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SUMMARY 

Staphylococcal penicillinase (EC 3.5.2.6) is shown to undergo partial, 
fully reversible inactivation of benzylpenicillinase activity on 
incubation with the substrate quinacillin, the hydrolysis of which 
follows a corresponding biphasic time-course. The kinetics fit a scheme 
involving slow isomerization of the enzyme between conformational states 
that differ in Km and V,,, for qUinaCillin. The possibility that 
inactivation is related to formation of a previously observed covalent 
enzyme-quinacillin conjugate is ruled out because the kinetics of its 
formation differ from those of inactivation. This implies that the 
conjugate arises from a state of the enzyme substrate complex present 
during the normal catalytic cycle. The multiplicity of binding sites 
found suggests that a reactive catalytic intermediate substitutes 
several amino-acid side chains during denaturation of the enzyme- 
quinacillin mixture, thus providing an explanation of earlier results. 

Quinacillin and certain other semisynthetic penicillins induce 

slow inactivation of staphylococcal penicillinase. Although 

inactivation was complete and irreversible in most of his experiments, 

Dyke (1) suggested that it was associated with reversible conformational 

isomerization. In the present work, using purified enzyme, 

inactivation has been shown to be partial and fully reversible. An 

alternative explanation of reversible inactivation is raised by the 

recent observation that quinacillin was bound covalently in almost 

equimolar proportions after denaturation of a mixture of enzyme and 
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and quinacillin (2). No such complex was obtained after completion of 

quinacillin hydrolysis. Inactivation could thus reflect reversible, 

covalent attachment of quinacillin close enough to the active site to 

cause loss of activity by steric hindrance. The kinetics of covalent 

modification and the nature of the covalent product have therefore been 

investigated. 

MATRRIALS AND METHODS 

Penicillinase from Staphylococcus aureus PC1 was purified and 
assayed for benzylpenicillinase activity as previously described (2-4) 
except that 0.05% gelatin was included in the assay mixture (5). Hydrolysis 
of quinacillin was measured by the fall in optical rotation at 400 nm (6). 
Quinacillin was incubated with penicillinase at 25OC in phosphate-EDTA 
buffer, pH 7.0, containing 39mM KR2P04/61mM Na HP04/lmM Na2 EDTA. 
Digestion of the enzyme-quinacillin complex w1 Al chymotrypsin and 
purification of peptides by chromatography on Sephadex G-25 and on 
sulphopropyl-Sephadex, and by high voltage paper electrophoresis were 
as previously described (2). Digestion with trypsin and pepsin and the 
strategy of peptide purification were as described by Ambler (7). 
Quinacillin attached to peptides was detected by the absorbance at 
326 nm (8) in samples eluted from columns or from paper. On paper, 
quinacillin (>5Upmol) was detected by contact printing on to Ilford 
DR 4.5L document paper using U.V. light. 

RESULTS AND DISCUSSION 

Effect of Quinacillin on benzylpenicillinase activity: Fig.la shows the 

effect on the activity of the enzyme of incubating it with a saturating 

concentration of quinacillin. At various times after mixing, samples 

were diluted into an excess of benzylpenicillin solution such that the 

final quinacillin concentration was less than that at which competitive 

inhibition of benzylpenicillinase can be detected (5-1OmM). The benzyl- 

penicillinase activity of each partly inactivated sample remained at a 

constant value for l-2 min after dilution from quinacillin; thereafter 

significant reactivation was observed. The variation in benzyl- 

penicillinase activity as a function of time of exposure to quinacillin 

correlated with the changes in rate of hydrolysis of quinacillin. Roth 

processes reached similar limiting values relative to their initial values 

(approx. 20%); increasing the quinacillin concentration to 14mM led to no 
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Fig.1 The effect of incubating penicillinase (144 pg/ml) with 
quinacillin on the benzylpenicillinase activity of the enzyme. 
Quinacillin (a) 5.4 mM, (b) 0.5 mM. l , Extent of quinacillin hydrolysis 
(points taken from a continuous trace of optical rotation). 
A , Benzylpenicillinase activity of samples diluted 500-fold into 
1.4 mM benzylpenicillin in the pa-stat cell. Hatched lines were 
calculated using the scheme described in the text, setting ky = 10’M4.s4, 
kI= 3 x 103s-l, kcat = 2.4s", k3 = 2 5 x ~O-'S-~, k-3= 3.8 x 10'3s-1,k2 . 
= k-2 = ki = kLr = k&,t = 0. 
- Extent of quinacillin hydrolysis, ---- concentration of 
active enzyme. 

Fig.2 Enzyme-quinacillin conjugate obtained by quenching reaction 
mixtures with formic acid. 0, An equal volume of formic acid was 
added to a reaction mixture containing enzyme (1.2 mg/ml) and 
43 mM quinacillin. In controls, the final concentration of each 
component was identical to those in other quenched mixtures, i.e. 50% 
(v/v1 formic acid; enzyme, 0.6 mg/ml; 21.5 mM quinacillin. These 

mixtures were made up in the following way: 0, enzyme added to 
quinacillin in formic acid; h, quinacillin added to enzyme in formic 
acid. 

greater inactivation. With lower, non-saturating concentrations of 

quinacillin less than maximal inactivation was observed (Fig.2). In 

all cases benzylpenicillinase activity returned to its initial value after 

quinacillin had been completely hydrolysed. 

