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Insulin-like growth factor binding protein (IGFBP) 
degrading proteinase activities have been described in 
biological fluids and conditioned media from numer- 
ous cell lines. To identify and characterize IGFBP- 
degrading proteinases, our laboratory has developed 
IGFBP substrate zymography. Herein, we illustrate 
how IGFBP substrate zymography can be used both to 
identify candidate IGFBP-degrading proteinases and 
characterize their degradative capabilities. For this 
purpose, human matrix metalloproteinase-3 (MMP-3), 
a proteinase that degrades IGFBP-3 in human fibro- 
blast cultures, was first electrophoresed through a poly- 
acrylamide gel containing IGFBP-3 as substrate and 
then analyzed for its ability to degrade the substrate 
into immunoreactive fragments that were absorbed 
onto a polyvinylidene difluoride membrane. IGFBP-3 
substrate zymography was capable of detecting as little 
as 20 ng of human MMP-3, demonstrating a sensitivity 
similar to casein substrate zymography. Using the 
zymogram as a template, MMP-3 was identified in a 
standard SDS-polyacrylamide gel run in parallel with 
the zymogram, and the corresponding area of the gel 
was excised. Electroelution of the gel slice yielded 
active MMP-3 when examined by casein substrate 
zymography. Furthermore, digestion of IGFBP-3 in 
solution by the electroeluted MMP-3 revealed the same 
fragmentation pattern of the binding protein as that 
produced by MMP-3, which had not been electro- 
eluted. Together, these studies demonstrate that IGFBP 
substrate zymography can be a useful tool for both the 
identification and the characterization of IGFBP- 
degrading proteinases. 
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Introduction 

Proteinases that degrade insulin-like growth factor (IGF) 
binding proteins have been described for at least four 
(IGFBP-2, 3, 4, and 5) of the six known IGFBPs (reviewed 
in refs. 1-4). It is believed that under a variety of physi- 
ologic and pathologic conditions, proteolysis of IGFBPs 
occurs, resulting in the production of IGFBP fragments that 
have little or no affinity for IGFs. Through this mechanism, 
it is possible that IGFs are released from IGFBP/IGF com- 
plexes to interact with cell-surface IGF receptors. Despite 
their potential impact on IGF action, the identity of these 
IGFBP-degrading proteinases remains largely unknown. 
In order to clarify the identity of these IGFBP-degrading 
proteinases and to determine if the various IGFBP-degrad- 
ing proteinases represent one or more distinct proteinases, 
appropriate analytical methods must be developed. To this 
end, a number of investigators have utilized a variety of 
chromatographic methods, including ion-exchange and 
size-exclusion chromatography, to purify partially IGFBP- 
degrading proteinase activity from a number of biological 
fluids. Alternatively, we have recently developed a zymo- 
graphic method using recombinant human (rh)IGFBPs as 
substrates to analyze fluids for IGFBP-degrading protein- 
ase (5,6). Zymography studies have demonstrated that 
matrix metalloproteinases (MMPs) are involved in the deg- 
radation of IGFBP-5 in osteoblast cultures (5), and in the 
degradation of IGFBP-3 in rat pregnancy serum (7) and 
human fibroblast cultures (6). Herein, we have used human 
MMP-3 (stromelysin 1) as a prototypical IGFBP-degrad- 
ing proteinase to illustrate the utility of IGFBP substrate 
zymography in identifying IGFBP-degrading proteinases, 
and as an initial step in isolating the proteinase and charac- 
terizing its IGFBP-degrading action. 

Results 

Because MMP-3 readily degrades IGFBP-3 under physi- 
ologic conditions (6), we chose this enzyme to illustrate the 
overall utility of IGFBP substrate zymography. Figure 1A 
demonstrates that MMP-3 readily degraded casein, pro- 
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Fig. 1. Analysis of MMP-3 proteinase activity using casein 
substrate zymography (A) and IGFBP-3 substrate zymography 
(B) as described in Materials and Methods. Lanes 1 and 5:20 ng 
MMP-3; lanes 2 and 6:75 ng MMP-3; lanes 3 and 7:125 ng 
MMP-3; lanes 4 and 8:250 ng MMP-3. Lanes 1-4 were incubated 
with 50 mM Tris-HC1, 5 mM CaC1, pH 7.5, whereas lanes 5-8 

�9 . 2 . . 

