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Streptomyces metalloproteinase inhibitor (SMPI), isolated from Streptomyces nigrescens
TK-23, is a small proteinaceous metalloproteinase inhibitor consisting of 102 amino acid
residues and two disulfide bridges. SMPI specifically inhibits metalloproteinases such as
thermolysin., After prolonged incubation with a catalytic amount of thermolysin, it is
cleaved at Cys64-Val65 [Murai, H., Hara, S., Ikenaka, T., Oda, K., and Murao, S. (1985) JJ.
Biochem. 97, 173-180). Hence, for identification of the reactive site, mutants were construct-
ed by substituting Val65 with various amino acid residues (Leu, Ile, Phe, Tyr, Gly, Ser, Lys,
and Glu). The mutants were analyzed for inhibitory activity. Among them, V651, V65L,
V65F, and V65Y retained strong inhibitory activity, whereas V658, V65G, V65K, and V85E
showed very weak inhibitory activity against thermolysin. The K, values were found to be
of the order of 107'°M by using a fluorogenic substrate, MOCAc-Pro-Leu-Gly-Leu-
A;pr(Dnp)-Ala-Arg-NH,. In addition, susceptibility to enzyme degradation was analyzed
by means of limited proteolysis with thermolysin. Mutants which retained strong inhibi-
tory activity were cleaved by thermolysin only at the reactive site, in the same way as
native SMPI. The mutants which showed weak inhibitory activity underwent rapid
degradation. These results were consistent with the substrate specificity of thermolysin.
Based on these results, the reactive site of SMPI was identified as Cys64-Val65.

Key words: K, value, metalloproteinase, proteinaceous inhibitor, reactive site, Strep-
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Metalloproteinases are widely distributed in plants, ani-
mals, and microorganisms. So far about 30 families of
metalloproteinases have been recognized (I). However, in
contrast to serine proteinase inhibitors, very few protein-
aceous metalloproteinase inhibitors have been identified.
Streptomyces metalloproteinase inhibitor (SMPI) (2, 3),
isolated from Streptomyces nigrescens TK-23, was the first
proteinaceous microbial metalloproteinase inhibitor to be
identified. Subsequently several other proteinaceous metal-
loproteinase inhibitors have been isolated from various
microorganisms: a periplasmic metalloproteinase inhibitor
from Erwinia crysanthemi (4), an inhibitor from Pseudo-
monas aeruginosa (5), and two metalloproteinase inhibi-
tors from Serratia marcescens SM6 (6) and Serratia
marcescens ATCC 21074 (SmaPI) (7). Three anticoagulant
proteins (serine proteinase inhibitors) were isolated from
Streptoverticillium cinnamoneum subsp. cinnamoneum (SAC
I, II, III), and SAC I inhibited thermolysin (8, 9). Some
metalloproteinase inhibitors have also been isolated from
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Abbreviations: A,pr(Dnp), N3-(2,4-dinitrophenyl)-L-2,3-diamino-
propionyl; FAGLA, 3-(2-furylacryloyl)glycyl-L-leucine amide; MES,
2-(N-morpholino)ethanesulfonic acid; MOCAc, (7-methoxycoumarin-
4.yl)acetyl; SMPI, Streptomyces metalloproteinase inhibitor. Amino
acid residues are represented by one-letter or three-letter abbrevia-
tions. Mutants are identified by giving the wild-type residue followed
by the residue number and the substituted residue.

animals, e.g., a family of tissue inhibitors of matrix metal-
loproteinases (TIMPs), snake venom metalloproteinase
inhibitors (10), and antihemorrhagic factors (11). However
SMPI shows no sequence similarity to any of these
metalloproteinase inhibitors, or to the serine proteinase
inhibitors.

SMPI inhibits a wide range of bacterial metalloprotein-
ases. It is a small protein with 102 amino acid residues, and
2 disulfide bridges (Fig. 1), and it reacts with thermolysin
in the stoichiometric ratio of 1:1. When incubated with a
catalytic amount of thermolysin, it is gradually cleaved at
Cys64-Val65 (3).

