table I: Kinetic Constants for Hydrolysis of Synthetic Substrates for C. histolyticum Collagenase

substrates assay? [S] range (uM) Ky (mM) keg (571 keat/ Ky (M71s7h)
Ac-SCH,CO-Pro-Nba thio, fluor 200 NH
Ac-SCHoCH,CO0-Pro=Nba thio 200 NH
Z-Gly-Pro-Leu=-SCH4 thio, nin 230 NH
Ac-Leu-SCH,CO-Pro-Nba thio 100 NH
Z-Gly-Pro-Leu- Gly -Pro-NH, nin 180-540 35000
Z-G1y-Pro-Leu-SCH,CO-Pro-NH, thio 39-260 4200
Z-Gly-Pro-Leu-0CHyCO-Pro-KH, pH stat 510-1500 1.6 0.54 330
Z-Gly~-Pro-Leu- Gly -Pro-Nba nin 80-240 140000
Z-61y-Pro-Leu-SCH,C0-Pro-Nba thio 25-100 16 000
Boc-Abz-Gly~Pro-Leu- Gly -Pro-Nba nin 25-92 340000
Boc-Abz-61y-Pro-Leu-SCH,C0-Pro-Nba thio 5-27 63000
Abz-Gly-Pro-Leu- Gly =Pro-Nba nin 47-140 0.24 82 340000
fluor 40-90 0.14 68 490000
Abz-Gly-Pro-Leu-SCH,CO-Pro-Nba thio 40-240 0.26 8.1 32000
fluor 34-246 42000
Abz-Pro-Leu -Gly -Pro-Nba fluor NH
FA-Leu -Gly -Pro-Ala spec 190-960 0.45 22 48000

2 Abbreviations: thio, determined by thioester assay; fluor, determined by the fluorometric assay; nin, determined by ninhydrin assay; pH stat,
determined by pH stat assay; spec, determined by spectrophotometric assay of Van Wart & Steinbrink (1981), who report Ky = 0.5 mM and k., =
19 s under slightly different conditions. Complete experimental details are under Materials and Methods. ®NH, no hydrolysis was observed.

g (65%); R# 0.59; mp 110-111 °C. Anal. Calecd for
CsHoN;O,S: C, 53.39; H, 5.69; N, 12.46. Found: C, 53.36;
H, 5.72; N, 12.41.

2-Aminobenzoylglycyl-1-prolyl-L-leucyl-2-mercapto-
acetyl-L-proline 4-Nitrobenzylamide (Abz-Gly-Pro-Leu-
SCH,CO-Pro-Nba). Both Boc-Abz-Gly-Pro-OH and Leu-
SCH,CO-Pro-Nba-HCI were synthesized by standard peptide
condensation methods. These two fragments Boc-Abz-Gly-
Pro-OH (0.782 g, 2 mmol) and Leu-SCH,CO-Pro-Nba-HCl
(0.944 g, 2 mmol) were then coupled by the mixed anhydride
method. Purification of the crude product was achieved via
flash column chromatography on silica gel (32-63 pm) with
MeOH-ether (1:20 v/v) as the eluant: yield 0.612 g (37%);
R# 0.79; mp 120-130 °C dec. Anal. Caled for
C3H N,0,,S-H,0: C, 56.56; H, 6.46; N, 11.84; S, 3.87.
Found: C, 56.68; H, 6.47; N, 11.82; S, 3.84.

The purified Boc-Abz-Gly-Pro-Leu-SCH,CO-Pro-Nba
(0.41 g, 0.5 mmol) was then dissolved in dry CH,Cl, (2.31
mL). To this solution was added 15 equiv of trifluoroacetic
acid (0.57 mL, 7.5 mmol). The reaction was complete after
45 min. The mixture was concentrated, dissolved in THF, and
added to a dioxane solution containing 2.0 equiv of HCI (1.0
mL, 1 N HCl/dioxane). The product was filtered and dried
in a vacuum desiccator with P,O; and KOH. Further puri-
fication of the crude product was achieved via flash column
chromatography on silica gel (32-63 um) with CH,Cl,—
MeOH-ether (12:2:3 v/v/v) as the eluant: yield 0.203 g
(56%); R 0.72; mp 100-110 °C dec. Anal. Caled for
C34H3N,04S:1/,HCL: C, 56.08; H, 6.03; N, 13.47; S, 4.40.
Found: C, 55.89; H, 6.08; N, 13.42; S, 4.39.

