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The recombinant prepro-form of human matrix metalloproteinase 7 (matrilysin or MMP-7)
was overexpressed in Escherichia coli as insoluble inclusion bodies. The recombinant
protein was refolded by 100-fold dilution after solubilization with 6 M guanidine HC1. The
refolding was monitored by the recovery of matrilysin activity. The addition of either 1.0
M arginine or 0.1% Brij-35 promoted remarkably the refolding. The refolding was
dependent on pH and temperature, with lower temperature (< 10*C) and pH 6-8 preferable.
Glutatbione had no effect on refolding, and it was excluded from the refolding conditions.
Starting with inclusion bodies (2.0 g, wet) containing 360 mg protein, 29.5 mg of pro-
matrilysin (30 kDa) was obtained after refolding with 1.0% Brij-35 at pH 7.5 and 4'C for 12
h. Pro-matrilysin (24.0 mg) was purified to homogeneity by cation-exchange HPLC with a
15-fold increase in purity and an activity yield of 81.3%. Pro-matrilysin was converted
entirely to matrilysin (19.0 kDa; 15.2 mg) by activation with a mercuric reagent. The
activity (AtatAKm) of matrilysin was 1.7X105 M- '-s" ' .
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Matrix metalloproteinases (MMPs) comprise a family of
zinc endopeptidases that degrade extracellular matrix and
basement membrane components. These enzymes are
believed to take part in processes involving physiological
and pathological degradations, such as development, differ-
entiation, tissue morphogenesis, wound healing, ovulation,
rheumatoid arthritis, and tumor invasion (1, 2).

Matrilysin (MMP-7) [EC 3.4.24.23] is the smallest
MMP family member, and lacks a carboxy-terminal hemo-
pexin-like domain conserved in common MMPs. The
molecular mass of the latent pro-form of matrilysin is 28
kDa and that of its mature form is 19 kDa (3, 4). Human
prepro-matrilysin is composed of 267 amino acid residues,
including 17 residues in the signal peptide and 77 residues
in the propeptide (3). It is known that the pro-enzyme is
activated automatically by cleavage of the pro-peptide
under physiological conditions. The pro-peptide domain
contains a single cysteine residue that is involved in the
cysteine-switch mechanism of activation (5). X-ray crys-
tallographic analysis of recombinant human matrilysin
produced from CHO cells demonstrated that matrilysin is
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composed of a five-stranded yS-sheet and three or-helices,
and contains a zinc ion essential for enzyme activity, as well
as a 2nd zinc ion and two calcium ions that are regarded as
necessary for enzyme stability (6). Matrilysin degrades
gelatins of type I, IH, IV, and V, fibronectin, proteoglycan,
laminin, and type IV basement membrane collagen (4, 7).
It has been reported that human matrilysin is over-ex-
pressed in cancer cells of various organs including prostate
(8), colorectum (9), brain (10), and stomach (11), and it is
thought to play important roles in tumor invasion and
metastasis.

Preparing a large quantity of human matrilysin at
reasonable cost is indispensable for studying its structure-
and-function relationship and for the development of
inhibitors that could be useful for cancer therapy. The
matrilysin cDNA has been expressed in COS cells (3), NSO
mouse myeloma cells (12), and CHO cells (13). High-level
expression of the human pro-matrilysin cDNA was
achieved in Eschericfiia coli, although the polypeptide
expressed was formed as insoluble inclusion bodies and no
activity was detected (14). Refolding of the pro-form of
stromelysin, another MMP member, from inclusion bodies
formed in E. coli cells has been reported (15). The insoluble
protein was solubilized with 6 M guanidine hydrochloride
(Gdn-HCl) and 0.3 M dithiothreitol (DTT). The pro-en-
zyme was refolded by diluting the solution with 100
volumes of 50 mM Tris-HCl buffer (pH 7.5) containing
0.15 M NaCl, 5 mM CaCl2,0.05% Brij-35,0.02% NaN3,0.1
mM Zn-acetate, and 10 mM oxidized GSH, and it was
activated with p-aminophenyl mercuric acetate (APMA).
This procedure has also been applied to the refolding of
pro-matrilysin (16). Pro-matrilysin bearing an artificial tag
of hexa-histidines has been reported to refold on a nickel-
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nitrilotriacetic acid resin after solubilizing the inclusion
bodies with 8M urea and 0.1 M 2-mercaptoethanol (2-
MET) {17). Human pro-matrilysin was produced in E. coli
as an N-tenninal fusion protein with ubiquitin, and the
insoluble protein was solubilized and refolded (18). It was
demonstrated that the kinetics and intermediates of the
activation of the fusion protein with APMA are similar to
those of pro-matrilysin produced in CHO cells. Most
recently, it was reported that human matrilysin devoid of
its pro-peptide was expressed in E. coli and purified to
homogeneity by heparin chromatography after refolding of
the Gdn-HCl solubilized protein (19), indicating that the
pro-peptide is not essential for proper folding or stability.
Notwithstanding the previous efforts, the procedures re-
ported so far for the refolding of recombinant proteins from
inclusion bodies are still based on empirical trials, and
efficient procedures are not always formulated.

In this paper, we describe the effects of a non-ionic
detergent, Brij-35, and charged amino acids, especially L-
Arg, on the refolding and recovery of human matrilysin
from inclusion bodies formed in E. coli cells, and propose an
effective procedure to prepare active matrilysin in good
yield.

