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ABSTRACT. A quantitative nonisotopic solution assay for gelatinases and inhibitors was developed using 

biotinylated gelatin as enzyme substrate. In this assay, residual biotinylated substrate is sandwiched between 

avidin-coated plates and streptavidin-peroxidase and is quantified by the peroxidase reaction. This assay was 

useful for measuring gelatinase activities and defining the activities of gelatinase inhibitors. When 23 tetracy- 

cline analogues were compared, significant differences in gelatinase B inhibition were found between various 

compounds. 4-epioxytetracycline base, 4-epichlortetracycline, meclocyclinesulfosalicylate, and unmodified 

metacycline and minocycline proved to be the most potent gelatinase B (EC 3.4.24.35) inhibitors. The gelati- 

nase B inhibitory activity of tetracyclines was clearly dissociated from their antimicrobial activity. The effect of 

high-molecular-weight inhibitors, such as monoclonal antibodies, was also demonstrable in the microtiter plate 

assay. In view of the pathophysiological function of gelatinases, the definition of gelatinase inhibitors with 

known efficacy, safety, and side effects is crucial for the treatment of diseases such as rheumatoid arthritis and 

multiple sclerosis. Particular tetracyclines fulfil these criteria and the described assay is useful for defining other 

gelatinase-inhibiting lead compounds. BICXHEM PHARMACOL 52; 1:105-l 11 
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TCs§ are widely used therapeutically as antimicrobial 
agents in many areas of infectious diseases. However, TCs 

also have important nonantimicrobial properties, that can 
influence the host response. Thus, TCs have been shown to 
inhibit the activity of the MMPs collagenase and gelatin- 

ase, both in viva and in vitro [1, 21. The latter enzymes play 

a major role in extracellular matrix remodelling and are 
found in elevated amounts in the body fluids of patients 
with tissue-destructive diseases, such as arthritis [3, 41, peri- 

odontitis [5], multiple sclerosis [6, 71, and others [8]. The 

mechanism by which TCs affect MMP activity is not yet 

known. It has been suggested that the inhibition is linked 
to the ability of TCs to bind divalent ions, such as Ca” and 
to interact with the catalytic Zn. Both mechanisms are 
essential for the activity of collagenase and gelatinase [9]. 
Other evidence suggests that TCs can interact with cellular 
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processes such as migration, degranulation, and the synthe- 
sis of oxygen radicals [lo]. The MMP-inhibitory action of 
TCs has become of such interest that TC derivatives that 
have lost their antimicrobial properties altogether, but re- 
tain their antiMMP activities are being developed [ll, 121. 
These are of potential use in the aforementioned chronic 
inflammatory diseases. 

In contrast to collagenases, for which quantitative chro- 
mogenic substrate release and substrate conversion assays 
exist, gelatinases are commonly quantified by zymographic 
procedures. In the zymographic assay, gelatinases are disso- 
ciated from their natural inhibitors and are activated. This 
impairs the quantification of the net activities of the en- 
zyme and enzyme inhibitor in biological and other samples. 
Previously, quantitative zymography was used to measure 
gelatinases in body and tissue culture fluids [3, 6, 7, 13, 141. 
Natural inhibitors of metalloproteinases cannot be mea- 
sured by direct zymography. Indirect zymography-based in- 
hibitor assays can only be used for small diffusable mol- 
ecules, and require a substantial amount of inhibitor. Fi- 
nally, reverse zymography as an assay for enzyme inhibitors 
is labor-intensive. Therefore, a useful quantitative solution 
assay for gelatinases and gelatinase inhibitors was devel- 
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oped, and the activities of a series of inhibitory tetracyclines 
were compared. 

MATERIALS AND METHODS 
Reagents 

The tetracyclines and analogues mentioned in Table 1 (ex- 
cept minocycline) were made available by the Laboratory 
for Pharmaceutical Chemistry (University of Leuven, Bel- 
gium). Those indicated by an asterisk are commercially 
available from Acres Chimica (Beerse, Belgium). Minocy- 
cline (Minocinm) was obtained from Lederle (Belgium). 
The gelatin, avidin, and biotin hydroxysuccinimide ester 
were purchased from Sigma Chemical Company (St. Louis, 
MO, U.S.A.). The streptavidin-peroxidase complex was 
obtained from Jackson ImmunoResearch Laboratories 
(West Grove, PA, U.S.A.). The peroxidase color reagent 
3,3’,5,5’-tetramethylbenzidine (TMB) was purchased from 
Sigma. 

