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SUMMARY

The hydrolytic action of lysozyme (muramidase) was inhibited 50% by benzylpeni-
cillin (24 mM) in 0.1 M phosphate buffer at pH 7.0. 7-(Thiophene-2-acetamido)cephalo-
sporin (cephalothin) exerted a similar inhibitory action.

Modification of some of the functional groups of these molecules, with a resultant de-
crease in their structural similarity to N-acetylmuramic acid, destroyed their inhibitory
activity. Integrity of the lactam ring was not essential for activity.

Fluorescence measurements and ultraviolet difference spectroscopy indicated the for-
mation of an enzyme-inhibitor complex. Penicillin and N-acetylglucosamine produced a
perturbation peak at 203 mu when mixed with the enzyme. N-Bromosuccinimide oxida-
tion of the tryptophan residue in position 62, one of six tryptophan units in the enzyme
molecule, destroyed enzymatic activity. This modification reduced the size of the per-
turbation peak induced by penicillin and eliminated the peak caused by N-acetylglucos-
amine.

The experimental results agree with previous indications that penicillin bears a struc-
tural resemblance to a portion of the bacterial cell wall, N-acetylmuramic acid.

In these studies, lysozyme has been used as a model for demonstrating the interaction
between penicillin and an enzyme protein. The concentrations of penicillin required for
inhibition of lysozyme are far greater than the level of the drug required for the inhi-

bition of sensitive microorganisms.

INTRODUCTION

The development of several new physical
techniques for the characterization of mole-
cules has made it possible to construct
molecular models of enzymes, substrates,
and inhibitors, and to predict to some de-
gree their interactions. This paper de-
scribes an attempt to determine whether
the structural similarity of penicillin and
N-acetylmuramic acid, observed by con-
structing models of the molecules (1), can
be demonstrated by using a biological
system.

The position of the functional groups and
the sites of potential hydrogen or ionic
bonding have been stated to be similar in
penicillin and N-acetylmuramic acid (Fig.
1) (1). If such a structural similarity be-
tween the two compounds exists in solution,

it would be reasonable to expect that peni-
cillin and N-acetylmuramic acid would
compete for the same binding site on an
enzyme. Lysozyme (muramidase, N-acetyl-
muramide glycanhydrolase, EC 32.1.17),
was used as the model enzyme since it
hydrolyzes the 1,4-glycosidic linkage be-
tween N-acetylmuramic acid and N-acetyl-
glucosamine in substrates of either
synthetic or natural origin. This enzyme
also catalyzes a transglycosylation reaction
between the fragments that are produced
(2). Thus, lysozyme has sites that bind
both N-acetylmuramic acid and N-acetyl-
glucosamine, as demonstrated by studies
with synthetic substrates (3). X-ray
crystallographic data suggested that peni-
cillin is bound at a specific site, believed
to be the N-acetylmuramic site, when peni-
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cillin was allowed to diffuse into preformed
crystals of lysozyme (3).

In this study, the interaction of penicillin
with lysozyme was investigated by observ-
ing the effect of the antibiotic on the
enzymatic lysis of bacterial cells and by
studying the binding of penicillin to the
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enzyme using fluorimetric measurements
and ultraviolet difference spectroscopy. The
effect of structural modifications of the
penicillin molecule on the inhibitory ac-
tivity and binding was also determined.

It must be recognized that inhibition of
the action of lysozyme requires much
higher levels of penicillin than are needed
for inhibition of sensitive microorganisms.

MATERIALS AND METHODS

Assays. The assays were performed by
the method of Shugar (4), using acetone-
dried cells of M. lysodeikticus and 2X
recrystallized lysozyme, purchased from
Worthington Biochemical Company. A
Beckmann DB spectrophotometer with an
automatic recorder was used to measure
initial reaction rates at 450 mu. In some
experiments, 3 recrystallized lysozyme
from Gallard-Schlesinger Corporation was
used. Potassium bengzylpenicillin was pur-
chased from Nutritional Biochemicals and
N-acetylglucosamine from Mann Labora-
tories. 6-Aminopenicillanic acid and
a-phenoxyethylpenicillin  (phenethicillin)
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were supplied by Bristol Laboratories.
Potassium benzylpenicilloic acid was pre-
pared from potassium benzylpenicillin by
alkaline hydrolysis and also by treatment
with penicillinase (Neutrapen, Riker Lab-
oratories) (5). A Radiometer automatic ti-
trimeter was used to assay the progress of
the reaction and to test the potency of the
penicillinase preparation. 7-(Thiophene-2-
acetamido) cephalosporin sodium (cephalo-
thin) and other cephalosporin derivatives
were supplied by Eli Lilly and Co.
Fluorescence spectra were obtained with
an Aminco-Bowman spectrophotofluorom-
eter using the continuous scan mechanism
and a Beckmann recorder attached to the
fluorometer. The fluorescence of penicillin
required that activation and measurements
be made at longer wavelengths than are
optimal for activation of tryptophan in
proteins. Ultraviolet difference spectro-
scopy measurements were made with a
Cary model 15 automatic recording spec-
trophotometer, using matched split cells,
according to the method of Laskowski (6).
N-Bromosuccinimide, for enzyme oxida-
tion, was purchased from Aldrich Chemical
Company and recrystallized from acetone