MATERIALS AND METHODS

Materials—Recombinant E. coli cells expressing human
prepro-matrilysin bearing the signal peptide of E. coli
alkaline phosphatase were obtained according to the
method reported by Kihira et al (16). The cells were
treated with a Dyno-Mill (W.A. Bachofen Manufacturing
Engineers, Switzerland) and then suspended in 1 M su-
crose. The suspension was centrifuged at 7,940 x g and the
precipitate was washed with 2% Triton X-100 containing 10
mM EDTA-2Na (pH 8.0). The washing and centrifugation
were repeated three times, and the resulting wet precipi-
tate was denoted as the inclusion body preparation. It is
believed that the signal peptide of the prepro-matrilysin
can be removed when the expressed protein is transferred
into the inner space of E. coli cells, and that pro-matrilysin
forms the insoluble inclusion bodies. The protein content in
1 g of the inclusion body preparation was determined to be
180 mg by the method of Lowry et al. (20) with bovine
serum albumin (BSA) as the standard. (7-Methoxycou-
marin-4-yl)acetyl-L-Pro-L-Leu-Gly-L-Leu-[AP-(2,4-
dinitrophenyl)-L-2,3-diamino-propionyl]-L-Ala-L-Arg-
NH2 [MOCAc-PLGL(Dpa)AR, Lot 480429] and MOCAc-
L-Pro-L-Leu-Gly (MOCAc-PLG, Lot 471218) were pur-
chased from the Peptide Institute (Osaka). The concentra-
tions of MOCAc-PLGL(Dpa)AR and MOCAc-PLG were
determined spectrophotometrically using the molar ab-
sorption coefficients £4io = 7,5OOM~1-cm~1 and £j42 =
12,900 M"1 .cm"' (21). EDTA-2Na (Lot CJ034) and
CAPSO (Lot HT189) were obtained from Dojindo (Kuma-
moto, Japan). All other chemicals were of reagent grade
and purchased from Nacalai Tesque (Kyoto).

Refolding and Purification of Pro-Matrilysin—Two
grams of the inclusion body preparation containing 360 mg
protein was solubilized in 6 ml of 0.1 M Tris-HCl buffer
(pH7.5) containing 6M Gdn-HCl and 0.1 M DTT with
gentle stirring for 2 h at 25"C. The solution was diluted with
100 volumes of refolding buffer (50 mM Tris-HCl, 0.1 mM
Zn-acetate, 0.2 M NaCl, 10 mM CaCli, and 0.02% NaN,,

pH 7.5) added with Brij-35 (0-2.0%) or L-Arg (0-1.0 M),
and the aggregates formed were removed by paper filtra-
tion. The filtrate was dialyzed against 50 mM Tris-HCl
buffer (pH 7.5) containing 10 mM CaCl2 and 0.02% NaN,
(buffer A) at 4*C, and then was concentrated 10-fold by
ultra-filtration using a centrifugal concentrator, Amicon
Centriprep-10 (Millipore, Bedford, MA), at 3,000x^ at
4*C. The concentrated solution (800//I) was applied to
cation-exchange HPLC on a TSKgel SP-5PW column [7.5
mm (inner diameter) X 75 mm] (Tosoh, Tokyo) equilibrat-
ed with buffer A. A linear gradient was generated from 0 M
to 0.5 M NaCl at time 25 min over 30 min at a flow-rate of
1 ml/min at 25*C. Pro-matrilysin was eluted at about 0.28
M NaCl and collected for further analysis. The concentra-
tion of pro-matrilysin was determined using the molar
absorption coefficient at 280 nm of 41,000 M"1 -cm-1 calcu-
lated from the amino acid composition (3) with a Shimadzu
UV-2200 spectrophotometer (Kyoto).

The temperature dependence of the recovery of matri-
lysin activity was examined by incubating the inclusion
body preparation solution containing 6 M Gdn-HCl plus 0.1
M DTT with the refolding buffer (pH7.5) at various
temperatures (4-37*0). The pH dependence of the recov-
ery was examined at 4'C in refolding buffers as below: 50
mM succinate buffer (pH 4.3-5.5), 50 mM MES (pH 5.5-
7.0), 50 mM Tris (7.0-9.0), and 50 mM CAPSO (pH 9.0-
10.0), all containing 0.1 mM Zn-acetate, 0.2 M NaCl, 10
mM CaCl2( 0.02% NaN,, and either 1.0% Brij-35 or 1.0 M
L-Arg.

Activation of Pro-Matrilysin and the Enzyme Assay—
Pro-matrily8in recovered from inclusion bodies was in-
cubated with 1 mM APMA in 50 mM Tris-HCl buffer (pH
7.5) containing 0.2 M NaCl, 10 mM CaCl2, and 0.02% NaN,
(buffer B) at 37'C for 2 h, unless otherwise indicated. When
the activation process was followed by SDS-PAGE, the
activation of pro-matrilysin by APMA was stopped by the
addition of 2% SDS containing 8% glycerol and 4% 2-MET.

The enzyme activity was measured with a fluorescent
substrate, MOCAc-PLGL(Dpa)AR (21). It is known that
the peptide bond between Gly and Leu residues is cleaved
by matrilysin, and the amount of the product MOCAc-PLG
was estimated by the fluorescence intensity by comparison
with the fluorescence intensity of authentic MOCAc-PLG
solution. The substrate was dissolved in dimethyl sulfoxide
(DMSO) to 0.290 mM. The matrilysin-catalyzed hydroly-
sis of the substrate was performed by mining 1,222 (A of
buffer B, 8^1 of the substrate solution, and 20^1 of
matrilysin sample at 37*C. The concentrations of the
substrate, APMA, and DMSO were 1.85 /<M, 16 t*M, and
0.6%, respectively. Substrate hydrolysis was measured by
following the increase in the fluorescence intensity at 393
nm at excitation 328 nm with a JASCO FP-777 fluorescen-
ce spectrophotometer (Tokyo). Hydrolysis was carried out
under pseudo-first order conditions, where the substrate
concentration is lower than the Michelis constant, Km,
because of the sparing solubility of the substrate and the
large fluorescent intensity of the product. The enzyme
activity was evaluated by the specificity constant, kxi/Ka
(22).