2-Aminobenzoylglycyl-L-prolyl-L-leucylglycyl-L-proline
4-Nitrobenzylamide (Abz-Gly-Pro-Leu-Gly-Pro-Nba). Boc-
Abz-OH was synthesized from 2-[((tert-butyloxycarbonyl)-
oxy)imino]-2-phenylacetonitrile (Boc-ON) and 2-amino-
benzoic acid. Gly-Pro-Leu-Gly-Pro-Nba-HCl was synthesized
by standard peptide condensation methods. The two fragments
Boc-Abz-OH (0.47 g, 2 mmol) and Gly-Pro-Leu-Gly-Pro-
Nba-HCI (0.912 g, 2 mmol) were coupled by using triethyl-

amine (0.21 mL, 1.5 mmol), N-hydroxybenzotriazole (0.200
g, 1.5 mmol), and N,N’-dicyclohexylcarbodiimide (0.340 g,
1.65 mmol) in 6 mL of DMF. After a standard workup, the
crude product was further purified via column chromatography
on silica gel 60 with MeOH—-CHCI, (1:24 v/v) as the eluant.
The product was recrystallized from MeOH-ether: yield 0.875
g (74%); R# 0.63. Anal. Caled for CyyHs,NgO,*/,H,0: C,
57.06; H, 6.75; N, 13.65. Found: C, 57.29; H, 6.61, N, 13.45.

The purified Boc-Abz-Gly-Pro-Leu-Gly-Pro-Nba (0.400 g,
0.5 mmol) was dissolved in 4 mL of dioxane. To this solution
was added 1 mL of 5§ N HCl/dioxane at 25 °C. After 1 h
the reaction was complete. The reaction mixture was con-
centrated and dried in a vacuum desiccator with P,Os and
KOH. Purification of the crude product was achieved via
column chromatography on silica gel 60 with MeOH-CHCI,
(1:24 v/v) as the eluant. The product was recrystallized from
CH,Cl,—ether: yield 0.20 g (58%); R# 0.58; mp 120-121 °C.
Anal. Caled for C3,HysNgOgCl: C, 55.99; H, 6.23; N, 15.37.
Found: C, 56.04; H, 6.26; N, 15.36.

RESULTS

One of our first goals in the study of C. histolyticum col-
lagenase was the development of a sensitive and convenient
assay for this enzyme. Prior to our work, the most useful rate
assay was the chromophoric assay developed by Van Wart &
Steinbrink (1981) using furoylacryloyl-L-leucylglycyl-L-pro-
lyl-L-alanine (FA-Leu-Gly-Pro-Ala). This substrate was
synthesized and assayed at pH 7.5 and under the same con-
ditions as the new substrates reported here. The kinetic pa-
rameters obtained for FA-Leu-Gly-Pro-Ala are included in
Table I for comparison with our substrates. Initially, we
investigated an ester substrate for collagenase.

Esterase Activity of C. histolyticum Collagenase. The
depsipeptide Z-Gly-Pro-Leu-OCH,CO-Pro-NH,, an analogue
of the excellent collagenase substrate Z-Gly-Pro-Leu-Gly-
Pro-OH (Yagisawa et al., 1965), was synthesized by standard
methods. Cleavage of the depsipeptide (1 mM) by C. histo-
Iyticum collagenase (53 uM) at pH 7.2 (10 mM Tris, 10 mM
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CaCl,, 1% MeOH) and 25 °C was investigated by TLC.
During the time course of the incubation, the spot for the
depsipeptide (R} 0.65) diminished while a new spot (R/ 0.26)
identical with glycolylprolinamide appeared and increased in
intensity. No change was observed if the incubation mixture
lacked enzyme, if the enzyme solution was boiled for 1 min
prior to addition to the reaction mixture, or if 10 mM 1,10-
phenanthroline was present in the incubation mixture. In a
pH 8.8 Tris buffer, cleavage of the depsipeptide was observed
in both the presence and the absence of enzyme.

The hydrolysis of Z-Gly-Pro-Leu-OCH,CO-Pro-NH, could
be conveniently followed by using a pH stat at pH 7.5 in a
solution containing either 2% DMF or 2% MeOH to solubilize
the substrate. The K, for the substrate was determined to
be 1.6 mM at pH 7.5. The hydrolysis of the ester (10.2 mM,
2% DMF) is linearly dependent on enzyme concentration over
the range studied. The assay is easily usable down to 10
pg/mL (17 uM) enzyme in the assay solution, with a con-
venient concentration being 50 ug/mL (87 uM).

The pH dependence of Ky for the collagenase-catalyzed
hydrolysis of Z-Gly-Pro-Leu-OCH,CO-Pro-NH, was mea-
sured and Ky, decreased as the pH increased. A negligible
decrease in hydrolysis rate of peptides due to denaturation of
the enzyme has been observed in the pH range (6.0-8.5)
studied (Yagisawa et al., 1965). Since the substrate is neutral,
the decrease in Ky value indicates that a dissociable group
with a pK, of ca. pH 7 is affecting the binding of the ester
to the enzyme. A similar pH dependence of the hydrolysis
of Z-Gly-Pro-Leu-Gly-Pro-OH by collagenase has been ob-
served by Yagisawa et al. (1965).

