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SUMMARY: The hydrogen-abstracting quinone derivative 3,4,5,6- 
tetrachloro-l,2-benzoquinone (o-chloranil) caused a strong, near 
stoichiometric, irreversible inactivation of the collagenases 
from Bacillus cereus, Clostridium histolyticum and Achromobacter 
iophagus. ~-Chloranil was a weaker inactivator, o-Chloranil 
reacted rapidly with a site that affected substrate binding. 
Amino acid analyses of native and totally inactivated enzymes, 
and the pH-profile of inactivation suggest that the dissociated 
form of a tyrosine residue was modified. ©1988Acade~icPress, Inc. 

INTRODUCTION: n-CA is a purple crystalline substance sparingly 

soluble in water and easily soluble in several organic solvents. 

The term "chloranil" used in organic chemistry normally means ~- 

CA; most earlier studies concerned this quinone, m-CA is a 

strong electron acceptor (1,2). It reacts with primary and 

secondary arylamines, amino acids, phenols, pyrrole, naphthalene 

(3-7), cycloserine (8), tranexamic acid (9), and was used in the 

assay of proteolytic activity (i0). Charge-transfer interactions 

between m-CA and amino acids (11-14) and R-CA and proteins (ii) 

have been studied. Although ~-CA and n-CA are distinctly 

different compounds, they share several general properties of 

quinones. Only n-CA has been investigated as an enzyme 

inhibitor: o-CA bound to liver glutathione S-transferase (15); 

Abbreviations used: o-CA, o-Chloranil; m-CA, ~-chloranil; TNBS, 
2,4,6-trinitrobenzenesulfonic acid; PZ-PLGPA, phenylazobenzyloxy- 
carbonyl-L-prolyl-L-leucylglycyl-L-prolyl-D-arginine; DDQ, 2,3- 
dichloro-5,6-dicyano-l,4-benzoquinone; o-BQ, o-benzoquinone. 
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no chemical or mechanistic information about this reaction was 

given. We report in this paper totally new findings showing that 

these CAs, and especially n-CA, can be used as extremely fast, 

effective and irreversible inactivators of bacterial 

collagenases. 

MATERIALS AND METHODS: n-CA, m-CA, ~-chloranilic acid, DDQ, 
poly-L-lysine, PZ-PLGPA and Clostridium histolyticum collagenase 
(Type VII) were obtained from Sigma Chemical Company. 
Achromobacter iophaqus collagenase was from Boehringer Mannheim 
and the Bacillus cereus collagenase was purified as previously 
described (16). Streptococcus faecalis collagenolytic 
endopeptidase was purified at this laboratory. 

Crystalline n-CA was dissolved in absolute ethanol and was 
always used immediately. Appropriate ethanol controls were 
included. The inactivation of the enzymes by n-CA did not depend 
on photosensitized reactions; all subsequent experiments were 
thus conducted in regular laboratory lighting (about 1,200 Ix) at 
22°C. Normally, i-I0 ~i aliquots of 0.22 mM n-CA were added to 
1.0-ml buffered enzyme solutions and the effect of the reagent 
was determined by removing i0-~i aliquots from the modification 
mixture to enzyme assay mixtures. Phosphate buffer was found to 
be most suitable. In this procedure the n-CA was diluted so 
effectively that it had no effect on the rate of hydrolysis of 
PZ-PLGPA. Experiments with m-CA, DDQ and R-chloranilic acid were 
conducted as above. Collagenase activity was determined at 30°C 
using PZ-PLGPA as substrate (16,17). 

RESULTS: Unless otherwise stated, the results shown below were 

obtained with the B. cereus collagenase. Inactivation of the 

collagenases by n-CA was time-, concentration- and pH-dependent. 

For example, at an enzyme to o-CA ratio of 3:1, the enzyme was 

inactivated by 21% in i0 min, but this low concentration of n-CA 

(-0.09 ~M), was expectedly too low for complete inactivation 

(Fig. IA). When the enzyme:o-CA ratio was 1.04, the inactivation 

was 35% and 62% in i0 min and 20 min, respectively. The 

dependence of the apparent rate constant of inactivation on [2- 

CA] is shown in Fig. lB. The process was irreversible; it was 

not possible to restore the enzyme activity thorough dialysis or 

by diluting the modification mixture. Under conditions where 2- 

CA caused a total inactivation of the collagenase, m-CA and DDQ 

inactivated at most by 7% and ~-chloranilic acid by 5%. The B_~. 
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Fig. i. Inactivation of B. cereus collagenase by o-CA in 20 mM 
phosphate buffer (pH 8.0) at 3-~C (A) and dependence of the 
apparent inactivation constant on [o-CA] (B). Inset: Difference 
spectra between fully inactivated (M) and native (C) enzymes, and 
between modified and unmodified poly-L-lysine. 

cereus, C__~.histolyticum and A__~. iophaqus collagenases reacted very 

similarly with o-CA. The Str. faecalis enzyme was also strongly 

inactivated by o-CA. Although our results suggest a I:i reaction 

between n-CA and collagenase, the lability of o-CA may prevent 

stoichiometry under certain conditions. 

The rate of inactivation increased with increasing pH (Fig. 

2A; the enzyme was stable at the pH values indicated). 1 mM 

TNBS, a reagent of protein amino groups (18-20), almost fully 

protected the enzyme against o-CA-induced inactivation (Fig. 2B). 