SDS-PAGE—SDS-PAGE was performed in a 15-25%
gradient gel system (Multigel 15/25, Lot 205RCV, Daiichi
Pure Chemicals, Tokyo) under reducing conditions accord-
ing to the method of Laemmli (23). A constant current of 40
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mA was applied for 1 h. Proteins were reduced by treat-
ment with 2.5% 2-MET at 100'C for 10 min. Proteins were
stained with Coomassie Brilliant Blue R-250. The molecu-
lar mass marker kit consisting of rabbit muscle phosphor -
ylase b (97.4 kDa), BSA (66.3 kDa), rabbit muscle aldolase
(42.4 kDa), bovine erythrocyte carbonic anhydrase (30.0
kDa), soybean trypsin inhibitor (20.1 kDa), and hen egg-
white lysozyme (14.4 kDa) was a product of Daiichi Pure
Chemicals (Tokyo).

RESULTS

Effect of Bry-35 and L-Arg on the Recovery of Matri-
lysin Activity—The recovery of matrilysin activity from
unfolded pro-matrilysin by the refolding procedures was
evaluated by the matrilysin-catalyzed hydrolysis of
MOCAc-PLGL(Dpa)AR. Figure 1 shows that the recovery
of matrilysin activity by the refolding procedure at pH 7.5,
4*C, for 12 h depends on the concentrations of Brij-35 and
L-Arg, the activity increasing as the concentrations in-
crease. The Brij-35 concentration dependence gave a
saturation curve, whereas the L-Arg concentration depen-
dence curve was sigmoidal. The activities reached a
maximum at 1.0% Brij-35 and 0.8-1.0 M L-Arg. The
maximum activity at 1.0% Brij-35 was 1.60 nM/s, slightly
higher than the activity (1.34 nM/s) with 1 M L-Arg. The
concentrations of Brij-35 and L-Arg giving half maximum
activity were 0.21% and 0.57 M, respectively. The effects
of other charged amino acids on the recovery of enzyme

activity were also examined at pH 7.5, 4*C, for 12 h. The
activities recovered with 1.0 M D-Arg, L-Lys, L-Glu, and
L-Asp were 1.31, 0.19, 0.01, and 0.01 nM/s, respectively.
The control value obtained without additives was 0.002-
0.003 nM/s. The effect of D-Arg was essentially the same as
that of L-Arg, while that of L-Lys was considerably less
than that of L-Arg. L-Glu and L-Asp had only a small effect.
This indicates that a non-ionic detergent, Brij-35, and
positively charged amino acids, Arg and Lys, are effective
for the recovery of matrilysin activity compared with
negatively charged amino acids, and that Arg is much more
effective than Lys. Although Brij-35 and Arg are different
in structure, 1.0% Brij-35 and 1.0 M Arg produced the
highest effect. Among the additives examined, 1.0% Brij-35
was the most effective for the recovery of matrilysin
activity from inclusion bodies.

Effect of Temperature on the Recovery of Matrilysin
Activity—The recovery of matrilysin activity from unfold-
ed pro-matrilysin during incubation with 1.0% Brij-35 or
1.0 M L-Arg at pH 7.5 was foUowed at 4,15, and 25"C (Fig.
2). The activity increased progressively with increases in
the incubation time, reaching a maximum within 12 h in
every case. The incubation time required to reach 50%
maximum activity was less than 30 min in all cases. The
maximum recovery was dependent on temperature of the
refolding procedures, and decreased with increasing tem-
perature (Fig. 3), suggesting that refolding may proceed
more effectively at lower temperatures. The recovery with
1.0% Brij-35 showed a maximum at 4-15'C, and decreased
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Fig. 1. Effect of Brij-35 and L-Arg on
the recovery of matrilysin activity
from the inclusion body preparation.
Pro-matrilysin refolding from inclusion
bodies was carried out by incubating the
inclusion body preparation in refolding
buffer (50 mM Tris-HCl, 0.1 mM ZnOAc,
0.2 M NaCl, 10 mM CaCl,, and 0.02%
NaNj, at pH 7.5) containing Brij-35 (panel
A) or L-Arg (panel B) at the concentration
indicated at 4*C for 12 h. The inclusion
body preparation treated by the refolding
procedures was activated by incubating
with 1 mM APMA at pH 7.6, 37'C for 2 h.
The degree of refolding was estimated by
the recovery of matrilysin activity as