(7).
RESULTS

Penicillin Inhibition of Lysozyme

Potassium benzylpenicillin, 24 mM, in-
hibited the lysis of a suspension of M. lyso-
deikticus by lysozyme, as measured by the
decrease in optical density with time (Fig.
2). As a control on the possible effect of
inorganic ions, the effect of 24 mm KCI or
NaCl was tested; these inorganic ions could
account for a maximum of 20% of the ob-
served inhibition. Potassium bengylpenicil-
lin, 48 mm, produced almost complete in-
hibition of lysis. Preincubation of the drug
with the enzyme, or with the cells, for 1
hour did not affect the degree of inhibition.

Initial reaction velocities were measured
with a constant amount of engzyme and
varying substrate concentrations. The data
obtained indicated that penicillin was not
so strongly bound to the cells as to elim-
inate them as a substrate (Fig. 3).
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Fia. 2. Effect of penicillin on lysozyme activity

The incubation mixture consisted of 0.68 mg
of acetone-dried cells of Micrococcus lysodetikticus
(15 mg/ml), in 0.1 M potassium phosphate, pH
7.0; 10 ug of lysozyme (33X -recrystallized); and
KCl and penicillin in 0.1 M potassium phosphate,
pH 70, in a final volume of 3 ml

The effect of changing the concentration
of the enzyme is shown in Fig. 4. Initial
reaction velocities, measured at varying
concentrations of potassium benzylpenicil-
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- The incubation mixture was the same as for
Fig. 2, except that 2X-recrystallized lysozyme
was used.
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F1a. 4. Effect of enzyme concentration on peni-
cillin inhibition

The incubation mixture was the same as for
Fig. 2, except that 2X-recrystallized lysozyme
was used.

lin, indicated that the enzyme was not
titrated in an irreversible manner by the
drug.

N-Acetylglucosamine has been shown to
be a competitive inhibitor of lysozyme (3).
The kinetics of enzyme inhibition by peni-
cillin also were those of a typical competi-
tive inhibitor (Fig. 5); since the substrate
concentration cannot be defined in molar
units, a K; has not been calculated.

The inhibition of the reaction caused by
24 mM potassium benzylpenicillin was
equivalent to that observed with 24 mm
N-acetylglucosamine. When both com-
pounds were present in the reaction mixture
at this concentration their inhibitory effects
were approximately additive (Fig. 6). Al-
though the presence of 0.1 M Tris buffer,
pH 7.0, prevented the inhibitory effect of
potassium benzylpenicillin, the inhibitory
effect of N-acetylglucosamine on lysozyme
was unaffected; a similar lack of inhibitory
action was observed with penicillin in 0.1 M
imidazole buffer at pH 7.0, 0.1 M glycyl-
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icilli

The incubation mixture was the same as for
Fig. 2, except that 2X-recrystallized lysozyme
was used, and an optical wedge was inserted into
the sample cuvette to reduce the light path to
2 mm.

glycine buffer at pH 8.0 and phosphate
buffers of lower ionic strength.

A number of compounds derived from the
penicillin molecule have been tested for
activity. The results are shown in Table 1.
The replacement of the benzyl group by
the a-phenoxyethyl group (phenethicillin)
did not decrease the inhibitory effect of
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Fia. 6. Effect of penicillin and N-acetylglu-
cosamine on lysozyme activity in phosphate buf-
fer, 01 M, pH 70

The incubation mixture was the same as for Fig.
2, except that 30 ug of 2X-recrystallized lyso-
gyme was used.
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TaBLE 1
Effect of benzylpenicillin and related compounds
on lysozyme activity

Concen- Per cent
tration inhibition
Compound (mM)  of lysise

Potassium benzylpenicillin 24 4.5
Potassium benzylpenicillin 48 87.5
a-Phenoxyethylpenicillin 17 30.0
6-Aminopenicillanic acid 24 1.5
6-Aminopenicillanic acid 48 1.5
Phenylacetic acid 24 3.0
Cephalothin sodium 24 48.5
Benzylpenicilloic acid® 24 50.4
Benzylpenicilloic acid® 24 48.2

@ Incubation mixture was the same as for Fig. 2
except that 2X-recrystallized lysozyme was used.
Percentage of inhibition was measured by com-
paring the decrease in optical density with the
control for the first minute of the reaction. The
experimental values are the average of two deter-
minations.

