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Staphylococcal penicillinase was inactivated by treatment with a relatively low
concentration of methyldichlorophenyl-isoxazolyl penicillin (dicloxacillin). Inactivated

enzyme was isolated by gel-filtration and reactivated by incubation at 37°C. It is suggested
that the inactivated enzyme is penicilloyl enzyme which is readily hydrolyzed to active

enzyme.

The rates of hydrolysis of /3-lactamase-sensitive penicillins (such as benzylpenicillin and

aminobenzylpenicillin) by penicillinase were greatly decreased by the addition of /3-lactamase

resistant penicillins1'23. Gourevitch and his coworkers reported that the inactivation of cell-bound
staphylococcal penicillinase occurred when the enzyme was preincubated with dimethoxyphenyl
penicillin (methicillin), and the amount of inactivated enzyme corresponded to the amount of

hydrolyzed methicillin3). On the other hand, Richmond demonstrated that the purified exo-enzyme
of staphylococci degraded more than 85% of added methicillin without inactivation of the
enzyme4).

In this paper, we deal with the inactivation of the extracellular staphylococcal enzyme by
dicloxacillin and propose a tentative mechanism to account for the inactivation.

Materials and Methods

Drugs : Benzylpenicillin potassium.salt, aminobenzylpenicillin (ampicillin) sodium salt, methyl-
chlorophenylisoxazolyl penicillin (cloxacillin) sodium salt and dicloxacillin sodium salt (Toyo Jozo
Co., Ltd.) were used.

Organism: Staphylococcus aureus 0003 was used as the penicillinase source. The strain was
of clincal origin and its penicillinase was inducible.

Preparation of penicillinase: Partially purified enzyme was prepared according to the method
reported by Richmond43. The supernatant fluid of methicillin-induced S. aureus 0003 culture was
treated with phosphocellulose, and enzyme was eluted by 2.0m tris-HCl buffer (pH 7.5). This
enzymepreparation was used throughout this study. Its specific activity was approximately 0.45
units/meg of protein whenampicillin was used as substrate.
Assay of enzyme activity: Penicillinase activity was measured in units, as defined by Pollock

and Torriant53: 1 unit=l ^mole of penicillin hydrolyzed/hour at 30°C and pH 5.8. Enzyme
activity was assayed iodometrically by the method ofPerret63, except that 0.1 m phosphate buffer
pH 5.8 was used instead of pH 6.5 buffer. Michaelis constants and degradation ofdicloxacillin
were measured by the microiodometric method73.

Preincubation of penicillinase with a high concentration of phenylisoxazolyl penicillins:
Approximately 15 units of penicillinase were preincubated with 4 ml of phenylisoxazolyl penicillins
(5 mg/ml) at 30°C. After preincubation, ampicillin or benzylpenicillin was added as substrate to
the mixture at the final concentration of 1 mg/ml, and penicillinase activity was measured.
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Preincubation of penicillinase with various concentrations of dicloxacillin : Twohundred units
of penicillinase/ml were incubated with various concentrations of dicloxacillin for 30 minutes at
30°C. An aliquot (0.1ml) of the mixture was added to a solution of 3.4mg ampicillin/ml to
measure residual activity. This concentration of ampicillin as substrate was used for measurement
of enzyme activity unless otherwise stated.

Isolation of the inactivated enzyme and reactivation of enzyme: Enzyme (approximately 600
units/ml) was incubated with 100 meg of dicloxacillin/ml for 30 minutes at 30°C. Five milliliters
of the mixture were gel-filtered through a Sephadex G 25 column (2.0 x 45 cm) with 0.5 m phosphate
buffer pH 5.8 at 0^4°C. The collected fraction was incubated at various temperatures and
reactivated activity was measured after additional incubation with substrate (ampicillin) for
10minutes.

Results

General Properties of the Enzyme
Enzymeeluted from a phosphocellulose column was sensitive to low ionic strength as described

by Richmond4). Michaelis constants and relative Vmaxvalues for some penicillins are shown

in Table 1. Ampicillin was hydrolyzed by the
à"enzymeas well as benzylpenicillin. The opti-
mal pH for ampicillin hydrolysis was found to

be5.8-6.7.
Effect of Preincubation of the Enzyme

in a High Concentration of
Dicloxacillin or Cloxacillin

A high concentration (5 mg/ml) of phenyl-
isoxazolyl penicillins was used to examine in-
hibition of hydrolysis of benzylpenicillin or
ampicillin under conditions similar to those of
Gourevitch 8). When dicloxacillin was added
simultaneously with the substrate, inhibition of
hydrolysis was observed as shown in Table 2.
The inhibition was enhanced by preincubation
with phenylisoxazolyl penicillins. Inhibition

of hydrolysis of both substrates by dicloxacillin
was greater than that by cloxacillin.