measured by the hydrolysis of MOCAc-PLGL(Dpa)AR in assay buffer (50 mM Tris-HCl, 0.2 M NaCl, 10 mM CaCl,, 0.02% NaN,, and 0.06%
DMSO, pH 7.5) at 37'C. Initial concentrations of inclusion bodies and MOCAc-PLGL(Dpa)AR were 1.61 ^g/ml and 1.85 ^/M, respectively.
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Fig. 2. Time course of the recovery
of matrilysin activity from the inclu-
sion body preparation. Refolding of the
pro-matrilysin from the inclusion body
preparation was carried out in refolding
buffer (pH 7.5) containing 1.0% Brij-35
(panel A) or 1.0 M L-Arg (panel B) at 4'C
(O), 15"C (A) , or 25'C (O) for the period
indicated. All other conditions were the
same as those described in the legend to
Fig. 1.
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sharply with the increase in temperature from 15 to 37°C.
On the other hand, the recovery with 1.0 M L-Arg de-
creased progressively with increasing temperature from 4
to 37°C. At 15°C, the recovery with 1.0% Brij-35 was
almost 2 times that with 1.0 M L-Arg. In both cases, only
slight pro-matrilysin refolding occurred at temperatures
above 37°C. The recovery with 1.0 M L-Arg appears to be
even higher than that with 1.0% Brij-35 at temperatures
below 0°C. As long as the refolding procedures are perform-
ed between 4 and 15°C, 1.0% Brij-35 appears to be more
suitable than 1.0 M L-Arg.

Effect of pH on the Recovery of Matrilysin Activity—The
recovery of matrilysin activity from unfolded pro-matrily-
sin is dependent on pH of the refolding procedures with
either 1.0% Brij-35 or 1.0 M L-Arg (Fig. 4). Refolding of the
unfolded pro-matrilysin from the inclusion bodies was
examined in the pH range of 4 to 10, at 4°C for 12 h, and the
matrilysin activity was measured at pH 7.5, 37°C. A bell-
shaped pH-dependence of recovery was observed with both
additives, with the effective pH range wider with 0.1% Brij-
35 than with 1.0 M L-Arg. The optimal pH was 6.5-8.5 with
1.0% Brij-35 and 6.5-7.5 with 1.0 M L-Arg. The pKa values
of the residues controlling refolding in the presence of 1.0%
Brij-35 were estimated to be 4.7 and 9.0, while those in the
presence of at 1.0 M L-Arg were 5.2 and 8.2. In both cases,
the number of groups with acidic pK& values was estimated
to be 1.5, and those with basic pKa values 2.0 from the
Dixon plots (not shown). The acidic pKa values (4.7 and 5.2)
are close to those of the carboxyl groups of Asp and Glu
residues and the carboxyl terminus, and the basic pKB

values (9.0 and 8.2) are close to those of the amino groups
of Lys residues and the amino terminus. Acidic and basic
groups might be involved cooperatively in the refolding
processes. The acidic pKa shifted to the acidic side by 0.5
pH unit and the alkaline pK& shifted to the alkaline side by
0.8 pH unit when 1.0% Brij-35 was used in place of 1.0 M
L-Arg. Because of the wide pH-range with 0.1% Brij-35
compared with 1.0 M L-Arg, the former additive might be
more suitable for the refolding of matrilysin.

Purification of Pro-Matrilysin—SDS-'PAGE of the inclu-
sion body preparation solubilized in 0.1 M Tris-HCl buffer
(pH 7.5) containing 6 M Gdn-HCl and 0.1 M DTT showed
the presence of 31- and 30-kDa proteins (Fig. 5). The 31-
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Fig. 3. Temperature dependence of the recovery of matrilysin
activity from the inclusion body preparation. The refolding of
pro-matrilysin from the inclusion body preparation was carried out in
refolding buffer (pH 7.5) containing 1.0% Brij-35 (O) or 1.0 M L-Arg
(•) for 12 h at the indicated temperature. Other conditions were the
same as those described in the legend to Fig. 1.

kDa protein is prepro-matrilysin, and the 30-kDa protein
might be a pro-matrilysin species formed by limited
proteolysis of the 31-kDa protein during the formation of
inclusion bodies and/or during solubilization. The inclusion
body preparation was subjected to the refolding procedures
in the presence of 1.0% Brij-35 or 1.0 M L-Arg, and then
was applied to cation-exchange HPLC on a TSKgel SP-
5PW column. HPLC of the solution treated with 1.0 M
L-Arg was difficult because of the high ionic strength. In
order to bind the pro-matrilysin species to the gel, the
L-Arg concentration must be below 1 nM, and repeated
dialysis and gel-nitration procedures were needed. On the
other hand, the solution treated with 1.0% Brij-35 was
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Fig. 4. pH-dependence of the recovery of matrilysin activity
from the inclusion body preparation. The refolding of pro-matri-
lysin from the inclusion body preparation was carried out in various
50-mM buffers containing 0.1 mM ZnOAc, 0.2 M NaCl, 10 mM CaCl2,
0.02% NaN3, and 1.0% Brij-35 (open symbols) or 1.0 M L-Arg (closed
symbols) at 4°C. Buffers were as follows: succinate (O), pH 4.0-5.5;
MES (A), pH 5.5-7.0; Tris (O), pH 7.0-9.0; andCAPSO (D) pH 9.0-
10.0. Other conditions were the same as those described in the legend
to Fig. 1.