were incubated w~th the same buff6r containing 10 mM EDTA. 
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Fig. 2. Degradation of casein and rhIGFBP-3 by MMP-3 and 
electroeluted MMP-3.5 gL (lanes 2 and 5), 10 gL (lanes 3 and 6), 
or 20 gL (lanes 4 and 7) of either MMP-3 (10 gg/mL; lanes 2-4) 
or electroeluted MMP-3 (lanes 5-7) were analyzed by casein 
substrate zymography (A) or were incubated with rhIGFBP-3 
(2 gg) in solution (B) as described in Materials and Methods. 
Lane 1 is rhIGFBP-3 with no added proteinase. 

ducing "lytic" areas within the casein substrate gel in 
a dose-dependent manner (lanes 1-4). Similarly, MMP-3 
degraded the immobilized IGFBP-3 substrate into immuno- 
reactive (dark) bands in a dose-dependent fashion (Fig. 1B, 
lanes 1-4). Comparing the sensitivity of both methods 
demonstrates that under these conditions, IGFBP-3 sub- 
strate zymography is as sensitive as casein substrate 
zymography in detecting as little as 20 ng of the metallo- 
proteinase (lane 1). Inclusion of EDTA, a chelating agent, 
in the incubation buffer resulted in almost complete inhibi- 
tion of MMP-3 activity when analyzed by either method 
(lanes 5-8). Together, these studies demonstrate that 
IGFBP-3-degrading proteinase activity is detectable at 
low proteinase concentrations, and they suggest that the 
observed proteinase may be classified by including various 
proteinase inhibitors in the incubation buffer. 

Figure 2A demonstrates that electroeluted MMP-3, 
identified by the IGFBP-3 substrate zymogram, retained its 
ability to digest casein (lanes 5-7) similar to that seen using 
MMP-3, which had not been subjected to SDS-PAGE and 

electroelution (lanes 2-4). When the electroeluted and dia- 
lyzed MMP-3 was incubated with rhIGFBP-3 in solution 
(Fig. 2B, lanes 5-7), it degraded the binding protein into 
the same-sized fragments as did naive MMP-3 (Fig. 2B, 
lanes 2-4). No degradation of rhIGFBP-3 occurred when 
incubated in buffer alone (Fig. 2B, lane 1). There did appear 
to be some loss of activity of the electroeluted proteinase, 
and this may be explained by incomplete electroelution, 
loss of protein during dialysis, and/or partial denaturation 
of the enzyme owing to residual urea and SDS in the sample. 
Overall, recovery was estimated at 20-50% in this instance. 
Nonetheless, these data demonstrate that MMP-3 can be 
recovered from substrate gels by electroelution, and that 
the enzyme retains sufficient activity in order to character- 
ize and analyze its IGFBP-3-degrading properties. 

Discussion 

Extracellular proteinases that degrade intact IGFBPs 
may function as significant regulators of IGF bioavailabil- 
ity and bioactivity at the cellular surface. It has been specu- 
lated that for each IGFBP, a unique proteinase exists, or 
that a "family" of IGFBP proteinases may exist, which are 
capable of degrading one or more of the IGFBPs. IGFBP- 
degrading proteinases have been reported by several 
groups: Cohen et al. have reported that prostate-specific 
antigen (PSA) degrades IGFBP-3 in seminal plasma (8); 
Campbell et al. have shown that plasmin can degrade 
IGFBPs in solution (9), and Conover and DeLeon have 
demonstrated that cathepsin-D degrades IGFBP-3 in acidi- 
fied fibroblast conditioned media (10). Recently, using a 
variety of techniques, including IGFBP substrate zymo- 
graphy, our laboratories have identified the MMPs as 
IGFBP-3- and IGFBP-5-degrading proteinases (5-7). Thus, 
several enzyme systems may be involved in IGFBP degrada- 
tion in different cell lines and under various conditions. 

To help clarify the identity of IGFBP-degrading protein- 
ases, we have developed a zymographic method that can 
help rapidly analyze IGFBP-degrading proteinases, com- 
pare IGFBP-degrading proteinase profiles from different 
sources, identify the molecular weights of IGFBP-degrad- 
ing proteinases, determine the individual proteinase inhibi- 
tor profiles of each proteinase, characterize the proteolytic 
capacities of each proteinase, and potentially serve as an 
initial step in their purification. To illustrate these points, 
MMP-3 was used in the present study. IGFBP-3 substrate 
zymography proved to be a sensitive method for detecting 
MMP-3 degradation of IGFBP-3, similar to the sensitivity 
achieved with casein substrate zymography, but using 
1000-fold less substrate. We have previously demonstrated 
that the antisera produced against Escherichia coli-derived 
IGFBP-3 readily detects several IGFBP-3 fragments (6,11), 
and obviously, this is a requirement for ]GFBP-substrate 
zymography to be successful. Although we used only 
EDTA as a proteinase inhibitor to demonstrate its ability to 
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block MMP-3 activity, the addition of different proteinase 
inhibitors to the incubation buffer may be useful in charac- 
terizing an IGFBP-degrading proteinase in regard to its 
proteinase classification (i.e., serine, cysteine, metallo-, or 
aspartic proteinase). This has important applications when 
studying a complex fluid that may contain more than one 
IGFBP-degrading proteinase, each of which may represent 
one or more class of proteinase. Unlike more traditional 
methods of enzyme purification, such as size-exclusion or 
ion-exchange chromatography, IGFBP substrate zymo- 
graphy may have several advantages in identifying IGFBP- 
degrading proteinases because: 