To eliminate the possibility that the hydrolysis of the dep-
sipeptide was due to contaminating serine proteases in the
collagenase, the enzyme was pretreated with 10 mM phe-
nylmethanesulfonyl fluoride for 10 min at pH 7.6. Under a
depsipeptide concentration of 10.2 mM in 2% DMF and an
enzyme concentration of 71 pg/mL (0.123 mM), no change
in hydrolysis rate was observed at pH 7.5. No ester hydrolysis
was observed if the assay mixture contained the metallo-
protease inhibitor 1,10-phenanthroline (8.6 mM in 4% DMF
to dissolve the inhibitor). The depsipeptide was rapidly hy-
drolyzed by porcine pancreatic elastase (Ky = 6.4 mM, k,,
= 0.18 s71). Thermolysin does not measurably cleave the ester
bond of Z-Gly-Pro-Leu-OCH,CO-Pro-NH, as determined
with the pH stat. However, TLC analysis indicated that the
substrate was cleaved rapidly by thermolysin, presumably at
the Pro—Leu bond.

Thioesterase and Peptidase Activity of C. histolyticum
Collagenase. Thio ester hydrolysis rates were measured
continuously by reaction of the released thiol with the 4,4’-
dithiodipyridine present in the reaction mixture. The product
of this reaction, 4-thiopyridone, has an extremely high ex-
tinction coefficient (19800 M~! cm™! at 324 nm) (Grassetti
& Murray, 1967). The effect of the 4,4’-dithiodipyridine
concentration on the hydrolysis rates of the thio esters was
tested (see Table III of supplementary material). The con-
centration of 4,4’-dithiodipyridine was varied between 2 and
10 times the concentration of the substrate (Z-Gly-Pro-Leu-
SCH,CO-Pro-Nba), and no effect on the rate of hydrolysis
was observed. The effect of organic solvent was also deter-
mined (see Table IV of supplementary material). Both DMF
and Me,SO have a considerable effect (41% and 49% decrease,
respectively) on the rate of hydrolysis at a concentration of
2%. Methanol has almost no effect up to concentrations of
3% (v/v). The concentrations of these solvents selected for
the thio ester substrate assays (2.40% MeOH, 0.48% Me,SO)
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were chosen to maximize the solubility of the substrates and
minimize the deleterious effects these solvents have on the
hydrolysis rates. The effect of various buffers was also tested
for collagenase. At a concentration of 98 mM, the relative
rates were as follows: HEPES, 39; Tris-HCI, 67; Tricine, 100.
As was observed by Van Wart (Van Wart & Steinbrink,
1981), Tricine is the best buffer for collagenase.

The kinetic constants for the hydrolysis of the thio ester and
peptide substrates are given in Table I. As is generally found
with collagenase, the shorter thio ester substrates (Ac-
SCH,CO-Pro-Nba, Ac-SCH,CH,CO-Pro-Nba, Z-Gly-Pro-
Leu-SCH;, and Ac-Leu-SCH,CO-Pro-Nba) were not hy-
drolyzed by the enzyme. The dipeptide Z-Gly-Pro-OH was
added to the assay containing Ac-SCH,CO-Pro-Nba in an
attempt to see if binding to the P;2 and P, subsites on the
enzyme concomitant with binding of the substrate at P,’, P,’,
and Py’ would initiate the hydrolysis of the thio ester. Addition
of Pro-NH, to the assay containing Z-Gly-Pro-Leu-SCH; was
again an attempt to initiate hydrolysis of the thio ester by
binding to the P, subsite. In neither case was hydrolysis of
the thio ester observed.

All thio esters of the form X-Gly-Pro-Leu-SCH,CO-Pro-Y
were hydrolyzed by the enzyme. However, the peptide ana-
logues of the thio esters were 5-10-fold more reactive in each
case. The best thio ester substrate sequences Abz-Gly-Pro-
Leu-SCH,CO-Pro-Nba (k,/Km = 32000 M s7!) and
Boc-Abz-Gly-Pro-Leu-SCH,CO-Pro-Nba (k.;/ Ky = 63000
M- s71) proved to be the best peptide substrate sequences
Abz-Gly-Pro-Leu-Gly-Pro-Nba (k. /Ky = 340000 M1 s7)
and Boc-Abz-Gly-Pro-Leu-Gly-Pro-Nba (k../ Ky = 340000
M1 571) while the poorest thio ester and depsipeptide sequences
Z-Gly-Pro-Leu-SCH,CO-Pro-NH, (kg /Ky = 4200 M s71)
and Z-Gly-Pro-Leu-OCH,CO-Pro-NH, (k,./Ky = 320 M™!
s7!) proved to be the poorest peptide substrate sequence Z-
Gly-Pro-Leu-Gly-Pro-NH, (k.,./Ky = 35000 M~ s71). The
fourth peptide substrate tested (Z-Gly-Pro-Leu-Gly-Pro-Nba,
keo/Ky = 140000 M! s71) fell as expected in the range
between these two extremes.