Incubation time (min)
M S 0 3 5 10 20 30 60 M

97.4 kDa —
66.3 —

Fig. 5. SDS-PAGE of pro-matrilysin activated with APMA.
Pro-matrilysin was purified by cation-exchange HPLC, and activated
by incubation in 50 mM Tris-HCl buffer (pH 7.5) containing 0.2 M
NaCl, 10 mM CaCl2, 0.02% NaN3> and 1 mM APMA at 37*C for the
period indicated. The activation was stopped by adding 2% SDS
containing 8% glycerol and 4% 2-MET. Each lane contains 0.46//g
pro-matrilysin. Lane M, molecular mass markers. Lane S, inclusion
body preparation containing 2.36 n% protein, solubilized with 8 M
urea plus 0.1 M DTT. Although 6 M Gdn-HCl was used to solubilize
the inclusion body preparation throughout this study, the solubiliza-
tion for lane S was done with 8 M urea instead of 6 M Gdn-HCl,
because Gdn-HCl disturbs the migration of proteins in SDS-PAGE.
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Fig. 6. Purification of pro-matrilysin by cation-exchange
HPLC on TSKgel SP-5PW. The inclusion body preparation (wet,
250 mg) containing 45 mg protein was solubilized with 0.75 ml of 6 M
Gdn-HCl plus 0.1 M DTT, and treated with 75 ml of refolding buffer
containing 0.1% Brij-35 at pH7.5, 4'C, for 12 h. The solution was
dialyzed against buffer A, and then subjected to ultra-filtration. The
resulting solution (7.5 ml) was subjected to HPLC. 800 n\ of solution
containing 4.8 mg protein was injected onto the column equilibrated
with buffer A, and eluted with a linear gradient of NaCl from 0 M to
0.5 M generated from 25 min to 55 min in buffer A at 25'C. The
elution was monitored by the absorbance at 280 nm. The flow-rate
was 1.0 ml/min. The fraction eluting from 40 to 43 min was collected
and shown to contain 0.32 mg purified pro-matrilysin. The HPLC
conditions are described in the text.

dialyzed against buffer A free of Brij-35, and applied
successfully to HPLC after concentrating the dialyzed
solution 10 times (Fig. 6). The dialyzed solution prepared
from 0.25 g of inclusion body preparation (wet) containing
45 mg of protein was applied to HPLC. It was estimated
that 3.7 mg of 30-kDa pro-matrilysin was contained in the
dialyzed solution based on the matrilysin activity assuming
that the activity resulted from the conversion of the pro-
form to the active 19-kDa form (see below). The pro-
matrilysin fraction (40-43 min) eluting at around 0.28 M
NaCl was collected. It contained 3.0 mg of protein, and
showed a single 30 kDa band on SDS-PAGE (Fig. 5).

Activation of Pro-Matrilysin—The pro-matrilysin frac-
tion collected from cation-exchange HPLC was subjected to
the activation procedure with APMA. The time dependence
of the activation was monitored by SDS-PAGE (Fig. 5). At
the incubation time indicated, the activation of pro-matri-
lysin with 1 mM APMA at pH 7.5, 37"C was stopped by
adding 2% SDS containing 8% glycerol and 4% 2-MET. The
30-kDa band of pro-matrilysin disappeared progressively
with time, and disappeared completely by 5 min. New
bands at 22 and 19 kDa appeared correspondingly. The
former, however, disappeared at 20 min, while the latter
remained even after incubation for 60 min. The time-
dependence observed in Fig. 5 suggests that the 30-kDa
pro-matrilysin is converted first to the 22-kDa species, and
then to the 19-kDa species, which is the active form of
matrilysin. Here, it should be noted that the conversion of
pro-matrilysin to the 22-kDa intermediate in the presence
of APMA was complete in 3-5 min, and that the auto-
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Fig. 7. Activation of pro-matrilysin by APMA. Pro-matrilysin
(1.86 nM) purified by HPLC was incubated with 1 mM APMA in
buffer B (pH 7.5) at 37*C. Twenty microliter aliquots of the reaction
mixture were removed at the indicated times, and added to 1,230 fi\
of substrate solution. The concentrations of pro-matrilysin and
MOCAc-PLGL (Dpa)AR during hydrolysis were 0.030 nM and 1.85
^M, respectively. The hydrolysis was carried out under pseudo-first
order conditions, where the substrate concentration is lower than the
Michelis constant, Ka, because of the sparing solubility of the
substrate and the large fluorescent intensity of the product. The
enzyme activity was evaluated by the specificity constant, kai/K,,.

catalytic conversion of the intermediate to the active form
was also likely to finish within minutes. The first-order rate
constants for both reactions were estimated to be 0.1-1
min"1.

The activity of matrilysin in the hydrolysis of MOCAc-
PLGL(Dpa)AR increased during the incubation of pro-
matrilysin with APMA (Fig. 7). The activity (W-Km)
increased rapidly, and 75% of the reaction was complete
within 5-6 min. The activity then continued to increase
gradually and reached the maximum level of 1.7 X 10s M~' •
s"1 after 30-40 min. The half-life, Un, for the activity to
reach half the maximum level was 1.2 min. The time-de-
pendence shown in Fig. 7 suggests that there might be at
least two phases in the activation of pro-matrilysin by
APMA (see "DISCUSSION"). After the activity reaches a
maximum at 30-40 min, it then decreases gradually with
further incubation with APMA reaching 1.3X106 M"1 -s"1

at 120 min. This activity was then maintained even after
incubation for 3h. The time-dependent increase in the
activity observed up to 40-50 min was similar to that of the
appearance of the 19-kDa band of matrilysin (Fig. 5),
suggesting that the 30-kDa pro-matrilysin is converted
completely to the active form of matrilysin by the activa-
tion procedures.