The development of mouse monoclonal antibodies was 
previously described [15]. Alkaline-phosphatase-conjugated 
antimouse antibodies were purchased from Dako/Prosan 
(Glostrup, Denmark). 

Selatinase Microplate Assay 

The measurement of gelatinase activity was based on the 
detection of nondegraded biotinylated gelatin with a strep- 
tavidin-peroxidase conjugate. This test is based on the bio- 
tin-avidin method described by Sorbi et al. [16], but modi- 
fied to a one-microtiterplate assay. Gelatin (1 mg/mL) was 
biotinylated with a 15.fold molar excess of biotin-N- 
hydroxysuccinimide ester. Pefabloc (Boehringer) was added 
to all buffers to prevent the possible intervention of con- 
taminating serine proteases. 

Gelatin-sepharose purified gelatinase B (EC 3.4.24.35) 
[17] was activated by incubation with 2 mM APMA for 2 hr 
at 37°C. Modified flat-bottomed 96-well ELISA plates 
(Maxisorp, Nunc Company, Roskilde, Denmark) were 
coated overnight with 0.5 kg/mL avidin in distilled water. 
The plates were, then, blocked with 0.1% casein in TBS 
(50 mM Tris/HCl, pH 7.4, 154 mM NaCl) for 1 hr at 37°C. 
Biotinylated gelatin was diluted to 50 Fg/mL in TBS-T 
(TBS + 0.05% Tween-20) containing 2 mM Pefabloc, and 
100 p_L was added to the avidin-coated wells. After incu- 
bation for 1 hr at 37”C, the plate was rinsed with TBS-T. 
Serial dilutions of tetracyclines were made in incubation 
buffer (50 mM Tris-HCl pH 7.5, 10 mM CaCl,, 0.02% 
(W/V) NaN,, 1% (V/V) Triton X-100, 2 mM Pefabloc). 
Serial dilutions of gelatinase B, starting with 500 ng/mL, 
were added to the plate as a standard. Tetracycline samples 
(60 FL) were incubated with gelatinase B (500 ng/mL, 60 
FL). Of this mixture, 100 FL was added to the gelatin- 
coated plates and incubated overnight at 37°C. The plates 
were, then, washed with TBS-T, and peroxidase- 
conjugated-streptavidin (Jackson ImmunoResearch Labora- 
tories, dilution 1:20000) was added to each well and incu- 

bated for 1 hr at 37°C. After rinsing the plate, the TMB 
solution was added (3.3 mg/250 PL DMSO, dissolved in 
citric acid, 0.2 M Na,HPO+ pH 4.3, 0.07 FL 30% H,O, 
per mL) and the optical density of the peroxidase- 
converted substrate was read at 450 nm. 

Inhibition of Denatured 
Coltugen Degradation by Cjelutinase B 

Gelatinase B inhibitory activity of the tetracyclines was 
also tested in a collagen-degradation assay, as previously 
described [15]. Briefly, tracheal septum cartilage (Sigma) 
was heat-denatured and digested with partially purified 
neutrophil gelatinase B [ 171 in the presence or absence of 
tetracyclines (500 Fg/mL). The remaining substrate was 
detected by SDS-PAGE and degradation was optically 
evaluated by comparison with undegraded control sub- 
strate. 

Antimicrobial Activity of Tetracyclines 

The ability of the tetracyclines to inhibit bacterial growth 
was tested on Escher&a coli (ATCC 25922). Bacteria were 
grown in Luria Bertani (LB) medium overnight, and 20 FL 
of a stock containing 1.2 x lo9 bacteria/ml was added to 
vials with 2 mL fresh medium. Tetracyclines, dissolved in 
LB medium, were added to obtain final concentrations 
ranging from 0.125 kg/mL to 5 pg/mL. The cultures were 
incubated overnight at 37°C and optical density of the 
cultures was read at 600 nm. The O.D. values ranged from 
0.0 (medium alone) to 1.6 (medium + bacteria, without 
tetracycline). The minimal inhibitory concentration 
(MIC) of the tetracyclines was determined as the concen- 
tration at which the O.D. of the culture to which it was 
added fell below 0.025. 

Zymwraphy 
Quantitative zymography was performed as described, using 
7.5% polyacrylamide gels copolymerised with 0.1% gelatin 
[13], and enzymatic activity was quantified by computerized 
image analysis with a PDI scanner (Pharmacia, Belgium) 
and the PDI software package. For inhibition experiments, 
minocycline was dissolved in the zymography developing 
buffer. 