Effect of the Concentration of Dicloxacillin
on Inhibition of Penicillinase Activity

Enzyme was preincubated with various

concentrations of dicloxacillin for 30 minutes at
30°C. As shown in Fig. 1, inhibition of

enzymatic activity on ampicillin reached a

Table 1. Kinetic study of penicillinase from
Staphylococcus aureus 0003

Michaelis constants (Km) and relative
Vmaxvalues were determined by the method of
Lineweaver and Burk10)

Table 2. Inhibition of penicillinase by phenylisoxa-
zolyl penicillin.

Penicillinase was preincubated with dicloxa-
cillin or cloxacillin (5mg/ml) at 30°C for the
indicated times, and penicillinase activity was as-
sayed by the iodometric method. Ampicillin or
benzylpenicillin (final concentration l mg/ml) wasused as subrtrate. Numbers indicate percent in-
hibition.

plateau at a concentration of 100 meg dicloxacillin/ml. The degree af inhibition was 80 %at this
point. On the other hand, the inhibition was less than 10 % without preincubation. The time
course of the reaction is shown in Fig. 2.
These data strongly suggested that dicloxacillin inactivated the enzyme rather than competiti-
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vely inhibited it.

Isolation of the Inactivated
Enzymeand its Reactivation

Preincubated mixture was
filtered through a Sephadex

G25 column to eliminate the
possibility of competitive in-
hibition by free dicloxacillin.
The concentration of diclox-

acillin in the filtered enzyme

fraction was determined to be
less than 0.4mcg/ml (8.1x
10~7m) by the cylinder cup
assay method with Sarcina
lutea ATCC 9341 as test organ-
ism. Although the enzyme
was separated from free diclox-

acillin, it possessed low penicil-
linase activity whencompared
with a fraction not treated with
dicloxacillin (Table 3).

Fig. 1. Effect of dicloxacillin
concentration on inhibition

of penicillinase activity
(a) Penicillinase was

preincubated with the indi-
cated concentration ofdiclox-
acillin for 30 minutes at 30°C
and activity was assayed

(b) Enzyme activity
was measured in the mix-

ture of ampicillin and diclox-
acillin without preincuba-
tion

Ampicillin was used as
substrate.

Fig. 2. Timda course of ampicil*
lin degradation in the

presence of dicloxacillin
(a) Enzyme activity

was assayed after the prein-
cubation with dicloxacillin

(lOO mcg/ml).
(b) Enzyme activity

was assayed in the presence
of dicloxacillin (100 mcg/ml)

without preincubation.
(c) Control. Activity

was assayed in the absence
of dicloxacillin.

Table 3. Recovery of inactivated- and reactivated-penicillinase

Untreated Dicloxacillin treated

Fraction Volume ^ á"^ ^overy Volume ^Sn JSSy R-7(ml) (mg) (unit) {% ) (ml) (mg) (unit) (#)

Partially purified 5 ? 62 3240 (100) 5 7 62 3140 (100)
enzyme v '
Dicloxacillin _ _ _ _ 5 _ 432 13 g
treated*

Sf Ph+a^x 20 7. 28 3220 99. 4 20 7. 48 840 26. 8

eluate**37°C treated*** 20 - 2980 91.9 20 - 2800 89.2

* Penicillinase was incubated with 100 meg of dicloxacillin/ml for 30 minutes at 30°C.
** Enzyme was gel-filtered through a Sephadex G 25 column at 0~4°C.
*** Sephadex eluate fraction was incubated for 40 minutes at 37°C.

Incubation of the filtered enzyme fraction at 37°C resulted in rapid recovery of penicillinase
activity (Fig. 3). An accurate kinetic study on reactivation of the enzymewith respect to tempera-

ture could not be madein our system since reactivated activity was assayed by a further incubation
with ampicillin for 10 minutes at 30°C. Howeverit is clear that reactivation of the enzyme
depends on temperature as shown in Fig. 3.