Finkenstadt and Laskowski Jr. (12) and Ozawa and
Laskowski Jr. (13) proposed that the reactive site of serine
proteinase inhibitors is cleaved by the target enzymes. This
approach has been successfully applied for the identifica-
tion of the reactive site of many serine proteinase inhibi-
tors. On the other hand, for metalloproteinases, in spite of
their ubiquitous occurrence, very few proteinaceous inhibi-
tors are identified and there is no clearly defined reactive
site for metalloproteinase inhibitors. In our previous work
the reactive site of SMPI was assigned tentatively as
Cys64-Val65, as this bond is cleaved by thermolysin (3).
However, this observation is insufficient for definitive
identification of the reactive site. In order to determine the
reactive site of SMPI unambiguously, we have carried out
mutational analysis.

In this paper we describe the construction and expression

1088 oJ. Biochem.

2102 ‘2 $80q0100 uo A1sieniun Bunpd e /Biosfeulnolpioixo-qly/:dny wouy papeojumoq


http://jb.oxfordjournals.org/

Reactive Site of a Streptomyces Metalloproteinase Inhibitor

RAR R
A C C TC4v PC D
14 10 6364 65 68 69 102

Fig. 1. Topological structure of SMPI. The arrow indicates the
putative reactive site. The solid circles indicate amino acid residues,
and the letters P,, P,, P,’, and P,’, are according to the nomenclature
of Schechter and Berger (39). The abbreviated single letters and
numbers represent corresponding amino acid residues and their
positions.

of wild-type and mutant SMPI genes in E. coli, and identifi-
cation of the reactive site based on the inhibitory activities
and susceptibilities to enzyme degradation of the mutant
proteins.

EXPERIMENTAL PROCEDURES

Materials—Plasmid pMPI321 containing the SMPI gene,
cloned from Streptomyces nigrescens TK-23, was a gener-
ous gift from Prof. H. Takahashi, Tokyo University. All the
mutant primers were kindly synthesized by Prof. Kainosho
and his colleagues at Tokyo Metropolitan University. PCR
kit was purchased from Perkin Elmer, Chiba. All the
restriction enzymes, ligation kit, gene-clean kit, etc. used
were commercial products. Thermolysin and native SMPI
were kindly donated by Daiwa Kasei, Osaka. Glutathione
Sepharose 4B and CM-Sepharose CL-6B were purchased
from Pharmacia Biotech AB, Uppsala, Sweden. Reduced
glutathione was purchased from Wako Pure Chemical
Industries, Osaka. Phosphoramidon and thrombin were
purchased from Sigma Chemical. FAGLA and MOCAc-
Pro-Leu-Gly-Leu-A;pr(Dnp)-Ala-Arg-NH, were pur-
chased from Peptide Institute, Osaka.

Construction of Wild-Type SMPI (wSMPI) and Mutant
SMPIs—Wild-type SMPI and mutant SMPIs were con-
structed as described in Fig. 2. (a) The signal sequence of
SMPI was deleted by polymerase chain reaction (PCR) as
shown in Fig. 2a. The plasmid pMPI 321, containing the 1.2
kb SMPI gene (14, 15), was digested with Accl. The
resulting fragment (600-700 bp) was used as the template
for PCR. A BamHI site was introduced at the 5" terminal of
the SMPI gene corresponding to the mature inhibitor by
using the oligonucleotide primers 400BA(+) 5 -GCTCCG-
GCGGGATCCGCCCCGAG-3’ and 101SM(—) 5 -GAGGA-
CGCCCCGGGTCGGCGCTC-3'. PCR was performed for
25 cycles (97°C, 1 min; 50°C, 1 min; 72°C, 1 min). (b) The
amplified DNA fragment (350-400 bp) was subcloned into
the Smal site of pBF19 (BamHI site-disrupted pUC19)
plasmid as shown in Fig. 2b. The cloned gene was confirmed
by restriction enzyme digestion of the newly created
BamHI site and dideoxy DNA sequencing. Mutant SMPIs
were constructed according to the recombinant PCR
method (16) using the EcoRl/Sall-digested 400 bp frag-
ment of pBF19-SMPI as a template. The mutagenic inside
primers used were (newly created restriction sites are
shown in brackets): V65G, 200NO(+) (Notl) 5'-GGTGAC-
CTGCGGCCGCTTCCCGTG-3"; V65S, 211PS(+) (Pstl)
5-AGGTGACCTGCAGCCGCTTCCCGTG-3; V651,
600ET(+) (EcoT221) 5-GGAAGGTGACATGCATCCGC-
TTCCCG-3’; V65L, VL65(+) 5-GAAGGTGACCTGCCT-
CCGCTTCCCG-3'; V65F, VF65(+) 5-GAAGGTGACCT-
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GCTTCCGCTTCCCGT-3’; V65K, 800A0(+) (Aor51HI)
5-AAGGTGACCTGCAAGCGCTTCCCGTG-3"; V65E,
611A0(+) (Aor51HI) 5'-AGGTGACCTGCGAGCGCTTC-
CCGTG-3'. As shown in Fig. 2¢, the PCR-amplified frag-
ments were subcloned into the BamHI-Smal sites of pGEX
4T-1 expression plasmid, transformed into E. coli BL21
strain, and- confirmed by restriction enzyme digestion of
newly created sites and/or DNA sequencing. DNA sequenc-
ing was carried out using a Taq Dye Deoxy™ Terminator
Cycle Sequencing kit (Perkin Elmer) with a Perkin Elmer
model 373A DNA sequencer.