® Prepared by alkaline hydrolysis of potassium
benzylpenicillin.

¢ Prepared by treatment of potassium benzyl-
penicillin with penicillinase.
penicillin, but cleavage of the benzylpeni-
cillin molecule produced inactive com-
pounds, as seen with 6-aminopenicillanic
acid and phenylactic acid. On the other
hand, benzylpenicilloic acid, prepared by
either alkaline hydrolysis or penicillinase
cleavage of the B-lactam ring, was as in-
hibitory as an equimolar concentration of
penicillin. Cephalothin sodium, 24 mmM, pro-
duced an inhibitory effect that was approx-
imately equivalent to that observed with
potassium benzylpenicillin (Table 1). Sev-
eral other cephalosporin derivatives were
tested for inhibitory activity (Fig. 7);
thus, 7-amino-cephalosporanic acid (a) was
inactive, as was the pyridinium derivative
(b). A derivative of cephalosporin with an
aliphatic side chain (¢) and one with a sub-
stituted carboxyl group (d) produced much
less inhibition than cephalothin (Fig. 7).

Spectroscopy

Fluorescence measurements (Table 2)
showed a decrease in fluorescence emission
when penicillin and lysozyme were mixed,
relative to the values obtained with com-
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Fia. 7. Effect of cephalothin and its derivatives on lysozyme activity

The incubation mixture was the same as for Fig. 2, except that 30 ug of 2X-recrystallised lyso-
gyme was used. The concentration of the inhibitors was 24 mm.

parable solutions of penicillin or lysozyme
examined independently. These data were
obtained by activation at 320 mu and 365
mp, while emission at 350 my and 400 my,
respectively, were recorded. Since the ab-
sorbance of these solutions at 350x and
400 my was less than 0.010, this was not
responsible for the decreased emission.

The interaction between penicillin and
lysozyme also was demonstrated by ultra-
violet difference spectroscopy (Fig. 8). A
peak at 293 myu was observed, characteristic
of perturbation of the absorbance of tryp-
tophan residues in proteins (8).

Mixtures of N-acetylglucosamine and
lysozyme showed a similar peak that was
additive with that produced by penicillin,
but 6-aminopenicillanic acid, which did not

inhibit the enzyme, did not cause the ap-
pearance of a peak at 293 mp when mixed
with the enzyme. Penicillin, but not N-
acetylglucosamine, gave the characteristic
perturbation peak with tryptophan mon-
omer at 291 mpu (8). Tryptophan monomer,
at a concentration (0.84 mM) equivalent
to the tryptophan content of the enzyme
solution gave a peak of equal size to that
observed with lysozyme in the presence of
50 mM penicillin.

To attempt a localization of the intra-
molecular site of binding of the inhibitors,
three times-recrystallized lysozyme was
oxidized according to the method of Hay-
ashi et al. (7, 8), with 3 moles of N-
bromosuccinimide per mole of enzyme in
0.1 M potassium acetate pH 4.0, at an

TABLE 2

Quenching of lysozy

Sluor

ce by penicillin

Fluorescence emission

Activating wavelength 320 mu  Activating wavelength 350 mg

Sample Fluorescence wavelength 365 mu Fluorescence wavelength 400 my
(intensity units) (intensity units)
A = Enzymes 69 88
B = Penicillin (25 mm) 32 78
C = Enzyme® + penicillin (25 mm) 59 (A + B =101) 71 (A + B = 166)®
D = Penicillin (50 mm) 56 59

E = Enzyme* + penicillin (50 mm)

60 (A + D = 125)®

64 (A + D = 147

e Lysozyme 33 ug/ml in 0.1 M KPO,, pH 7.0, at 25°.
b Figures within parentheses represent the calculated emission for the mixture.
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Fia. 8. Ultraviolet difference spectra
N-Acetylglucosamine — — —, bensylpenicillin
, and 6-aminopenicillanic acid --- were
present at a concentration of 100 mM in 1 ml
of 0.1 M potassium phosphate, pH 7.0, in one
compartment of the cell. The second compartment
contained 2 mg of lysozyme (2X -recrystallized)
dissolved in 1 ml of the same buffer.

enzyme concentration of 5 mg/ml; a con-
trol preparation was treated in a similar
fashion except that N-bromosuccinimide
was omitted. Previous workers (7) have
indicated that the oxidative procedure con-

Fia. 9. Lysozyme

O, Tryptophan; crosshatched area, disulfide
bridge; ©-©Q-©-©, basic amino acid cluster.
Redrawn from a figure by Sir Lawrence Bragg
for a paper by Blake et al. (9).
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verts only the tryptophan residue at posi-
tion 62 (Fig. 9) to a derivative, without
major changes in the secondary or tertiary
structure of the protein. The oxidized en-
zyme was used for ultraviolet difference
spectroscopy experiments (Table 3). Al-

TaBLE 3
Ultraviolet difference spectroscopy with
orxidized lysozyme®

Absorb-

ance
difference,

Mixture components® 293 mu
Native enzyme + penicillin 0.027
Control enzyme* + penicillin 0.025
Oxidized enzyme + penicillin 0.021
Native enzyme + N-acetylglucosamine  0.043
Control enzyme® + N-acetylglucosamine 0.038

Oxidized enzyme + N-acetylglucosamine 0.000

o 3 X-recrystallized enzyme. Activity loss after
oxidation = 999,.