Fluorescent Substrate Assays. A method previously utilized
for fluorescent assays for carboxypeptidase (Latt et al., 1972),
trypsin (Carmel et al., 1973), angiotensin converting enyzme
(Persson & Wilson, 1977), enzymes associated with blood
clotting (Castillo et al., 1983), and Pseudomonas aeruginosa
elastase (Nishino & Powers, 1980) was applied to collagenase.
A fluorescent group (2-aminobenzoyl, Abz) and a quenching
group (4-nitrobenzylamide, Nba) were attached to a previously
tested substrate for collagenase (Z-Gly-Pro-Leu-Gly-Pro-OH;
Yagisawa et al., 1965). In the intact peptide the fluorescent
group is in close proximity to the quenching group. Hydrolysis
of the peptides separates the fluorescent group from the
quenching group resulting in an increase in the fluorescence.
Three peptides based on this principle have been synthesized
for C. histolyticum collagenase. Both Abz-Gly-Pro-Leu-
Gly-Pro-Nba and Abz-Gly-Pro-Leu-SCH,CO-Pro-Nba dis-
played a large increase in fluorescence upon hydrolysis by
collagenase. Abz-Pro-Leu-Gly-Pro-Nba proved not to be a
substrate for collagenase. The intact peptides have a small
amount of intrinsic fluorescence (Figure 1) probably caused
by incomplete quenching due to the conformation of the
peptide or to the nature of the quenching group (Nba).
Complete hydrolysis of the peptides led to a 7-10-fold increase

2 The nomenclature for the individual amino acid residues (P;, P,, Py)
of a substrate and for the subsites (S, S,, and S|) of an enzyme is that
of Schechter & Berger (1967).
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FIGURE 1: Fluorescence of Abz-Gly-Pro-Leu-Pro-Nba (open circles)
and its hydrolysis products (Abz-Gly-Pro-Leu-OH and H-Gtly-Pro-
Nba) after total digestion with C. histolyticum collagenase (closed
circles). Quinine sulfate was used as the fluorescence standard. One
fluorescence unit is equal to the fluorescence of a 1.0 uM solution
of quinine sulfate in 0.1 N H,SO,.

in fluorescence. The degree to which the fluorescence in-
creased was related to the substrate concentration. The kinetic
constants for Abz-Gly-Pro-Leu-Gly-Pro-Nba and Abz-Gly-
Pro-Leu-SCH,CO-Pro-Nba are given in Table I. Kinetic
constants for the first substrate were also determined by a
ninhydrin assay and for the second, kinetic constants were also
measured using the thio ester assay. In both cases good
correspondence between the fluorescence assay and the al-
ternate assays was observed.

Irreversible Inhibitors for C. histolyticum Collagenase.
Incubation of C. histolyticum collagenase with chloromethyl
ketone serine protease inhibitor Ac-Ala-Ala-Pro-IleCH,Cl
(Powers et al., 1977) or the thermolysin inhibitor CICH,CO-
DL-(N-OH)Leu-OCHj; (Rasnick & Powers, 1978) resulted in
no loss of activity after 72 h. This is in contrast to the results
of Balaevskaya et al. (1981), who reported inhibition by Z-
Gly-Pro-LeuCH,Cl. With the failure of these two inhibitors,
the synthesis of a new set of inhibitors that might be specific
for collagenase was undertaken. The inhibitor design was
centered around collagenase’s requirement for a proline residue
at P,’. Various groups known to have an affinity for Py
(NHBzl and Nba) and AlaOCH, (Van Wart & Steinbrink,
1981; Galardy & Grobelny, 1983) were attached to proline
to increase its binding affinity. The P, and P’ positions of
the active site were then scanned for a nucleophile. Attach-
ment of the four reactive groups CICH,CO-, CH,~CHCO—,
CICH,CO-Gly-, and CH,=~CHCO-Gly- to various proline-
containing peptides placed an electrophilic center in various
parts of the active site of collagenase. This approach failed
with C. histolyticum collagenase since no noticeable inhibition
of the enzyme was observed after incubation for 2 h with any
of the inhibitors tested. The inhibitors tested (Table V of
supplementary material) were CICH,CO-Pro-NH,,

Table II: Kinetics of Reversible Inhibitors of C. histolyticum
Collagenase

inhibitor k; (mM)
HOCHZCO-PFO-NHZ 15
Z-Gly-Pro-Leu-O0H 4,3k
Z-Gly-Leu~NHOH 1.5
Z-Gly-Gly-Leu-NHOH 18.9
Z-Gly~-Pro-Leu~NHOH 0.24
HONHCOCH,CO-Pro-NH, 4.6
HONHCOCH,CH,C0-Pro-NH, 0.44
HONHCOCH( i -Bu)C0-A1 a-Gly-NH, 4.1
Boc~Gly -Pro-Leu-(N-OH)G1y~OEt none
H-Gly -Pro-Leu-(N-OH)Gly-Pro-OH none?
Boc-Gly -Pro-Leu-(N-OH)Gly-Pro-OH 17
Boc-Gly-Pro-08z1 0.8
Boc-Gly-Pro-NHBz1 2.2
HO,CCHoNHCH,CO-Pro-Nba 1.2
HSCHoCHaCO-Pro-NH, 0.25
HSCH,CH,CO-Pro-NHBz1 0.17
HSCHoCH,CO=Pro-Nba 0.02