Expression and Purification of Recombinant SMPIs—
Cells containing the required plasmid were cultured over-
night in 100 ml of 2X YT (1.6% polypeptone, 1.0% yeast
extract, 0.5% NaCl, pH 7.2) medium. The 2X YT medium
(2 liters) was inoculated with overnight preculture (1% v/
v). Cells were grown at 37°C until the Ay, reached 0.8-1.0,
then glutathione S-transferase-SMPI (GST-SMPI) fusion
protein production was induced by adding isopropyl-S-
D-thiogalactopyranoside (IPTG) to a final concentration of
0.4 mM. After 2 h induction the cells were collected by
centrifugation (7,000 rpm, 20 min), suspended in 200 ml
(1 : 10 volume) of 1 X PBS (phosphate-buffered saline, 140
mM NaCl, 227mM KCl, 10 mM Na,HPO,, 1.8 mM
KH,PO,, pH 7.3) supplemented with 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), and disrupted by sonication
(Astrason XL model XL 2020). Triton X-100 was added to
a final concentration of 1% and incubated for 30 min on ice
to aid in solubilization of the fusion protein. All the
purification steps were monitored by 1-chloro-2,4-dinitro-
benzene (CDNB) assay (I7) or by assay of inhibitory
activity towards thermolysin and SDS-PAGE (18).

(a) Affinity column chromatography: The bacterial
sonicate after centrifugation, i.e., the supernatant contain-
ing fusion protein, was applied to a GST affinity matrix i.e.,
a Glutathione Sepharose 4B column, previously equilibrat-
ed with 1 xPBS (pH 7.3) supplemented with 1% Triton
X-100 at 4°C. The column was washed with 200 ml of 1 X
PBS and eluted with 50ml of elution buffer (50 mM
Tris-HCI, pH 9.0, 10 mM GSH) at room temperature. The
fractions containing inhibitor were pooled, and SMPI
protein was separated from the fusion protein by thrombin
digestion. For this purpose, 2.0 ug thrombin/1 mg fusion
protein was added and the mixture was incubated for 16 h
at 25°C, then applied to a CM-Sepharose column.

(b) CM-Sepharose column chromatography: In CM-
Sepharose column chromatography, buffer B (50 mM
H;BO,;, 50 mM KCl, 50 mM Na,COs, pH 8.2) was used,
except for the V65E mutant. For V65E, phosphate buffer
(50 mM KH,PO,/Na,HPO,, pH 6.0) was used. The throm-
bin digests were diluted in 5 volumes of buffer and applied
to a CM-Sepharose CL-6B column, previously equilibrated
with the same buffer. After washing of the column, proteins
were eluted with a linear gradient of 0-0.5M NaCl
Fractions containing SMPI protein were pooled and dia-
lyzed against distilled water at 4°C, then lyophilized.

Production of Anti-SMPI Polyclonal Antibodies and
Western Hybridization—Anti-SMPI polyclonal antibodies
were raised by conventional methods. Mice were immu-
nized by subcutaneous injections using native SMPI (15
pg/mouse). Freund’s complete adjuvant was used in 1: 1
(v/v) sterile PBS buffer (2.7 mM KCl, 137 mM NaCl, 1.5
mM KH,PO,, 8.1 mM Na,HPO,-7H,0, pH 7.4). Sera were
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Fig. 2. Schematic representation of construction and expres-
sion of wild-type and mutant SMPIs. (a) The pMPI321 plasmid,
containing Sall-Sall 1.2 kb genomic SMPI sequence, was digested
with Accl. The resulting fragment was used as the template for the
construction of wild-type SMPI. The BamHI site was introduced by
PCR to delete the signal sequence. (b) PCR-amplified fragments were
subcloned into pBF19 vector. Mutant SMPIs were constructed accord-

collected at 10-day intervals and titer was monitored by
Western blotting. After obtaining satisfactory titer the
whole blood was collected and incubated at 37°C for 30 min,
and sera were obtained by centrifugation. Sodium azide was
added (0.02%) as a preservative, and the solution was
stored at —70°C.