% Enzyme concentration after mixing = 1 mg/ml.
Inhibitor concentration after mixing = 50 mm.

¢ 3 X-recrystallized enzyme subjected to the same
treatment as the oxidized enzyme with the omission
of N-bromosuccinimide.

though enzymatic activity and the pertur-
bation caused by N-acetylglucosamine was
completely eliminated by this treatment,
the perturbation caused by penicillin was
reduced by only 16%.

DISCUSSION

These experiments have shown that
bengylpenicillin inhibits the lysis by the
enzyme lysozyme (muramidase) of the cells
of M. lysodeikticus (previously dried with
acetone). This inhibition was observed
in potassium phosphate buffer under the
conditions of the standard assay proce-
dure. Unlike the results with N-acetyl-
glucosamine, the inhibitory effect of peni-
cillin was not observed in certain buffers,
a finding which suggests that important
differences in the binding of these inhibi-
tors exists.

The ultraviolet and fluorescence spectro-
scopic evidence for. complex formation be-
tween lysozyme and either N-acetylglucos-
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amine or penicillin corresponds closely with
the data obtained by Hayashi (8, 10) and
Laskowski (6) and their associates for
substrate-lysozyme interaction. A charac-
teristic peak was seen at 293 mu when
either penicillin or N-acetylglucosamine
was mixed with lysozyme, and at 291 mpu
when penicillin and tryptophan monomer
interact. These findings support the con-
cept that the inhibitors associate with one
or more of the tryptophan residues of the
enzyme. The perturbation produced by N-
acetylglucosamine was completely abolished
by oxidation of the tryptophan residue in
position 62 of the lysozyme molecule, and
the enzyme activity was completely de-
stroyed. The perturbation induced by pen-
icillin, however, was reduced by only one-
sixth, a finding which reinforces the idea
that important differences exist in the
binding of these two compounds. It sug-
gests that penicillin may bind to all (six)
tryptophan residues of the enzyme; this
result is also consistent with the additive
effect of penicillin and N-acetylglucosamine
on the size of the perturbation peak. The
X-ray crystallographic evidence, reported
by Johnson and Phillips (3), however, in-
dicated that penicillin was bound at only
one site in the crystalline state. This may
reflect the special nature of this binding
site on the protein. Its location adjacent
to the N-acetylglucosamine-binding site, as
reported in the crystallographic studies, is
consistent with such a hypothesis. This spe-
cific binding of penicillin may involve the
formation of a complex between the ring
system of tryptophan and the phenacyl
group of benzylpenicillin, plus bonding of
the strongly acidic carboxyl group with
basic amino acid sequences such as lysine-
14, arginine-15, histidine-16; asparagine-44,
arginine-45, asparagine-46; or arginine-
112, asparagine-113, arginine-114 (Fig. 9).
This association, involving the tryptophan
residue at position 62, may induce a con-
formational change in the enzyme that re-
sults in the retention of one molecule of
penicillin in the crystalline state.

An examination of the activity of the
penicillin and cephalosporin series of de-
rivatives suggests that an aromatic side
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chain and a free carboxyl group are neces-
sary for inhibitory activity. Modifications
of the functional groups or either penicillin
or related compounds, with a resultant de-
crease in their structural similarity to N-
acetylmuramic acid, either eliminated or re-
duced their inhibitory activity. One unique
feature of these experiments was the inhibi-
tory effect of benzylpenicilloic acid, a com-
pound that lacks antibacterial activity.
Prior cleavage of the B-lactam ring may
prevent acylation of a site of action asso-
ciated with the bactericidal effect of penicil-
lin, the transpeptidase or cross-linking en-
zyme (11, 12), but it does not interfere with
the association of the molecule and lyso-
zyme. The opening of the ring does not
change the position of the nitrogen atom
and does not eliminate the binding poten-
tial of the C-8 carbonyl group (Fig. 1).

Lysozyme is not the locus, described by
Strominger and Park and their associates
(13-15), at which penicillin acts as a bac-
tericidal agent since a much greater con-
centration of penicillin is required for
inhibition of lysozyme. The antibiotic action
of penicillin, however, may require an as-
sociation with an N-acetylmuramic-like
receptor site that possesses some of the
structural features of the site on lysozyme
to which the drug is bound.
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