DISCUSSION

Refolding of Pro-Matrilysin—A procedure introduced
for the refolding of MMP-3 has thus far been commonly
used to refold other MMPs (15). In this procedure, the
refolding buffer is composed of 50 mM Tris-HCl (pH 7.5),
0.15 M NaCl, 5 mM CaCl2,0.05% Brij-35,0.02% NaN,, 0.1
mM Zn-acetate, and 10 mM oxidized GSH. A shortcoming
of this procedure is the high cost due to GSH when applied
to the large-scale preparation of MMP. We have modified
this refolding buffer for the refolding pro-matrilysin, and
show that 1.0% Brij-35 or 1.0 M L/D-Arg can be used
preferably, and that GSH can be omitted from the refolding
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buffer. The activity of the matrilysin obtained by our
procedure is even higher than that so far reported (24),
suggesting that the absence of GSH does not interfere with
the refolding. It is interesting that the effect of Lys is much
lower than that of Arg, and that Asp and Glu have substan-
tially no effect. L-Arg has been successfully applied to the
refolding of recombinant human proteins from inclusion
bodies, such as single-chain urokinase (25), Fab fragments
(26), immunotoxins (27), y-interferon (28), neurotrophin-
3 (29), Bcl-2 protein (30), and diphtheria toxin fused with
granulocyte-macrophage colony-stimulating hormone (32).
The L-Arg concentration in these cases is 0.2-0.5 M,
considerably lower than that (1.0 M) used in the present
study. Arg carries a guanidino group that is similar to
Gdn-HCl, and is known to have a weak labilizing effect on
protein structure. It may labilize incorrectly folded or
improperly associated protein molecules. This effect may
be favorable for protein folding. In addition, Arg is used as
a suppressor of the aggregation that occurs during the
refolding of proteins (26, 27, 29). Presently, we have no
evidence about the function of Arg or Brij-35 in refolding.
Concerning the effect of Arg on the refolding of Fab
fragments and immunotoxins, they are compact proteins
composed mainly of seven-stranded yS-sheet domains.
Matrilysin is a single-domain protein composed of a five-
stranded yS-sheet and three o--hehces. Arg may promote
preferably the formation of /?-structure. One possibility
that Arg stabilizes the refolding structure by binding to the
active site formed nascently cannot be ruled out, and the
effect of L-Arg on the refolding of urokinase (25) might be
an example of such a case. It is noted that the pid values for
the residues controlling the refolding of matrilysin (Fig. 4)
are close to those (4.60 and 8.65) estimated from the pH-
dependence of the matrilysin activity (24). This suggests
the possibility that the catalytic residues of matrilysin
might participate in its refolding as well.

Activation of Pro-Matrilysin—The AMPA-mediated
activation of human pro-matrilysin (30 kDa) expressed by
NSO mouse myeloma cells has been studied extensively
(24). It has been shown that an intermediate (21 kDa) is
produced as a result of cleavage of the peptide bond
between Glu63 and Ee64 of pro-matrilysin, followed by
auto-cleavage at Glu77-Tyr78 to produce the active form
(19 kDa). The time-dependent conversion of pro-matri-
lysin to the active form (Fig. 5) suggests that the APMA-
mediated activation of human pro-matrilysin expressed in
E. coli proceeds by the same mechanism as that in
myeloma. The matrilysin activity increased immediately
upon incubating pro-matrilysin with APMA, and 75% of the
reaction was complete within 5-6 min, although it took an
additional 30-40 min to reach the maximum (Fig. 7). This
time-dependence suggests that there might be at least two
phases in the activation of pro-matrilysin by APMA. One
possibility is that there might be at least two forms of
30-kDa pro-matrilysin, properly-folded and improperly-
folded forms, and the former is activated more rapidly than
the latter. If this assumption is correct, then 75% of the
pro-matrilysin molecules might be in the properly-folded
form to be activated by APMA, while 25% are improperly
folded and are converted to the properly-folded form
during the 2nd phase (Un = 20 min). On the other hand, it is
possible that the 22-kDa intermediate might bear the
enzyme activity. In this case, the activity of 1.0-1.4 X106

M^'-s"1 observed in the first phase may be due to the
intermediate, while the 1.7xlOBM~1«s~l activity is due to
the active form. After reaching the maximum at 30-40
min, the activity decreases to 1.3X105 M^-s"1 with fur-
ther incubation. This decrease might be caused by the
inhibition of matrilysin by APMA and/or by auto-digestion
of the active matrilysin.

In summary, starting with 2.0 g of inclusion body prepa-
ration (wet) containing 360 mg protein, 29.5 mg of pro-
matrilysin (30 kDa) was recovered in the solution obtained
after the refolding procedures with 1.0% Brij-35 at pH 7.5
and 4'C for 12 h. By subjecting the solution to HPLC on
TSKgel SP-5PW, the 30-kDa pro-matrilysin (24.0 mg) was
purified to homogeneity accompanied by a 15-fold increase
in purity at a yield of recovery of 81.3%. The 30-kDa
pro-matrilysin was converted entirely to the 19-kDa active
form of matrilysin by activation with APMA, and 15.2 mg
of matrilysin was obtained. The activity k»t/-Km of the
purified matrilysin was 1.7X106 M"1^"1, although it
decreased to 1.3x10" M^'-s"1 upon prolonged treatment
with APMA.