Analysis (9) of the initial and secondary rates of hydrolysis as a 

function of quinacillin concentration (0.5-4.3mM) gave Km values for the 

fast and slow phases of the reaction of 0.31 * 0.10 and 0.09 f  0.03mM 

respectively. The respective values of Vmax were 12.0 +_ 0.6 and 1.55 

+ 0.05 pmol.min -1 -1 .mg . Within experimental error both Km and Vmax fell 

by the same factor in the transition from the fast to slow phases of the 

reaction. 
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The main features of these experimental results are as follows: 

(i) quinacillin hydrolysis follows a biphasic time-course; (ii) the time- 

course of the fall in benzylpenicillinase activity parallels the transition 

between the fast and slow phases of quinacillin hydrolysis; (iii) the 

inactivation of bensylpenicillinase is fully reversed after the 

quinacillin is fully hydrolysed; (iv) only partial loss of activity is 

observed with saturating concentrations of quinacillin; (v) the rates of 

inactivation (t+ x 30s) and reactivation (t+ - 200s) on dilution into 

bensylpenicillin are slow compared with the turnover of quinacillin in the 

slow phase of hydrolysis (t+ = 2s); (vi) in addition, the degree of 

maximal inactivation varies when a different 8-lactam compound is 

substituted for quinacillin (Table 1). 

Biphasic kinetics of hydrolysis suggest modelling by a scheme (I) 

that postulates an active state (E) and an inactive or less active 

state (E') of penicillinase. 

kl k cat 
E + Ouinacillin q=S E. Ciuinacillin -+ E + Product 

I 

k-l 

k2 k-2 k3 

I 

k-3 

k’l k 
E’ + Quinacillin e E’.Quinacillin 2 E + Product 

k’-1 

(1) 

The observed kinetics of quinacillin hydrolysis (Fig.la) were fitted 

by choosing reasonable values for kl and kit constraining others to fit 

the experimental values of Km and Vmax, and adjusting the remainder to 

obtain a reasonable fit to the time-course of hydrolysis (10). The 

constants used to generate the curve in Fig.1 illustrate a simple, special 

case of the scheme in which isomerization may occur only between alternative 

states of the enzyme-substrate complex, one of which is completely inactive. 

This scheme demands that values of k3 and kv3 be small, consistent with 

an appreciable conformational change. 
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Table 1. Inactivation of penicillinase by B-lactam antibiotics. 
Samples were taken at about 6 min. intervals from a mixture of enzyme 
and B-lactam compound. 

compound Concn. Enzyme Maximum extent Extent of 
concn. of inactivation reactivation 

bnw bdml) (per cent) (per cent) 

Quinacillin 5 144 80 107 
II 14 52 71 97 

Cloxacillin 11 108 82 101 
II 40 1400 91 76 

Pyrazocillin 6 88 92 95 - 100 

Cephaloridine 1 69 86 90 

The predicted concentration of remaining active enzyme gives a 

reasonable fit to the observed level of benzylpenicillinase activity 

(Fig.la). Further, the same rate constants provide a good prediction 

of the time course of fall and recovery of activity during incubation 

with a lower concentration of quinacillin (Fig.lb). It would be equally 

possible to model the kinetic data by assuming that E' represented a 

partially active state or states. In each case, however, the maximum 

extent of inactivation is predicted to depend on the position of the 

equilibrium between active enzyme and the form(s) of the enzyme 

represented by E'. This equilibrium would plausibly vary with the nature 

of the B-lactam compound, again in accord with experiment. 

Significance of the quinacillin-penicillinase complex. Fig.2 shows that 

0.7 mol of quinacillin per mol of enzyme were rapidly bound Ct4< 10s) 

after incubation of enzyme and quinacillin followed by quenching with 

50% formic acid. This binding is covalent (2). The complex is formed 

too rapidly for it to be responsible for quinacillin-induced inactivation 

'Q2 = 30s). 

The attachment of quinacillin to the enzyme was further investigated 

by isolating peptides after digestion with either chymotrypsin, trypsin 
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or pepsin. In each case, quinacillin was recovered in low yield and 

attached to many peptides. Thus, material thought to consist of one or 

two peptides (2) was found to include at least eight quinacillin- 

containing components when a larger sample (containing 220 nmol of 

quinacillin chromophore) was fractionated by high voltage paper 

electrophoresis at pH 6.5. The largest recovery of quinacillin in a 

single peptide was 6% of the total quinacillin originally bound to the 

enzyme. 

The rapid kinetics of formation of the quinacillin-enzyme complex 

favour its being derived from a catalytic intermediate. The 

heterogeneity of the binding location suggests that this is an activated 

form of quinacillin which reacts with a number of groups on the enzyme 

during denaturation. 

The fact that the partial inactivation is fully reversible with 

a number of p-lactam-containing compounds and that the associated kinetics 

can be modelled by a scheme involving a conformational change of enzyme 

in the enzyme-substrate complex provides quantitative support for the 

conformational hypothesis as the basis of the modification of 

penicillinase activity. 
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