1. A number of samples can be analyzed on the same sub- 
strate gel, allowing for comparison of samples from 
various sources, making it more efficient than chromato- 
graphic methods; 

2. In SDS-PAGE, proteinase/proteinase inhibitor complexes 
should be disrupted, whereas in conventional chromato- 
graphic methods, IGFBP-degrading proteinases might not 
be detected if complexed with endogenous inhibitor(s); and 

3. Latent or zymogen forms of proteinases may be detected 
by zymography, whereas they may remain inert during 
chromatographic purification schemes. 

Along with the capability of identifying IGFBP-degrad- 
ing proteinases by IGFBP substrate zymography comes the 
possibility of recovering the active enzyme. We have dem- 
onstrated in the current study that MMP-3 could be local- 
ized within a standard SDS-polyacrylamide gel using the 
IGFBP-3 substrate zymogram as a template. Localization 
and excision of the identified proteinase, and electroelution 
of the gel slice were successful in yielding active MMP-3 
capable of degrading casein and rhIGFBP-3. Since some 
enzymes may be denatured irreversibly by SDS, some 
enzyme preparations may need to be analyzed using 
nondenaturing polyacrylamide gel electrophoresis. Fur- 
thermore, if complex fluids are analyzed, more than one 
protein may migrate at the same molecular mass as the 
identified IGFBP-degrading proteinase. In this instance, 
other methods, such as HPLC, may need to be employed to 
separate and purify the electroeluted proteinase further. 
Nevertheless, using this step, several goals in characteriz- 
ing IGFBP-degrading proteinases may be achieved. First, 
electroeluted proteinases can be used to digest IGFBPs, and 
the pattern of IGFBP fragments produced can be compared 
to those observed using other proteinases and/or crude start- 
ing material; second, detailed proteinase inhibitor profiles 
can be obtained on electroeluted proteinases; third, the 
electroeluted proteinase may serve as an antigen for use in 
developing antisera; and/or finally, the electroeluted pro- 
teinase might be used for N-terminal, amino acid analysis. 

In conclusion, although we have previously character- 
ized IGFBP substrate zymography as a useful tool in iden- 
tifying potential IGFBP-degrading proteinases, we have 
expanded on these studies to show that when used in corn- 

bination with other methods, such as electroelution, it can 
be useful as a first step in enzyme purification and charac- 
terization. Thus, these studies suggest that IGFBP substrate 
zymography may be a powerful tool in the identification, 
characterization, and purification of a variety of IGFBP- 
degrading proteinases present in numerous biological fluids. 

Materials and Methods 

Nonglycosylated rhIGFBP-3 produced in E. coli (12) 
and antiserum produced against it were kindly provided by 
Christopher Maack, Celtrix Pharmaceuticals, Santa Clara, 
CA. Reagents used for SDS-PAGE were purchased from 
Bio-Rad Laboratories, Richmond, CA. Immobilon-P 
polyvinylidene difluoride (PVDF) membranes were pur- 
chased from Millipore Corp., Bedford, MA. ECL-Western 
blot kits, Rainbow low-mol-wt markers, and Hyperfilm- 
ECL were obtained from Amersham Corp., Arlington 
Heights, IL. Active recombinant human MMP-3 (-45 kDa) 
was produced as described elsewhere (13). 