RESULTS 
Establishment of a 
Gelatinuse Inhibitor Microplate Assay 

Gelatin was biotinylated and bound to avidin-coated mi- 

crotiter plates. By addition of gelatinases, the number of 
free biotin groups decreased and proportionally less strep- 
tavidin-peroxidase was bound to the residual substrate. 
Bound streptavidin-peroxidase activity was measured spec- 
trophotometrically by the reaction of peroxide with TMB. 
Inhibition of gelatinase was obtained by the addition of 
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inhibitor to a known amount of gelatinase prior to appli- 
cation to the plates. The peroxidase activity increased pro- 
portionally with the inhibitory activity (Fig. 1). 

Plates were first coated with 10 p,g/mL avidin and 50 
pg/mL biotinylated gelatin (theoretically saturating the 
avidin binding sites). Because the sensitivity of the assay is 
dependent on the detection of the minimal amount of de- 
graded biotinylated gelatin, we investigated whether or not 
decreasing the amount of biotin-gelatin (50 kg/mL-23 ng/ 
mL) bound to the avidin-coated (10 Fg/mL) plate in- 
creased the sensitivity of the assay. Nonsaturation of the 
avidin did not enhance sensitivity significantly (data not 
shown). It was also verified whether or not a decrease in the 
avidin coating enhanced the sensitivity of the assay (Fig. 
2). The optimal avidin concentration for the detection of 
decreasing gelatinase B activity was determined at 0.3-1.1 
p,g/mL. In all further experiments, plates were coated with 
0.5 (*g/mL avidin and 50 p,g/mL gelatin-biotin. 
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FIG. I. Flow chart of the gelatinase microtiter plate assay. 
Individual wells (illustration) of a microtiter plate were 
coated with avidin (a) to which biotinylated gelatin sub- 
strate was bound (b). Enzymatic activity (E) of gelatinases 
liberated gelatin fragments and decreased the number 
of residual biotin proportionally (c). The latter was spece 
trophotometrically quantified by binding of strepta. 
vidin.peroxidase and development of peroxidase activity 
(PO), using peroxide and tetramethylbenziclme as a color 
reagent (d). 
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FIG. 2. Effect of avidin coating on the sensitivity of the 
gelatinase microplate assay. Plates were coated with de- 
creasing amounts (10 pg-10 ng) or without (blank) avidin 
and, after blocking, incubated with 50 pg/mL gelatin-biotin. 
The ability of the assay to detect the effect of decreasing 
amounts of a gelatinase B standard preparation on the deg. 
radation of gelatin was measured by streptavidin-peroxidase 
binding to residual biotinylated gelatin and development of 
peroxidase activity. The standard preparation contained an 
equivalent of 60 pg/mL gelatinase activity. 

Quantification of Inhibitory Activity 

Maximal gelatinase activity (minimal O.D.) was subtracted 
from lower gelatinase B activities (higher O.D.) to obtain 
the differential O.D. (A0.D.). Decreasing gelatinase B con- 
centrations were inverted to % inhibition against the maxi- 
mum value (500 ng/mL). A0.D. was plotted against % 
inhibition and used to evaluate the inhibitory activity in 
the samples (Fig. 3). Although there was some variation in 
the absolute O.D. values measured in the different assays, 
the % inhibition calculated for the samples stayed within a 
15% margin (n = 4). 

@latina.se B Inhibition of Tetracycline Analogies 

Using the classical zymography technique, it was found that 
minocycline inhibited gelatinase B in a dose-dependent 
way (Fig. 4). This incited us to test a range of tetracycline 
analogues for their gelatinase inhibitory capacity. In the 
microtiter plate assay, change in O.D. between control- and 
tetracycline-containing wells indicated gelatinase inhibi- 
tion. Inhibitory potential of the tetracyclines at concentra- 
tions of 500 kg/mL, 125 pg/mL, and 31 kg/mL is repre- 
sented as percent inhibition in Table 1. The validity of the 
microtiterplate assay was proven by comparison with a col- 
lagen-degradation assay [15] (Fig. 5). The results of the 
CMTCs in the collagen degradation assay are also given in 
Table 1. 

In both assays, l,lO-phenantroline (Sigma) and an in- 
hibitory monoclonal antibody against gelatinase B, REGA- 
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FIG. 3. Percent inhibition plotted against A0.D. Maximal 
gelatinase activity (minimal O.D.) was subtracted from 
lower gelatinase B activities (higher O.D.) to obtain A0.D. 
Decreasing gelatinase B concentrations were inverted to % 
inhibition against the maximum value (500 ng/mL), and this 
relationship was used to evaluate the decreasing activity in 
the samples. The error range in 4 independent assays was 
less than 15%. 