Western hybridization of expressed proteins was carried
out according to the method of Towbin et al. (19), by using
mouse anti-SMPI antibodies and peroxidase-conjugated
mouse IgG antibodies.

Amino Acid Sequencing—(a) N-Terminal amino acid
sequencing of wild-type SMPI: Wild-type SMPI (0.5 nmol/
lane) was electrophoresed by Tricine-SDS-PAGE (20) and
the protein was electrotransferred onto polyvinylidene
difluoride (PVDF) membrane, stained with Coomassie
Brilliant Blue R-250 and destained with 50% methanol. The
protein band was sequenced by an Applied Biosystems
476A protein sequenator according to the method of
Matsudaira (21).

(b) N-terminal amino acid sequencing of scissile bond
region: Since metalloproteinases cleave the amino side of a
scissile bond, the substituted residue can be confirmed. A
mutant protein (2 nmol) was incubated with a catalytic
amount of thermolysin at 25°C for 36 h, electrophoresed by
Tricine-SDS-PAGE, electrotransferred onto PVDF mem-
brane, and sequenced as described above.

Circular Dichroism (CD) Spectra—The CD spectra were
measured on a Jasco J-720 model CD spectropolarimeter
with 0.5-1.0 mg/ml protein in Milli Q water at 25°C. The
data were collected from the far UV region (190 nm; quartz

ing to the recombinant PCR method by using the EcoRI/Sall-digested
400 bp fragment of pBF19-wSMPI. (¢) Wild-type and mutant genes
were expressed by using pGEX 4T-1 expression plasmid. In the pGEX
expression plasmid, inhibitor genes were inserted between the BamHI
and Smal sites downstream of the GST gene, just after the thrombin
recognition sequence.

cell of 0.02 mm path length) to the near UV region (350
nm; a 1 cm path length cell).

Assay for Inhibitory Activity—Inhibitory activity to-
wards thermolysin was analyzed using casein substrate as
described previously (2).

Kinetic Analyses—Since there are no active site determi-
nants for metalloproteinases, active enzyme concentration
was determined by active site titration with a stoichio-
metric inhibitor, phosphoramidon. Concentrations of ther-
molysin and phosphoramidon were estimated from UV
absorption using &;7gnm =663,000 M~'-cm™, and &z50nm =
5,550 M~'.cm™! (22), respectively. Thermolysin (0.18
uM) was preincubated with various concentrations of
phosphoramidon (0.02-0.2 M) for 5 min at 25°C. Prein-
cubated FAGLA (1 mM) was added and the decrease in
absorbance was measured at 345 nm on a Beckman DU-
7000 spectrophotometer. Residual enzyme activity (%) was
plotted against concentration of inhibitor. The concentra-
tion of inhibitor required to give complete inhibition (i.e.,
equal to that of the active enzyme) was determined from
the intercept on the abscissa. SMPI inhibitor concentra-
tions were determined from Ei,..=5.56 (2), and amino
acid analysis. Molecular weights were considered to be
10,300 for native SMPI, and 10,500 for E. coli-expressed
recombinant proteins, since they possess 2 extra N-termi-
nal amino acid residues (Gly and Ser) corresponding to the
BamHI site of the expression vector.

All the reactions were carried out in 50 mM MES (pH
6.5), 10 mM CaCl,, 0.005% Triton X-100 (v/v) buffer.
Fluorimetric analyses were conducted by means of inter-
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nally quenched fluorescent peptide assays using MOCAc-
Pro-Leu-Gly-Leu-A,pr(Dnp)-Ala-Arg-NH, substrate
(23). Hydrolysis of the substrate results in the release of
intensely fluorescent methoxycoumarin peptide, MOCAc-
Pro-Leu-Gly. Increase of fluorescence per unit time (A41I/
min) was observed at 1., 328 nm, and A.; 393 nm with a
Hitachi model F-3010 fluorescence spectrophotometer at
25°C.