IGFBP-3 Substrate Zymography 

IGFBP-3 substrate zymography was performed simi- 
larly to that described elsewhere (6). In brief, rhIGFBP-3 
(! ~tg/mL) was added to a 12.5% SDS-polyacrylamide gel 
solution before gel casting (Mini-PROTEAN II electrophore- 
sis system, Bio-Rad). Various amounts of MMP-3 (20- 
250 ng) were diluted 1 : 1 in nonreducing 2X sample buffer 
(14), and unheated samples were electrophoresed through 
the substrate gel (Fig. 3A). Substrate gels were washed in 
100 mL of 2.5 % Triton X- 100 at 4~ for 1 h to remove SDS 
and then thoroughly rinsed in dH20. Using the capillary 
transfer apparatus demonstrated schematically in Fig. 3B, 
IGFBP-3-degrading proteinases present in the substrate gel 
I5] were allowed to degrade IGFBP-3 present in the sub- 
strate gel by constant exposure of the gel to a wick [6] made 
of double-thickness 3MM chromatography paper (What- 
man International Inc., Maidstone, UK) saturated in a cal- 
cium-containing buffer (50 mM Tris-HC1, pH 8.0/5 mM 
CaCI2) [7]. The incubation was for 6 h at 37~ IGFBP-3 
fragments produced by the proteinases were then eluted 
from the substrate gel and transferred by capillary action 
onto PVDF membranes (Millipore, Bedford, MA) [4]. A 
constant flow of buffer from the chamber through both the 
gel and PVDF membrane was achieved by backing the 
PVDF membrane with two sheets of 3MM chromatogra- 
phy paper [3], 4-6 in of paper toweling [2], topped by a 
0.5-lb. weight 11]. After the incubation was completed, 
PVDF membranes were air-dried, rewetted in 10 mM Tris, 
pH 7.4, 150 mM NaC1, 0.1% Tween-20 (TBST buffer), and 
then blocked for 1 h at room temperature in TBST buffer 
containing 5% (w/w) powdered milk. Membranes were 
incubated with a polyclonal antiserum generated against 
rhIGFBP-3 (1:2500) in TBST buffer containing 1.0% BSA 
for 1 h at room temperature. Membranes were washed in 
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Fig. 3. Schematic of IGFBP substrate zymography. For details 
see Materials and Methods. Legend: 1--0.5 lb weight; 2--4-6 in 
of paper toweling; 3--two sheets of 3MM chromatography paper; 
4--capillary transfer setup; 5--substrate gel; 6--wick made of 
double-thickness 3MM chromatography paper; 7--calcium-con- 
taining buffer. 

TBST buffer, incubated with an antirabbit IgG horserad- 
ish peroxidase conjugate (1:1000) in TBST containing 
1.0% BSA for 30 min at room temperature, washed again 
in TBST buffer, then reacted with the chemiluminescent 
reagent provided in the ECL-Western blot kit for 1 min, and 
finally exposed to Hyperfilm-ECL for 10-30 s (Fig. 3C). 
Inhibition of proteinase activity was achieved by adding 
EDTA (10 mM) to the calcium-containing buffer. Casein 
zymography was performed by standard zymography meth- 
ods using casein at a concentration of 1 mg/mL (6). 

Isolation and Recovery o f  MMP-3 
Using IGFBP-3 Substrate Zymography 

To determine if IGFBP-substrate zymography can be 
used as an initial step in the isolation and characterization 
of IGFBP-degrading proteinases, we used the IGFBP-3 
zymogram as a template to localize an IGFBP-3 proteinase 
(i.e., MMP-3 [10 gg]), which had been electrophoresed 
through a standard 12.5% SDS-polyacrylamide gel under 
identical conditions to those used for the IGFBP-3 zymo- 
gram. The area of the gel corresponding to the proteolytic 
band on the zymogram was excised and cut into -2 x 3 mm 
slices. MMP-3 present in the slices was then electroeluted 
overnight at 200 V using Centricon-3 concentrators and a 
Centrilutor apparatus (Amicon, Danvers, MA) according 
to the manufacturer's instructions. Concentrated electro- 
eluted samples were exchanged into 50 ~tL of TNC buffer 
(50 mMTris-HC1, 5 mM CaC12, 0.05 % Brij-35, 0.02% NaN 3, 
pH 7.5) and then analyzed by casein-substrate zymography 
to estimate recovery. To remove SDS, samples were first 

dialyzed against 6 M urea and then into TNC buffer. To 
characterize the IGFBP-3 fragments produced by the 
electroeluted proteinase, rhIGFBP-3 (2 ~tg) was incubated 
for 6 h at 37~ with various amounts of electroeluted 
MMP-3, and the digestion pattern was compared with that 
produced by MMP-3, which had not been subjected to SDS- 
PAGE. Digestion products were analyzed by separation on 
15 % SDS-polyacrylamide gels under reducing conditions, 
and the gels were stained with Coomassie blue. 
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