3G12 [15], were run as positive controls and displayed in- 
hibitory activity (Fig. 5, Table 1). 

The different CMTCs displayed variable gelatinase B in- 
hibitory potential. The strongest inhibitors were 4-epioxy- 
tetracycline base, 4-epichlortetracycline, meclocyclinesul- 
fosalicylate, and unmodified metacycline and minocycline. 
Figure 6 illustrates the chemical structure of the CTs and 
CMTCs (except meclocyclinesulfosalicylate). In general, 
the 4-epimers of the TCs were more inhibitory. Removal of 
the methyl group at carbon-6 reduced inhibitory activity as 
does opening one of the four rings of the tetracycline mol- 
ecules (e.g., (Y- and P-apooxytetracycline base, isochlortet- 
racycline). 

FIG. 5. Inhibition of neutrophil gelatinase B degradation of 
collagen. Degradation of denatured collagen as monitored 
by SDS/PAGE. Lane 1, substrate incubated without en- 
zyme; lane 2, substrate incubated with gelatinase B, lanes 3 
and 4, substrate incubated with gelatinase B in the presence 
of 10 and 5 mM l,lO-phenantroline, respectively; lane 5, 
substrate incubated with gelatinase B in the presence of 30 
pg/mL mAb REGA-3G12; lanes 6-12, substrate incubated 
with gelatinase B in the presence of different CMTCs (500 
pg/mL): 4.epianhydrotetracycline, oxytetracycline base, 
metacycline HCl, anhydrochlortetracycline HCI, minocy- 
cline, 4-epidemeclocycline HCI, chlortetracycline, respec- 
tively. 

Comparison of Cjelatinase lnhibitory 
Actiwity and Antimicrobial Potency 

Because antimicrobial potency was only available for some 
of the tetracycline analogs we tested [18], we undertook a 
screening of these molecules using an Escherichia coli 
growth-inhibition test. We concede that antibiotic potency 
may vary from strain to strain, but present the results of this 
assay as indicative of antibiotic activity (Table 1). 

In general, we found all the 4-epimers, anhydrous, and 
apoxy-forms to be less antibiotically active than their un- 
modified counterparts. Thus, for the 4-epimers, antibiotic 
and antigelatinase B activity are clearly dissociated. Also, 
tetracycline HCl, oxytetracycline base, demethylchlortet- 
racycline, and demethyltetracycline appear to be strong an- 
tibiotics with little or no gelatinase B inhibitory potential 
in our assays. 

minocycline 0.1 pglml 1 pgglml 10 pg/ml 0.1 mglml 1 mglml 
DISCUSSION 

FIG. 4. Inhibition of gelatinase B by minocycline on zymw 
raphy. A sample of gelatinase B from neutrophils was rep- 
etitiously loaded in the slots of a zymography gelatin sub- 
strate gel. Slices of the gel were incubated in test tubes in 
developing buffer without and with increasing amounts of 
gelatinase B inhibitor. Enzyme activity appeared as colorless 
bands on a blue background and was quantified by scanning 
densitometry. Percent inhibition is related to a control to 
which no minocyline was added. The 92 kDa neutrophil 
gelatinase monomer is indicated with an arrowhead. Higher 
molecular mass bands correspond to the gelatinase B dimer 
and the gelatinase B NGAL heterodimer. 

information about the molecular forms of the gelatinolytic 
enzymes [13, 14, 171. For analysis of enzyme inhibitors, 
however, this novel assay has obvious advantages: the mi- 
crotiter plate assay is less labor-intensive and, although a 
larger amount of semi-purified enzyme is necessary, can be 
performed with at least IOOO-fold less inhibitor. Also, in- 
hibitors of all kinds can be evaluated, independent of their 
molecular weight. In contrast to methods based on the 
degradation of radiolabeled gelatin, it has the obvious ad- 
vantage of not requiring a radioisotope safety environment. 
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TABLE 1. Percent inhibition of gelatinase B activity of the CMTCs as determined by a novel microtiterplate assay (I) and a 
collagen-degradation assay (II) 

I Microtiter-plate 
assay CMTC, pg/mL 

(% inhibition) II Collagen III Antibiotic 
degradation activity, MIC 

500 125 31 (CMTC at 500 pg/mL) (pg/mL) 

1. tetracycline HCl* 
2. 4-epitetracycline HCl* 
3. anhydrotetracycline HCl* 
4. 4-epianhydrotetracycline HCl* 
5. oxytetracycline base* 
6. 4-epioxytetracycline base* 
7. cY-apooxytetracycline base* 
8. P-apooxytetracycline base* 
9. doxycycline hyclate 