¢Conditions: pH 7.5, 10 mM Ca?*, 50 mM Tricine, 2.5% MeOH,
and 0.5% Me,SO with the mercaptan inhibitors. No buffer or organic
solvents were used for the remaining inhibitors. Collagenase concen-
tration was 10-20 nM. ®Yagisawa et al. (1965) reported a K; of 4.9
mM. ¢No inhibition at a maximum concentration of 1 mM. ¢No in-
hibition at a maximum concentration of 3 mM.

CICH,CO-Pro-Nba, CICH,CO-Gly-Pro-Nba, CICH,CO-
Gly-Pro-Ala-OMe, CICH,CO-Gly-Pro-NHBzl, CH,=
CHCO-Pro-Nba, and CH,=CHCO-Gly-Pro-Nba.
Competitive Inhibitors. The inhibition results obtained with
a number of competitive inhibitors are shown in Table II.
Both hydrolysis products of the depsipeptide were reasonably
good inhibitors of C. histolyticum collagenase, with the N-
terminal fragment Z-Gly-Pro-Leu-OH having a lower K value
than the glycolylprolinamide. The best hydroxamic acid in-
hibitor was Z-Gly-Pro-Leu-NHOH with a K of 0.2 mM. This
inhibitor contains the P;—P,; residues used in a number of the
thio ester, depsipeptide, and peptide substrates. As shown by
TLC analysis, this peptide was not enzymatically cleaved. Due
to a preference of collagenase for a P, prolyl residue, Z-Gly-
Gly-Leu-NHOH was a poorer inhibitor. The peptide hy-
droxamic acids corresponding to the P,'~P,’ residues of good
substrates (HONHCOCH,CO-Pro-NH, and
HONHCOCH,CH,CO-Pro-NH,) were also moderately good
reversible inhibitors. Placement of the second methylene group
between the hydroxamic acid and the prolyl residue decreased
the K value by a factor of 10. Surprisingly, elongation of the
peptide recognition sequence did not produce better K values.
The three N-hydroxy peptides with sequences corresponding
to P;—P,’ and P;—P,’ residues of good C. histolyticum sub-
strates showed no or weak inhibition of this enzyme. Three
thiol-containing peptides were synthesized and shown to bind
more tightly than the hydroxamic acids. Elongation of the
mercaptan peptide by addition of aromatic residues at the Py’
subsite again caused a decrease in the Kj values
(HSCH,CH,CO-Pro-NHBzl, K; = 0.14 mM;
HSCH,CH,CO-Pro-Nba, K; = 0.02 mM). This is in line with
the increase in k,,/Ky values observed with the thio ester
substrates when an aromatic residue was able to bind to the
P, subsite. In fact, two short peptide inhibitors containing
aromatic residues at Py’ (Boc-Gly-Pro-OBz] and Boc-Gly-
Pro-NHBzl) were moderate inhibitors. Placement of another
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chelating group (carboxyl) into the peptide sequence produced
a slightly poorer inhibitor.

DiscuUsSION

Peptide thio esters have been shown to be highly sensitive
substrates for serine proteases. Over 30 different serine pro-
teases are known to react with thio ester substrates, and thus
far, no serine protease has failed to react with one of these
substrates {see, for example, Harper et al. (1984) and McRae
et al. (1981)].

Serine proteases are mechanistically different from me-
talloproteases, but since both are involved in the hydrolysis
of peptide bonds, it seemed plausible to extend the use of thio
esters to metalloendoproteases. Two metalloexopeptidases,
leucine aminopeptidase and carboxypeptidase A, have previ-
ously been shown to possess thioesterase activity (Metrone,
1972; Suh & Kaiser, 1975). The first thio ester substrate for
collagenase (Z-Gly-Pro-Leu-SCH,CO-Pro-NH,) synthesized
in our lab proved to be an active substrate.