Calculation of inhibition constants (K,): Thermolysin
(1.208 nM) was incubated at 25°C for 15 min with various
concentrations of SMPI inhibitor (0.2-3.0 nM; in the case
of the Tyr mutant, 2-30 nM) in 980 x1 of buffer. Then 20 1
of substrate was added to give a final concentration of 8 M.
In the case of V65S mutant, enzyme (25 nM) and inhibitor
(100 nM-5 #M) were preincubated in 40 x1 of buffer and
960 .1 of buffer containing the substrate (final concentra-
tion 1 M) was added. 4I/min was observed for 1 min and
initial velocities were calculated. From the initial veloc-
ities, free enzyme concentrations were calculated. Non-
linear least-squares analysis of the data was done using a
computer program; the association constants (K,) were
determined by plotting free enzyme concentration [E]
versus inhibitor concentration [1,] according to the method
of Tashiro et al. (24) and K, was calculated as K,=1/K,.

Limited Proteolysis—Limited proteolysis was done at
25°C in 50 mM Tris-HCI (pH 7.5), 10 mM CaCl,, 100 mM
NaCl buffer. Thermolysin (100 pmol) and inhibitor (10
nmol) were incubated at an enzyme-inhibitor ratio of 1:100
(mol/mol). Aliquots were withdrawn at intervals. The
enzyme reaction was stopped by adding an inhibitor,
talopeptin (25), and the products were analyzed by Tricine-
SDS-PAGE.

RESULTS

To identify the reactive site of SMPI, various mutant
SMPIs were constructed, taking into account the substrate
specificity of thermolysin. Thermolysin cleaves predomi-
nantly the amino side peptide bond of amino acid residues
with bulky hydrophobic side chains, such as Leu, Ile, Phe,
and Tyr residues. Hence, for the mutational analysis 8
substitution mutants were constructed. Val65 was replaced
with amino acid residues which have good affinity, Leu
(V65L), Ile (V65I), Phe (V65F), and Tyr (V65Y), or a poor
affinity, Ser (V658), Gly (V65G), Lys (V65K), and Glu
(V65E), for thermolysin.

Expression and Purification of Wild-Type SMPI and
Mutant SMPIs—The recombinant wild-type SMPI gene
was constructed by the PCR method using a genomic SMPI
fragment as the template. Mutant SMPI genes were con-
structed by the recombinant PCR method using recom-
binant wild-type SMPI gene as a template. The wild-type
and mutant SMPIs were expressed in E. coli by using the
pGEX expression system (Fig. 2). The proteins were
expressed as glutathione S-transferase fusion proteins and
separated by thrombin digestion. Expressed proteins were
purified by glutathione affinity column chromatography and
CM-Sepharose column chromatography, and approximate-
ly 5-7 mg of protein was obtained from 2 liters of culture
with a yield of 40-50%. The purity was confirmed by
SDS-PAGE (Fig. 3). In the DNA sequencing of V65F, 2
clones were identified with nonspecific incorporation of a
single nucleotide (T to A), which resulted in a new SMPI
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mutant V65Y. Since thermolysin cleaves the amino side of
the amino acid residues, the reactive site residue, i.e., the
substituted residue, can be confirmed. In that way the
tyrosine residue was confirmed by N-terminal amino acid
sequencing, after limited proteolysis with thermolysin.

E. coli-expressed SMPI proteins contained 2 extra
amino acid residues, Gly and Ser, at the N-terminus,
corresponding to the BamHI site of the expression vector.
The amino-terminal amino acid sequencing of the wild-type
SMPI revealed the sequences Gly-Ser-Ala-Pro-Ser- and
Ser-Ala-Pro-Ser-, i.e., partial degradation of the first
amino acid residue had occurred during thrombin digestion.
Western blotting was performed in fusion protein form,
and all the proteins hybridized to anti-SMPI polyclonal
antibodies (data not shown). The CD spectra (Fig. 4) were
taken for native, wild-type, V65I, V65L, and V65G pro-
teins. The spectral patterns of native and recombinant
proteins were indistinguishable, which indicated that the
structure and conformation of the native and recombinant
proteins were similar.