Hydrolysis of Dicloxacillin by the Enzyme
The rate of hydrolysis of dicloxacillin was measured by the microiodometric assay method at a
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concentration or iuu meg or ai-
cloxacillin/ml. This concentra-

tion is the same as that used for
the inactivation of the enzyme.
Dicloxacillin was hydrolyzed at
a constant rate up to 120 minutes
as shown in Fig. 4. The rate

of hydrolysis ofdicloxacillin was
about 0.0005 of that for ampi-

cillin (Table 4).

Discussion

Inactivation of penicillinase

Fig. 3. Timecourse of reactivation of inactivated enzymeat various
temperatures

Penicillinase was incubated with dicloxacillin (100 mcg/ml)
and inactivated enzyme was isolated by gel-filtration on Sephadex
G25. Inactivated enzyme was incubated at 37°C, 30°C and 16°C.

was observed oy inclination witn a low concentration or dicloxa-
cillin, and the inactivated enzyme was readily reactivated by
incubation in the absence of free dicloxacillin. As shown in Fig.
4, the rate of hydrolysis for dicloxacillin was constant using the
low concentration of substrate. This agrees with the findings of
Richmond, although in his experiment, he used methicillin

instead of dicloxacillin.
From these results, we propose a tentative model for the

inactivation of the enzyme by dicloxacillin. The inactivated
enzyme is considered to be penicilloyl enzyme. On the basis of
the assumptions illustrated below (where Kl9 K2, K3 and K4 are
the rate constants of the reactions indicated by arrows), the
reaction may progress from state 1 to state 2 during the period of
preincubation with dicloxacillin. Thus penicilloyl enzyme would
be obtained if the rate of hydrolysis of penicilloyl enzyme would
be very slow at the low temperature employed.

Ki(large) K8(small)
Dicloxacillin+Enzyme < > dicloxacillin : Enzyme åº

K2(large) (State 1)

K4(very small)
Dicloxacillin=Enzyme (penicilloyl enzyme) >
(State 2)

Fig. 4. Degradation of dicloxa-
cillin (MDI-PC) by staphylo-

coccal penicillinase
Degradation of dicloxa-
cillin was measured by
the microiodometric assay

method, 100 meg of dicloxa-
cillin/ml was used as sub-
strate.

Penicilloic acid+ Enzyme
State 1 : No covalent bond is formed between

dicloxacillin and enzyme.
State 2: Covalent bond is formed between di-

cloxacillin and enzyme.
According to this model, it could also be

propossed that the penicillinase-resistance of
dicloxacillin is not due to the resistance of the
/3-lactam ring but to the slow rate of hydrolysis
of the penicilloyl enzyme.
Another proposed mechanismof inactiva-

tion of the enzymeis a conformational change
of the enzyme brought about by dicloxacillin.
Citri and Garber8'9) reported on the interaction

Table 4. Rates of hydrolysis of ampicillin and
dicloxacillin

Substrate Hydrolysis rate

Dicloxacillin 0. 207 ^mole/meg protein à"hr
Ampicillin 0. 417 ^mole/meg protein à"hr

The rate of hydrolysis of dicloxacillin was
determined by the microiodometric method, using
100 meg of dicloxacillin/ml as substrate.

The rate of hydrolysis of ampicillin was de-
temined by the iodometric method, using 3.4 mg of

ampicillin/ml as substrate.
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of penicillinase from Bacillus cereus with methicillin or oxacillin. They concluded that the
interaction of the enzyme with the antibiotics caused conformational changes in enzyme as
evidenced by increased susceptibility of the enzyme to iodine, urea and heat. However, inhibition
of enzymeactivity by methicillin or oxacillin was competitive and the inactivation of the enzyme
was not observed. Our data shows that staphylococcal penicillinase is inactivated by dicloxacillin.
Thus interaction of dicloxacillin with staphylococcal penicillinase may be different from that of
oxacillin with B. cereus penicillinase.

Precipitation of protein was observed during the incubation of high concentrations of the
enzyme with high concentrations of dicloxacillin. The supernatant fluid was gel-filtered and then
incubated at 37°C, but no reactivation of enzymatic activity was observed. Precipitated protein
was dialyzed and incubated at 37°C, but it also was not reactivated. Only 20 % reactivation was
obtained when dialyzed insoluble protein was treated with 0.5 m hydroxylamine and the reagent
was removed by dialysis. These facts indicate that further inactivation of the enzyme occurs in the
presence of high concentrations of dicloxacillin. Gourevitch also demonstrated an inactivation of
penicillinase3). His experimental condition maycorrespond to our experiment in which we used
high concentrations of dicloxacillin.
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