Effect of High Salt Concentration on Metalloprotein-
ases—Matrilysin, together with other members of the
MMP family, shares some amino acid sequence homology
with thermolysin around thermolysin residue Glul43 (32).
This residue is thought to be involved in catalysis by a
general base mechanism. His231 is considered to play a role
in stabilizing the tetrahedral intermediate during ther-
molysin catalysis. An equivalent of the thermolysin residue
cannot be readily identified in matrilysin (32), and con-
firmation of the catalytic mechanism must await further
structural and kinetic studies. We have reported that both
the activity and stability of thermolysin are remarkably
enhanced in the presence of high concentrations (1-5 M) of
salts (22, 33-37), and suggested that thermolysin is not
only a thermophilic but also a halophilic enzyme. These
properties of thermolysin provide appropriate probes with
which to study the catalytic mechanism of this enzyme as
well as the effect of site-directed mutagenesis (38, 39) and
chemical modification (40). In the present study, we have
shown that the refolding of matrilysin is promoted by high
concentrations of Arg, suggesting that matrilysin may be
stable in concentrated salt solutions. The pH-dependence
and temperature-dependence of pro-matrilysin refolding
by Brij-35 and Arg are likely to be similar to those of the
salt-induced activation of thermolysin (35), suggesting that
there might be a common principle between them. The
catalytic mechanism of matrilysin might be studied by
comparing data with those obtained with thermolysin.

We thank Drs. Y. Kihira and Y. Matsuo of Oriental Yeast Co. Ltd.
(Tokyo) for helpful discussion.

REFERENCES

1. Woessner, J.F., Jr. (1991) Matrix metalloproteinasea and their
inhibitors in connective tissue remodeling. FASEB J. 5, 2145-
2155

2. Matrisian, L.M. (1992) The matrix-degrading metalloprotein-
ases. BioEssays 14, 455-463

3. Quantdn, B., Murphy, G., and Breathnach, R. (1989) Pump-1
cDNA codes for a protein with characteristics Himilnr to those of
classical collagenase family members. Biochemistry 28, 5327-
5334

J. Biochtm.

 at C
hanghua C

hristian H
ospital on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Refolding of Matrilysin from E. coli Inclusion Bodies 911

4. Woessner, J.F., Jr. and Taplin, C.J. (1988) Purification and
properties of a small latent matrix metallo-proteinase of the rat
uterus. J. BioL Chan. 263, 16918-16925

5. Van Wart, H.E. and Birkedal-Hansen, H. (1990) The cysteine
switch: A principle of regulation of metalloproteinase activity
with potential applicability to the entire matrix metalloprotein-
ase gene family. Proc Natl. Acad. ScL USA 87, 5578-5582

6. Browner, M.F., Smith, W.W., and Castelhano, A.L. (1995)
Matrilysin-inhibitor complexes: common themes among metallo-
proteases. Biochemistry 34, 6602-6610

7. Miyazaki, K., Hattori, Y., Umenishi, F., Yasumiteu, H., and
Umeda, M. (1990) Purification and characterization of extracel-
lular matrix-degrading metalloproteinase, matrin (pump-1),
secreted from human rectal carcinoma cell line. Cancer Res. 50,
7758-7764

8. Pajouh, M.S., Nagle, R.B., Brethnach, R., Finch, J.S., Brawer,
M.K., and Bowden, G.T. (1991) Expression of metalloproteinase
genes in human prostate cancer. J. Cancer Res. Clin. Oncol. 117,
114-150

9. Yoshimoto, M., Itoh, F., Yamamoto, H., Hinoda, Y., Imai, K.,
and Yachi, A. (1993) Expression of MMP-7 (PUMP-1) mRNA in
human colorectal cancers. InL J. Cancer 54, 614-618

10. Nakano, A., Tani, E., Miyazaki, K., Yamamoto, Y., and Furu-
yama, J. (1995) Matrix metalloproteinases and tissue inhibitors
of metalloproteinases in human gliomas. J. Neurosurg. 83, 298-
307

11. Adachi, Y., Itoh, F., Yamamoto, H., Matsuno, K., Arimura, Y.,
Kusano, M., Endo, T., Hinoda, Y., Oohara, M., Hosokawa, M.,
and Imai, K. (1998) Matrix metalloproteinase matrilysin (MMP-
7) participates in the progression of human gastric and esophageal
cancers. Int. J. OncoL 13, 1031-1035

12. Murphy, G., Cockett, M.I., Ward, R.V., and Docherty, A.J.P.
(1991) Matrix metalloproteinase degradation of elastin, type IV
collagen and proteoglycan. Biochem. J. 277, 277-279

13. Barnett, J., Straub, K., Nguyen, B., Chow, J., Suttman, R.,
Thompson, K., Tsing, S., Benton, P., Schatzman, R., and Chen,
M. (1994) Production, purification, and characterization of
human matrilysin (PUMP) from recombinant Chinese hamster
ovary cells. Protein Exp. Purif. 5, 27-36

14. Ye, Q.Z., Johnson, L.L., and Baragi, V. (1992) Gene synthesis
and expression in E. coli for pump, a human matrix metallo-
proteinase. Biochem. Biophys. Res. Commun. 188, 143-149

15. Rosenfeld, S.A., Ross, O.H., Corman, J.I., Pratta, M.A., Blessin-
gton, D.L., Feeser, W.S., and Freimark, B.D. (1994) Production
of human matrix metalloproteinase 3 (stromelysin) in Escheri-
chia coli. Gene 139, 281-286

16. Kihira, Y., Mori, K., Miyazaki, K., and Matsuo, Y. (1996)
Production of recombinant human matrix metalloproteinase 7
(matrilysin) with potential role in tumor invasion by refolding
from Escherichia coli inclusion bodies and development of
sandwich ELISA of MMP-7. Urol. OncoL 2, 20-26

17. Itoh, M., Masuda, K., Ito, Y., Akizawa, T., Yoshioka, M., Imai,
K., Okada, Y., and Seiki, M. (1996) Purification and refolding of
recombinant human proMMP-7 (pro-matrilysin) expressed in
Escherichia coli and its characterization. J. Biochem. 119, 667-
673