Inhibitory Activity against Thermolysin—Thermolysin-
inhibitory activity was initially analyzed by using casein as
a substrate. Only V651, V65L, V65F, and V65Y mutants
retained inhibitory activity, whereas V65G, V65S, V65K,
and V65E did not show any inhibitory activity. IDs, values
were of pmol order. When 64 pmol of enzyme was used, the
IDs, values were found to be as follows: native 45 pmol,
wild-type 42 pmol, V65I 27 pmol, V65L 100 pmol, V65F
47 pmol, V65Y 341 pmol. The order of inhibitory potency
was V651> native, wild-type, V65F > V65L>V65Y.

Kinetic Analyses—Kinetic analysis was performed by
using the fluorogenic substrate MOCAc-Pro-Leu-Gly-Leu-
A,pr(Dnp)-Ala-Arg-NH;, which has been used for matrix
metalloproteinases. The K., ks, and k../ K, values to-
wards thermolysin were determined to be 9.4 ytM, 1.287!,
and 1.3x10° M~!.s8™', respectively. The inhibition curves
obtained for various SMPIs are shown in Fig. 5. Native,
wild-type, V651, and V65F showed the strongest inhibition,
followed by V65L, and V65Y (Fig. 5A), while V658, V65G,
V65K, and V65E (Fig. 5B) showed inhibitory activity only
when 50-200 times more inhibitor than enzyme was used.
Inhibition constants, K, values, were calculated by non-
linear least-squares analysis and were about 107'%; 10°°;

14 e G T S W .-
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Fig. 3. SDS-PAGE of various mutants after purification. N,
native; W, wild-type. Other letters represent one-letter abbrevia-
tions of corresponding substitution mutants. Wild-type and mutant
proteins were purified as described in “EXPERIMENTAL PROCE-
DURES,” and approximately 5 ug protein was electrophoresed on
16% SDS-PAGE gel under denaturing conditions.
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Fig. 4. Circular dichroism (CD) spec-
tral patterns of native and recombinant

300 L proteins. 1-4, native, wild-type, V65, and
14 V65L; 5, V65G. CD spectra were taken with
0.5-1.0 mg/ml protein in Milli Q water at
= 25°C. Data were collected in the far (panel
_s ° 2001 T A) and near (panel B) UV regions.
S~
o
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Fig. 5. Inhibition curves ob-
tained for various SMPIs. 100 A 1003
Native, wild-type, V65I, and V65F
showed similar patterns, repre- = 80 F = 80
sented by filled circles; open circles ® ! ®
represent V6b6L; filled squares z >
represent V65Y; open squares 5 L 3 60
represent V653; and V65G, V65K, b S
and V65E also showed similar < <
patterns, represented by filled E - E 40
triangles. Enzyme-inhibitor mix- & &
tures were incubated in 50 mM 8 | N TTmeeeed c
MES (pH 6.5), 10 mM CaCl,, and = 20} = 20
0.005% Triton X-100 (v/v) buffer
for 15 min and the remaining en- . N ® =~ o . . A
zyme activities were measured by
using a fluorogenic substrate. For 0 1 2 3 4 0 50 100 150 200

native, wild-type, V65I, V65F,
V65L, and V65Y (panel A), 1.208

[(1V[E] (M/M)

[TV(E] (M/M)

nM enzyme and various concentrations of inhibitor were incubated in a volume of 980 and 20 x! of buffer containing substrate was added before
measuring the residual enzyme activity. For V65S, V65G, V65K, and V65E (panel B), 25 nM enzyme and various concentrations of inhibitor
were incubated in 40 x1 of buffer and 960 u1 of buffer containing substrate was added before measuring the residual enzyme activity. Note that
V658, V65G, V65K, and V65E (panel B) showed inhibition at a 50-200-fold excess of inhibitor over enzyme

and 10-°* M for V651, native, wild-type, V65F, V65L; for
V65Y; and for V65S, respectively. Table I shows the K|
values determined for native, wild-type, and mutant in-
hibitors. V651 showed approximately 2 times stronger
inhibition and V65L, V65Y, and V65S showed nearly 8, 60,
and 35,000 times weaker inhibition than the native SMPI,
respectively. For the calculation of K, value, 8 M (final
concentration) substrate was used (about 0.85 K,) so that
free enzyme concentrations could be calculated accurately.
We considered that dissociation influenced by the substrate
is negligible within the 1 min assay time. Therefore the
presented K, values in Table I are the observed K, values.