As has been previously observed, peptides must have proline
residues located at both the P, and P,/ positions to be effective
substrates for collagenase (Seifter & Harper, 1971). All of
the shorter thio ester substrates synthesized (Ac-SCH,CO-
Pro-Nba, Ac-SCH,CH,CO-Pro-Nba, Z-Gly-Pro-Leu-SCH,,
and Ac-Leu-SCH,CO-Pro-Nba) that lacked this feature
displayed no hydrolysis at concentrations of up to 200 uM.
In addition, no hydrolysis of these short peptides could be
observed when a second proline-containing peptide was added
such that the two combined peptides mimicked a normal
collagenase substrate containing two prolines. However, all
of the substrates of the form X-Gly-Pro-Leu-SCH,CO-Pro-Y
were readily hydrolyzed by collagenase. Replacement of an
amide by a p-nitrobenzylamide at subsite Py’ increased the
hydrolysis rate by a factor of 4. Replacement of a P, ben-
zyloxycarbonyl (Z) group with a 2-(tert-butyloxycarbonyl-
amino)benzoyl group increased the hydrolysis rate by a factor
of 4. Cleavage of the tert-butyloxycarbonyl group from the
2-aminobenzoyl group to produce the free amine increased the
solubility of the substrate but decreased the hydrolysis rate
by a factor of 0.50. Certain aromatic residues (Abz or Nba)
seem to have an affinity for both S, and S;’ subsites on col-
lagenase. .

The best thio ester substrate (Boc-Abz-Gly-Pro-Leu-
SCH,CO-Pro-Nba) compares favorably with previously re-
ported chromogenic assays. Both the Z-Gly-Pro-Gly-Gly-
Pro-Ala-OH (Grassman & Nordwig, 1960) and Z-Gly-Pro-
Leu-Gly-Pro-OH (Nagai et al., 1960) assays follow the pro-
duction of the free amine by reaction with ninhydrin. Phe-
nylazobenzyloxycarbonyl-Pro-Leu-Gly-Pro-p-Arg-OH
(Wunsch & Heidrich, 1963) hydrolysis is monitored by the
extraction of the chromogenic péptide phenylazobenzyloxy-
carbonyl-Pro-Leu-OH into organic solvents and determination
of its concentration colorimetrically. All these assays are time
consuming and do not provide a continuous profile of substrate
hydrolysis. Until now, FA-Leu-Gly-Pro-Ala was the most
sensitive chromogenic peptide (Van Wart & Steinbrink, 1981).
Thio ester substrates have three distinct advantages over fu-
roylacryolyl substrates. First, the k., /Ky value for Boc-
Abz-Gly-Pro-Leu-SCH,CO-Pro-Nba is larger, making it one
of the more sensitive assays substrates known. Second, the
thio ester assay is a continuous assay (like the furoylacryloyl
peptide), but the extinction coefficient of the chomophore
produced €3p4n, = 19800 M~ cm™ is 8 times larger than the
€3240m = 2510 M em™! for FA-Leu-Gly-Pro-Ala. Together
these two effects make the thio ester Boc-Abz-Gly-Pro-Leu-
SCH,CO-Pro-Nba approximately a 10-fold more sensitive
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substrate than the furoylacryoyl peptide. The third advantage
is cleavage specificity; only cleavage at the thio ester bond will
produce a chromogenic product so random cleaves of the
substrate by contaminating proteases should not affect the
assay.

Fluorescent Assays. Prior to this work the only fluorescent
assay for C. histolyticum collagenase was the assay involving
the attachment of fluorescein to native collagen (Stevens et
al., 1975). The success achieved previously (Castillo et al.,
1983; Nishino & Powers, 1980) with synthetic fluorescent
quench peptide substrates stimulated us to use this technique
to develop sensitive fluorescence peptidase and thioesterase
assays for collagenase. Both Abz-Gly-Pro-Leu-Gly-Pro-Nba
and Abz-Gly-Pro-Leu-SCH,CO-Pro-Nba exhibit a large in-
crease in fluorescence upon cleavage of the scissle bond. The
peptide Abz-Gly-Pro-Leu-Gly-Pro-Nba (k ../ Ky = 490000
M1 s71) is the fastest known substrate for collagenase. The
thio ester analogue, although still a good substrate, is 10 times
slower. However, when the assay mixture may contain con-
taminating fluorophores or quenchers or when inhibitors are
being tested whose fluorescent properties are unknown, the
chromogenic thie ester assay may be preferred. It also should
be noted that the hydrolysis of the thio ester Abz-Gly-Pro-
Leu-SCH,CO-Pro-Nba can be determined either chromo-
genically or fluorogenically as the situation requires.

Comparison of the Peptidase, Thioesterase, and Esterase
Activity of Collagenase. The peptidase activity of collagenase
was in every case 5—-100-fold higher than the thioesterase or
esterase activity of the thio ester or ester with the corresponding
sequence. The thio ester bond is much more reactive than a
peptide bond, and we expected to observe the reverse. Indeed,
with serine proteases, thio ester substrates are in general the
most reactive substrates that have yet been described (Harper
et al., 1984). Examination of the kinetic constants for Abz-
Gly-Pro-Leu-SCH,CO-Pro-Nba (K = 0.26 mM, k_,, = 8.1
s7') and Abz-Gly-Pro-Leu-Gly-Pro-Nba (Ky = 0.24 mM, k;
= 82 s7!) shows the difference in reactivity to be clearly due
to a 10-fold difference in k,,. Similarly, the kinetic results
presented here show that for the three substrates of the general
form Z-Gly-Pro-Leu-X-Pro-NH,, where X is Gly,
-SCH,CO~, or -OCH,CO-, the order of reactivity is Gly >
-SCH,CO- > -OCH,CO-, where the k., /K, value is re-
duced ca. 10-fold at each step.