10. 6-epidemclocycline HCl* 
11. metacycline HCl 
12. demethylchlortetracycline HCl 
13. 4-epidemeclocycline HCl 
14. demethyltetracycline base 
15. chlortetracycline HCl* 
16. 4-epichlortetracycline HCl* 
17. isochlortetracycline HCl 
18. anhydrochlortetracycline HCl* 
19. 4-epianhydrochlortetracycline HCl* 
20. minocycline HCl 
21. 4-epiminocycline HCl 
22. 7-aminominocycline HCl 
23. 6-deoxy-6-demethyltetracycline HCl 
24. meclocyclinesulfosalicylaat 
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1 - 1 0-phenantroline 100 100 100 + NT 

50 kg/ml- 25 kLg/mL 12 pLg/mL 
mAb REGA-3G12 60 10 + NT 

In both assays. l,lO-phenantroline and mAb REGA-3G12 were used as control. In the collagen-degradation assay, - denotes no Inhibitory activity of the CMTC at 500 &mL, 

whereas + indicates inhibition, Mmimal inhibitory concentration (MIC) of the CMTCs towards Eschenchia coli is given in III (- d’ m tea es no antibiotic activity at 5 pg/mL). t 

Asterisks indicate commercially available TCs. NT, not tested 

Using this microtiter plate assay, we compared the inhibi- 
tory effect of a series of tetracycline analogues and gelati- 
nase B-specific antibodies. 

There is increasing support for the potential use of tet- 
racyclines as collagenase inhibitors, rather than antimicro- 
bial agents. The mechanism of collagenase inhibition, how- 
ever, remains unclear. Based on the inhibition of collage- 
nase degradation of radiolabeled collagen by various 
CMTCs, it was demonstrated that the carbonyl oxygen and 
hydroxyl groups of carbon- 11 and carbon-l 2, respectively, 
are responsible for the anticollagenase activity [25]. This 
corresponds to an important cation-binding site on the tet- 
racycline molecule, suggesting that inhibition of collage- 
nases occurs through a chelating effect. Our experiments 
with different CMTCs do not contradict this, but suggest 
that, at least for the inhibition of gelatinase B, other modi- 
fications may also be important. For instance, 4-epimerisa- 
tion in most cases (minocycline being the exception) in- 
creases the antigelatinase B activity of the molecules. Al- 
though structural similarities between the members of the 
MMP family would suggest similarities in the biochemical 
inhibition mechanism, our results suggest that the inhibi- 

tory effect of tetracyclines is MMP-specific; This might 
have important therapeutic implications. 

The alternative use of tetracyclines as proteinase inhibi- 
tors has been investigated most extensively in periodontal 
disease therapy [26-3 11. Although tetracyclines were origi- 
nally applied as antibiotics to reduce putative gingival mi- 
croflora, it was found that they also help reduce bone re- 
sorption [12, 19, 281. The limited antimicrobial efficacy of 
TCs, as well as their relative toxicity, has caused them to be 
replaced by safer and more potent antibiotics. However, 
clinical trials with low doses of commercially available 
doxycycline showed a reduction in excessive host collage- 
nase activity in extracts of inflamed gingival tissues, with- 
out causing the typical adverse effects of tetracycline treat- 
ment [32]. Similarly, a decrease in collagenase activity in 
synovial tissues and salivary fluid was obtained in clinical 
trials with low doses of minocycline and doxycycline, re- 
spectively, in the treatment of rheumatoid arthritis patients 
[33]. The use of higher doses, however, in the treatment of 
more aggressive forms of these diseases may elicit antibiotic 
side effects, causing the use of classical tetracyclines to be 
unjustified [34]. For these cases, CMTCs modified to lose 
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FIG. 6. Chemical structure of tetracyclines and tetracycline analogues. All except 4-epidoxycycline were tested in the gelati- 
nase inhibitor microtiter assay. 

their antibiotic activity but retain their proteinase inhibi- 
tory activity may prove to be beneficial. 

The antimetalloproteinase activity of tetracyclines has 
been found to be effective mainly against collagenases of 
inflammatory (neutrophil) origin, but not against fibroblast 

collagenase [26]. This could be a double advantage for their 
therapeutic use. It would provide a potent inhibitor of neu- 

trophil damage, relatively resistant to other metalloprotein- 
ase inhibitors such as rx,-macroglobulin. Additionally, its 
specificity towards neutrophil collagenases would decrease 

the risk of TC therapy interfering with normal tissue re- 
modelling and repair [18]. 
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