Limited Proteolysis with Thermolysin—To investigate
the stability of proteins to degradation by thermolysin,
limited proteolysis was carried out. The proteolysis pat-
terns were analyzed by Tricine-SDS-PAGE. When cleav-
age occurs at the reactive site, two protein bands should be
seen after reduction of the cystine bridge by mercaptoeth-
anol, and electrophoresis under denaturing conditions. Two
bands of molecular weight approximately 6,500 and 4,000,

TABLE 1. Calculated K, values for various SMPIs against
thermolysin. K, values were calculated as described under “EX-
PERIMENTAL PROCEDURES.”

Inhibitor K (M)

Native (Val) 1.01x 107
Wild-Type (Val) 1.14x10"'°
V656Leu 7.75%x10"1°
Ve65lle 5.46x10""
V65Phe 9.80x 10"
V65Tyr 6.06x10"*
V656Ser 3.64x10°*
V65Gly ND

V65Lys ND

V65Glu ND

ND, not determined.

corresponding to the N-terminal half and the C-terminal
half were seen initially, but the smaller fragment gradually
disappeared during destaining. When native, wild-type and
mutant SMPIs were incubated with catalytic amounts of
enzyme, 4 types of cleavage patterns were observed (Fig.
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Fig. 6. Tricine-SDS-PAGE patterns of limited proteolysis
with thermolysin. SMPIs (10 nmol) were incubated with 100 pmol
of enzyme (approximately 1:100 enzyme-inhibitor ratio) in 50 mM
Tris-HCl (pH 7.5), 10 mM CaCl,, 100 mM NaCl buffer at 25°C, and
aliquots were withdrawn periodically. Electrophoresis was carried out
on Tricine-SDS-PAGE gels under denaturing conditions. The patterns
were of 4 types. (A) N, WT, V651, V66F, V65Y; (B) V65L; (C) V65S;
(D) V65G, V65K, V65E, as explained in “RESULTS” and “DISCUS-
SION.” E, enzyme; I, inhibitor. *, N-terminal half of the cleaved
inhibitor.

6). Native, wild-type, V651, V65F, and V65Y showed
similar patterns, as shown in Fig. 6A: the cleaved peptide
appeared at around 6 h incubation, and the proteins were
stable for at least 24 h. As shown in Fig. 6B, V65L was also
stable for at least 24 h but the cleavage was very fast, as the
cleaved peptide can be seen at 1 h incubation. As illustrated
in Fig. 6C, V65S showed a slow cleavage rate, but was
degraded after 10 h incubation. V65G, V65K, and V65E
were very unstable to the enzyme, and the cleaved peptide
was visible at 1 h, as shown in Fig. 6D.

DISCUSSION

Even though several metalloproteinase inhibitors have
been identified, little is known about their reactive sites.
Tissue inhibitors of metalloproteinases (TIMPs) (26) and
opossum serum inhibitor (oprin) (10) are not cleaved by the
reacting enzymes. In contrast, Streptomyces metallopro-
teinase inhibitor (SMPI) is cleaved by thermolysin. As
shown in Fig. 1 the scissile bond is present in a cystine
bridge, the P, residue is threonine, and the P, residue is
proline (Fig. 1). These features are commonly found in
serine proteinase inhibitors. Laskowski Jr. and Kato
described the inhibitory mechanism of serine proteinase
inhibitors as the “standard mechanism” (27, 28). SMPI has
many of the characteristics of standard mechanism in-
hibitors, and therefore, it may have an inhibitory mecha-
nism similar to that of serine proteinase inhibitors. Hence
for the identification of the reactive site, mutational analy-
sis was carried out. As the standard mechanism inhibitors
bind to the cognate enzymes in a substrate-like manner,
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SMPI mutants at the P,” residue were constructed, based
on the substrate specificity of thermolysin.

For the expression of SMPI in E. coli various methods
were examined initially (data not shown), such as pIN III
OmpA, (29), pIN III OmpA SSI (pOS1-t, plasmid) (30),
pET 11b, and pBS (Bluescript) expression systems. How-
ever no system expressed SMPI successfully. The reason
could be the instability of the SMPI-containing expression
plasmids or the highly basic nature of the protein [pl value
i8 10.3 (2)]. Finally we expressed the wild-type and mutant
genes as glutathione-S transferase fusion proteins by using
the pGEX expression system. Expressed SMPI proteins
were purified by using affinity column chromatography and
ion exchange column chromatography. Wild-type SMPI,
having two extra N-terminal amino acid residues, had
similar properties to those of the native inhibitor. The
proper folding of the proteins was confirmed by the CD
spectra (Fig. 4); the native and recombinant molecules
showed similar patterns.