The thioesterase activity of two other metalloproteases has
been reported. Leucine aminopeptidase has been shown to be
capable of hydrolyzing leticine thioethyl ester at a rate 50 times
greater than the rate for leucine 4-nitroanilide (Metrione,
1972). The Ky value for the thio ester (1.3 mM) is quite close
to that of leucine benzyl ester (1.6 mM) and leucine amide
(5.7 mM). Carboxypeptidase A hydrolyzes cinnamoyl -
mercapto-3-phenylpropionate (Suh & Kaiser, 1975) but has
been more extensively studied with ester substrates (Vallee
et al., 1983). The catalytic efficiency of the enzyme toward
esters is not much greater than that toward peptides, the
keat/ Ky values for esters being generally much less than 100
times that for peptides and in some cases the same. The
overwhelming evidence that esters and peptides are hydrolyzed
by different mechanisms has been interpreted to indicate
different binding modes for the two types of substrates (Vallee
et al., 1983) or differences in rate-limiting steps in the catalytic
mechanism. In the case of thermolysin and metalloendo-
proteases, ester and peptide hydrolysis proceed by essentially
identical binding and catalytic mechanisms, with the k.,/Ky
values being 3-8-fold slower with esters (Holmquist & Vallee,
1979).
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In contrast to both leucine aminopeptidase and carboxy-
peptidase, we find that collagenase along with thermolysin
cleaves peptide substrates substantially faster than esters or
thio esters. It is possible that this is due to a slightly different
binding mode for ester and amide substrates. Collagenase
seems to have a distinct preference for two prolines at P, and
P,’, and substrates lacking this structural feature in general
are poorly hydrolyzed. Replacement of a thio ester bond for
an amide in the center of a peptide may prevent correct binding
of the substrate with these important subsites of the enzyme.
There are substantial bond angle differences between peptide
bonds and thio ester or ester bonds (Zacharias et al., 1983).
The C(carbonyl)-X bond is shorter (1.32 A) in peptides than
in esters (1.35 A) or thio esters (1.75 A). In addition, the
C(carbonyl)-X—C bond angle is larger (120°) in peptides than
in thio esters (99.4°) and esters (116°). Thus, interactions
with both active site residues and at the subsites could be
significantly altered by changing a peptide bond to a thio ester
or ester. Alternately, the kinetic differences between peptides
and esters could be due not so much to different binding modes
but to differences in rate-limiting steps in the catalytic
mechanism. For example, the rate of product dissociation may
be mechanistically significant and could account for the peptide
vs. ester and thio ester difference (Vallee, 1983). Faster
dissociation of the amine product compared to the corre-
sponding alcohol or thiol would also explain the rate differences
that we observed.

Inhibitors. The best synthetic metalloprotease inhibitors
that have thus far been reported have a peptide backbone that
is recognized by the enzyme, attached to functional groups
such as hydroxamic acids, thiols, or carboxyl groups, which
can act as ligands for the active site zinc (Holmquist & Vallee,
1979; Cushman et al., 1977; Nishino & Powers, 1978). Hy-
droxamic acid peptides with sequences specific for C. histo-
Iyticum collagenase proved to be only moderate inhibitors with
the best peptide hydroxamic acid having a Kj of 0.24 mM. The
K; values for analogous peptide hydroxamic acids developed
for use with thermolysin (Ninshino & Powers, 1978) and
Pseudomonas aeruginosa elastase (Nishino & Powers, 1980)
were roughly 3 orders of magnitude better reversible inhibitors
with the best K, values being 0.30 uM and 0.044 uM, re-
spectively. In order to take advantage of subsite binding on
both sides of the scissile bond, we synthesized three unique
N-hydroxy peptides containing a hydroxamic acid functional
group in the center of the peptide sequence. Unfortunately,
two were not inhibitors, and one was a very poor inhibitor. The
lack of inhibition of these compounds is probably due to their
inability to ionize to a stabilized anion, a pathway available
to N-unsubstituted hydroxamic acids that probably accounts
for potent inhibition of thermolysin by these compounds
(Holmes & Matthews, 1981).