For this reason, the absorption spectra between o-CA-treated and 

untreated poly-L-lysine were determined. In aqueous solutions, 

the reaction with poly-L-lysine gave a maximum at 340 nm (Fig. IB 

inset). The difference spectra between o-CA-treated and 

unmodified enzymes revealed maxima at 305 nm and at 340-350 nm. 

Because the modified enzymes were thoroughly dialyzed, the 

maximum at 305 nm was considered to result from irreversible 

binding of o-CA (or its reaction product) to protein. Treatment 

of the inactivated enzymes overnight at +4°C with 0.i M 
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Dependence of the degree of inactivation of B. cereus 
collagenase by o-CA on pH ~A) Aliquots of the enzyme were 
treated for 5 min at 30°C in v. 1 M KH2PO 4 containing 0.5 pM o-CA, 
followed by enzyme assay at constant pH. Panel B: Protection by 
1 mM TNBS against the o-CA-induced inactivation of B. cereus 
collagenase. The modification mixture was as in Fig. IA, but 
involved several additions of o-CA (arrows) to ascertain the 
presence of active reagent. 

hydroxylamine at pH 7.0 followed by thorough dialysis, did not 

alter the spectra, and no reactivation of the enzymes took place. 

The values of K m and Vma x in the hydrolysis of PZ-PLGPA were 

studied using B. cereus collagenase (Table I). K m increased with 

increasing degree of inactivation, suggesting that perhaps an 

active site substrate-binding group was affected. The native and 

fully inactivated collagenases were hydrolyzed for amino acid 

analyses. Treatment of the B. cereus and C__L. histolyticum 

Table i. Effect of o-CA treatment of the B. cereus collagenase 
on K m and Vma x in the hydrolysis of PZ-PLGPA. The enzyme was 
inactivated-in the presence of o-CA to the activity levels 
indicated. As a control, native enzyme was used. The constants 
were determined according to the double-reciprocal plot. 

[o-CA] Enzyme activity K 
m 

M remaining (%) K 
m 

(modified) V (modified) 
max 

(control) V (control) 
max 

0 i00 1.00 1.00 
0.5 75 0.94 0.41 
1.0 43 2.69 0.46 
2.5 5 5.92 0.26 
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collagenases with n-CA destroyed at least one tyrosyl residue. 

Other amino acids were not significantly affected. 

DISCUSSION: Previous literature has laid the main stress on the 

reactions of the CAs with amino groups. Excepting one 

preliminary note (15), there has been no information about the 

use of n-CA as an enzyme inactivator, o-BQ was reported to 

modify about three out of the six tryptophyl residues present in 

lysozyme but only at highly acidic pH values (21) and at 

relatively high (e.g. 2 mM) concentrations. Because the enzyme 

inactivations studied by us appeared at and above physiological 

pH values in the presence of very low concentrations of a 

tetrachloro derivative of o-BQ, it is likely that quite different 

mechanisms and possibly different target groups in proteins were 

involved in these cases. 

Quinones like o-CA have been used as dehydrogenation 

reagents of hydroaromatic compounds (22) whereby the quinones 

selectively abstract hydrogen from the latter. DDQ, a powerful 

quinone reagent in routine use (22), oxidizes 1,2- 

dihydronaphthalene 5,500 times faster than m-CA at 100°C, while 

o-CA reacts 4,200 times faster than m-CA. The greater reactivity 

of n-CA compared to m-CA may result from strong hydrogen bonding 

in the transition state leading to a catecholate monoion (23). In 

this study, n-CA was a much stronger enzyme inactivator than DDQ 

or m-CA. 

It is possible that n-CA anion radicals constitute the 

effective inhibitory species which react, in addition to 

hydroaromatic groups, also with amino groups. The inactivation 

of the collagenases took place at an almost stoichiometric ratio 

of n-CA to enzyme, speaking for a specific active site-directed 

reaction. Bacterial collagenase activity depends on the 

involvement of an active tyrosyl residue, an active carboxyl 
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group and an active lysyl residue as well (16,24,25). The 

results presented here and the nature of the collagenase active 

site suggest that either the tyrosyl or the lysyl residue reacted 

with o-CA. Amino acid analyses showed that only tyrosyl residues 

were affected. Although o-CA reacts with amines, the reactions 

are slow (5) compared with the extremely high velocity of 

dehydrogenation of polycyclic hydroaromatic compounds (22). The 

inactivation caused by o-CA was a very rapid process and may have 

involved a similar hydrogen abstraction from an active site 

(dissociated) tyrosine as with polycyclic compounds (22). 

TNBS has been used as a reagent of protein amino groups (18- 

20). The protection by TNBS against o-CA-induced enzyme 

inactivation may have resulted from the protection of an active 

site e-amino group. TNBS also blocks SH-groups (26), but these 

enzymes do not have active SH-groups (16,24). The bulky reaction 

product so formed may have prevented n-CA from attacking the 

active tyrosyl residue. TNBS may also have protected the enzyme 

by reacting directly with n-CA. Although it will be necessary to 

verify these ideas with other enzymes in more detailed studies, 

the near stoichiometry of the reaction suggests that only one 

active site group was the target of o-CA attack. These results 

showed that o-CA can be used as a very fast, irreversible 

inactivator of microbial collagenases, completing the list of 

strong collagenase inhibitors previously described (27,28). 
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