18. Welch, A.R., Holman, CM., Browner, M.F., Gehring, M.R., Kan,
C.-C, and Van Wart, H.E. (1995) Purification of human matri-
lysin produced in Escherichia coli and characterization using a
new optimized fluorogenic peptide substrate. Arch. Biochem.
Biophys. 324, 59-64

19. Cha, J., Pedersen, M., and Auld, D.S. (1996) Metal and pH
dependence of heptapeptide catalysis by human matrilysin.
Biochemistry 35, 15831-15838

20. Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J.
(1951) Protein measurement with the Folin reagent. J. BioL
Chem. 193, 265-275

21. Knight, C.G., Willenbrock, F., and Murphy, G. (1992) A novel
coumarin-labelled peptide for sensitive continuous assays of
matrix metalloproteinases. FEBS Lett. 296, 263-266

22. Inouye, K., Lee, S.-B., and Tonomura, B. (1996) Effect of amino

acid residues at the cleavable site of substrates on the remarkable
activation of thermolysin by salts. Biochem. J. 315, 133-138

23. Laemmli, U.K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680-685

24. Crabbe, T., Willenbrock, F., Eaton, D., Hynds, P., Came, A.F.,
Murphy, G., and Docherty, A.J.P. (1992) Biochemical characteri-
zation of matrilysin. Activation conforms to the stepwise mecha-
nisms proposed for other matrix metalloproteinases. Biochemis-
try 31, 8500-8507

25. Winkler, M.E. and Blaber, M. (1986) Purification and characteri-
zation of recombinant single-chain urokinase produced in Escher-
ichia coli. Biochemistry 25, 4041-4045

26. Buchner, J. and Rudolph, R. (1991) Renaturation, purification
and characterization of recombinant Fab-fragments produced in
Escherichia coli. Bio/Technology 9, 157-162

27. Buchner, J., Pstan, I., and Brinkmann, U. (1992) A method for
increasing the yield of properly folded recombinant fusion
proteins: Single-chain immunotoxins from renaturation of bacte-
rial inclusion bodies. Anal. Biochem. 295, 263-270

28. Arora, D. and Khanna, N. (1996) Method for increasing the yield
of properly folded recombinant human gamma interferon from
inclusion bodies. J. Biotechnol. 52, 127-133

29. Suenaga, M., Ohmae, H., Tsuji, S., Itoh, T., and Nishimura, O.
(1998) Renaturation of recombinant human neurotrophin-3 from
inclusion bodies using a suppressor agent of aggregation. Biotech-
nol. Appl. Biochem. 28, 119-124

30. Anderson, M., Blowers, D., Hewitt, N., Hedge, P., Breeze, A.,
Hampton, I., and Taylor, I. (1999) Refolding, purification, and
characterization of a loop deletion mutant of human Bcl-2 from
bacterial inclusion bodies. Protein Exp. Purif. 15, 162-170

31. Frankel, A.E., Ramage, J., Latimer, A., Feely, T., Delatte, S.,
Hall, P., Tagge, E., Kreitman, R., and Willingham, M. (1999)
High-level expression and purification of the recombinant diph-
theria fusion toxin DTGM for PHASE I clinical trials. Protein
Exp. Purif. 16, 190-201

32. Vallee, B.L. and Auld, D.S. (1990) Zinc coordination, function,
and structure of zinc enzymes and other proteins. Biochemistry
29, 5647-5659

33. Inouye, K. (1992) Effects of salts on thermolysin: Activation of
hydrolysis and synthesis of N-carbobenzoxy-L-aspartyl-L-
phenylalanine methyl ester, and a unique change in the absorp-
tion spectrum of thermolysin. J. Biochem. 112, 335-340

34. Inouye, K., Kuzuya, K., and Tonomura, B. (1994) A spectro-
photometric study on the interaction of thermolysin with chloride
and bromide ions, and the state of tryptophyl residue 115. J.
Biochem. 116, 530-535

35. Inouye, K., Lee, S.-B., Nambu, K., and Tonomura, B. (1997)
Effects of pH, temperature, and alcohols on the remarkable
activation of thermolysin by salts. J. Biochem. 122, 358-364

36. Inouye, K., Kuzuya, K., and Tonomura, B. (1998) Effect of salts
on the solubility od thermolyain: A remarkable increase in the
solubility as well as the activity by the addition of salts without
aggregation or dispersion of thermolysin. J. Biochem. 123, 847-
852

37. Inouye, K., Kuzuya, K., and Tonomura, B. (1998) Sodium
chloride enhances markedly the thermal stability of thermolysin
as well as its catalytic activity. Biochim. Biophys. Ada 1388,
209-214

38. Inouye, K., Mazda, N., and Kubo, M. (1998) Need for aromatic
residue at position 115 for proteolytic activity found by site-
directed mutagenesis of tryptophan 115 in thermolysin. Biosd.
Biotechnol. Biochem. 62, 798-800

39. Kubo, M., Itoh, K., Nishikawa, K., Hasumi, F., and Inouye, K.
(1999) Mechanism of thermostability in thermolysin. Analysis of
subsite S2 mutant enzymes of thermolysin. Lett. Appl. Microbiol.
28, 431-434

40. Inouye, K., Lee, S.-B., and Tonomura, B. (1998) Effects of
nitration and amination of tyrosyl residues in thermolysin on its
hydrolytic activity and its remarkable activation by salts. J.
Biochem. Y2A, 72-78

Vol. 126, No. 5, 1999

 at C
hanghua C

hristian H
ospital on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