Mercaptan peptides were again only moderately good in-
hibitors for C. histolyticum collagenase with the best inhibitor
having a K value of 0.02 mM. Mercaptan-containing peptides
have been used to inhibit angiotensin converting enzyme
(Cushman et al., 1977), carboxypeptidase A (Ondetti et al,,
1979), thermolysin (Nishino & Powers, 1979), and P. geru-
ginosa elastase (Nishino & Powers, 1980) with the best K|
values being 1.7 nM, 11 nM, 750 nM and 64 nM, respectively.
Carboxymethyl peptides have been shown. to be excellent in-
hibitors of angiotensin converting enzyme with ICsq values as
low as 1.2 nM (Patchett et al., 1980), but again, the one
carboxymethyl inhibitor for collagenase that we synthesized
only had a K, of 1.2 mM.
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Haloacetyl peptides have been successfully used to inhibit
carboxypeptidase A and B (Hass & Neurath, 1971; Plummer,
1971), and N-chloroacetyl-N-hydroxy peptides and amino acid
derivatives have been shown to be irreversible inhibitors of
thermolysin and P. aeruginosa elastase (Rasnick & Powers,
1978; Nishino & Powers, 1980). However, none of the ha-
loacetyl peptides or acryloyl peptides that we designed for C.
histolyticum collagenase inhibited the enzyme.

Thus far, phosphoryl peptides are the best inhibitors for C.
histolyticum collagenase with the best reported ICs, value
being 14 uM (Galardy & Grobelny, 1983). This inhibitor
utilized P,—P;’ interactions. However, the collagenase phos-
phoryl peptides were once again ca. 1000 times less potent than
the phosphoryl inhibitors reported for other metalloproteases
such as thermolysin and angiotensin converting enzyme (Kam
et al., 1979; Galardy & Grobelny, 1983).

It is apparent now that short peptide sequences with atta-
ched metal chelating ligands are not good inhibitors for col-
lagenase. In the future it will be necessary to utilize longer
sequences to obtain interaction with more recognition sites or
to design sequences or structures that imitate the geometry
of the collagen triple helix.
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Syntheses of the new compounds reported in this paper and
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Registry No. HSCH,CH,CO-Pro-Nba, 96166-25-5; Abz-Gly-
Pro-Leu-SCH,CO-Pro-Nba, 96166-26-6; Boc-Abz-Gly-Pro-Leu-
Gly-Pro-Nba, 96166-27-7; Z-Gly-Pro-Leu-Gly-Pro-NH,, 96166-28-8;
Z-Gly-Pro-Leu-SCH,CO-Pro-NH,, 96166-29-9; Z-Gly-Pro-Leu-
OCH,CO-Pro-NH,, 96194-13-7; Z-Gly-Pro-Leu-Gly-Pro-Nba,
96166-30-2; Z-Gly-Pro-Leu-SCH,CO-Pro-Nba, 96166-31-3; Boc-
Abz-Gly-Pro-Leu-SCH,CO-Pro-Nba, 96194-14-8; Abz-Gly-Pro-
Leu-Gly-Pro-Nba, 96166-32-4; FA-Leu-Gly-Pro-Ala-OH, 96194-15-9;
Ac-SCH,CO-Pro-Nba, 96166-33-5; Ac-SCH,CH,CO-Pro-Nba,
96166-34-6; Z-Gly-Pro-Leu-SCH, 96166-35-7; Ac-Leu-SCH,CO-
Pro-Nba, 96166-36-8; Abz-Pro-Leu-Gly-Pro-Nba, 96166-37-9;
Boc-Gly-Pro-Leu-(N-OH)Gly-OEt, 96166-38-0; H-Gly-Pro-Leu-
(N-OH)Gly-Pro-OH, 96194-16-0; HOCH,CO-Pro-NH,, 96166-39-1;
Z-Gly-Pro-Leu-NHOH, 96166-40-4; HONHCOCH,CO-Pro-NH,,
96194-17-1; HONHCOCH,CH,CO-Pro-NH,, 96194-18-2; Boc-
Gly-Pro-Leu-(N-OH)Gly-Pro-OH, 96194-19-3; Boc-Gly-Pro-OBzl,
29776-78-1; Boc-Gly-Pro-NHBzl, 96166-41-5;
HO,CCH,NHCH,CO-Pro-Nba, 96194-20-6; HSCH,CH,CO-Pro-
NH,, 96166-42-6; HSCH,CH,CO-Pro-NHBzl, 96166-43-7; Z-
Gly-Pro-Leu-OH, 2646-63-1; Z-Gly-Leu-NHOH, 66179-51-9; Z-
Gly-Gly-Leu-NHOH, 66179-56-4; HONHCOCH(i-Bu)CO-Ala-
Gly-NH,, 71431-46-4; Pro-Nba-HCI, 96194-12-6; Boc-Abz-Gly-
Pro-OH, 96166-44-8; Leu-SCH,CO-Pro-Nba-HCI, 96166-45-9;
Boc-Abz-OH, 68790-38-5; Gly-Pro-Leu-Gly-Pro-Nba-HCl, 96166-
46-0; 3-(acetylmercapto)propionic acid, 41345-70-4; collagenase,
9001-12-1.
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