In the present study mutational analysis was carried out
from two viewpoints. One was the inhibitory properties. In
the preliminary analysis with casein as a substrate, only
V651, V65L, V65F, and V65Y were found to retain inhibi-
tory activity. Later, in the kinetic analysis with a highly
sensitive fluorogenic substrate, the other mutants, V65S,
V65G, V65K, and V65E, were also found to show weak
inhibition (Fig. 5). As shown in Table I, V65L and V65Y
mutants showed greater K, values than native, wild-type,
V651, and V65F. As expected, V65S showed a very high K,
value. For the calculation of the K; value of V658, the
enzyme and inhibitor were preincubated in a small volume
of buffer (40 «1) and diluted to 1 m! for assay. Since V653
is a weak inhibitor, the dilution-influenced dissociation of
the enzyme-inhibitor complex may have a considerable
effect, and another factor is degradation by the enzyme
(Fig. 6C). Hence, the observed K, value of the V65S mutant
might be far higher than its intrinsic value. The K, values
for V65G, V65K, and V65E could not be determined under
the present experimental conditions because of rapid
degradation of these molecules by the enzyme (Fig. 6D).

The second aspect of this study was limited proteolysis,
by which the stability of the mutants to the enzyme was
analyzed. All the mutants which retained strong inhibitory
activity were specifically cleaved in a pattern similar to that
of native SMPI (Fig. 6, A and B). In contrast, all the
mutants which showed weak inhibitory activity underwent
gradual degradation by thermolysin (Fig. 6, C and D). The
metalloproteinase from Bacillus subtilis var. amylosac-
chariticus, which was weakly inhibited by native SMPI,
cleaved it at many sites including the reactive site (31). It
is assumed that in a similar way, the mutants which showed
weak inhibitory activity might have served as substrates
for thermolysin. It is possible that the first cleavage might
have occurred at the reactive site and/or somewhere near
the reactive site, followed by further degradation.

Thermolysin, a neutral thermostable metalloproteinase,
was isolated from Bacillus thermoproteolyticus (32) by
Endo in 1962. Since then, its substrate specificity has been
extensively studied by using various kinds of substrates
(33-38). Thermolysin hydrolyses peptide bonds involving
Leu, Ile, Phe, Val, Tyr, and also many other residues.
Morihara and Tsuzuki (33) analyzed the substrate speci-
ficity of thermolysin using Z-Gly-X-NH, and Z-Phe-X-Ala
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substrates. In their study, based on the K, and k. values,
Leu (highest k.,) and Phe (lowest K,) were found to be the
most sensitive residues at P,’, for thermolysin. In the
present study the limited proteolysis patterns of V65L
mutant (Fig. 6B) revealed faster hydrolysis (higher kAe,)
than others, explaining the reason for its higher K, value.
Pozsgay et al. (34) determined K, values for thermolysin
using N-1-carboxy-2-phenylethyl derivatives of amino
acid amides of p-aminobenzoate, and obtained greater K,
values for Leu and Tyr residues than Phe. It is noteworthy
that the results obtained in the present study using mutant
proteins, which have proper folding and large size, are in
good agreement with the results obtained by other research
groups using various kinds of synthetic substances which
are relatively small and do not contain the appropriate
conformational structure.

To conclude, in the present study, the K, values and
limited proteolysis patterns are in good agreement with the
substrate specificity of thermolysin. Based on these results
the Cys64-Val65 scissile bond was identified as the reactive
site of Streptomyces metalloproteinase inhibitor, SMPI.

None of the proteinaceous inhibitors so far reported
inhibit thermolysin except for SMPI and SAC 1. SMPI is
the only proteinaceous metalloproteinase inhibitor avail-
able for the analysis of the enzyme mechanisms of thermo-
lysin-like enzymes. There is no existing well studied
proteinaceous inhibitor for metalloproteinases. Having a
broad range of inhibitory specificity, monomeric nature,
small size, and a distinct reactive site, SMPI protein
exhibits the necessary characteristics to serve as an excel-
lent model inhibitor for metalloproteinases. For the deter-
mination of its structure, NMR analysis is being carried
out.

We are grateful to Dr. H. Takahashi of Tokyo University for
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