Eur. J. Biochem. 50, 203—214 (1974)

Interaction between f-Lactam Antibiotics
and Exocellular pD-Carboxypeptidase-Transpeptidase

of Streptomyces R61

Jean-Marie FRERE, Mélina LEYH-BOUILLE, Jean-Marie GHUYSEN, and Harold R. PERKINS

Service de Microbiologie, Faculté de Médecine, Institut de Botanique, Université de Liége,

and National Institute for Medical Research, Mill Hill, London

(Received July 27/September 17, 1974)

On the basis of steady-state kinetics, inhibition of the exocellular Db-carboxypeptidase-trans-
peptidase of Streptomyces R61 by f-lactam antibiotics was competitive with regard to the donor
substrate. However, the complexes formed between the Strepromyces R61 enzyme and various
B-lactam antibiotics were relatively stable, exhibiting half-lives of 40 to 80 min at 37 °C and neutral
pH. During breakdown of the complexes the protein underwent reactivation, whereas the released
antibiotic molecule was chemically altered. With ['*C]benzylpenicillin, the released compound was
neither benzylpenicillin nor benzylpenicilloic acid. The properties of the Streptomyces R61 enzyme
- B-lactam antibiotic complexes were compared with those of the complexes formed between the same
antibiotics and either the membrane-bound transpeptidase from Streptomyces R61 or the exocellular
pD-carboxypeptidase-transpeptidase of Streptomyces R39.

Streptomyces strain R61 excretes during growth an
exocellular bb-carboxypeptidase-transpeptidase which
is thought to be a soluble form of the membrane-
bound transpeptidase involved in the biosynthesis of
the wall peptidoglycan [1]. Kinetically, benzylpenicil-
lin was found to inhibit the DD-carboxypeptidase
activity of this exocellular enzyme in a competitive
manner with a K; value of 80 nM [2]. Fluorimetric
studies also suggested that the interaction between the
Streptomyces R61 enzyme and benzylpenicillin was of
the type

E + Pe= EP

where k; (the second-order constant for the forward
reaction) had a value of 10* I x mol ™! x s ! and &, (the
first-order constant for the reverse reaction) a value of
10~*xs ! [3]. The K; value (k,/k¢) thus obtained (at
25 °C) was equal to 10 nM and was in fair agreement
with the above K; value obtained by steady-state
kinetics (at 37 °C). However, the value of the constant
for the reverse reaction was much too small to account
for a rapid equilibrium of the reaction system and
suggested that the complex formed between the
Streptomyces R61 enzyme and the antibiotic had a

Abbreviation. A,pm, diaminopimelic acid.

Enzyme. B-Lactamase or penicillinase (EC 3.5.2.6).
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lifetime long enough to allow its actual isolation. The
effects of various B-lactam antibiotics on both the
pD-carboxypeptidase and the transpeptidase activities
of the Streptomyces R61 enzyme and the properties
of the complexes formed between the enzyme and the
antibiotics were investigated. The results are presented
in this paper. Similar studies dealing with the properties
of the complexes formed between B-lactam antibiotics
and the membrane-bound transpeptidase from the
same Streptomyces strain R61 [4] as well as between
p-lactam antibiotics and the exocellular DD-carboxy-
peptidase-transpeptidase from Streptomyces R39 [S]
were recently reported.

MATERIALS AND METHODS
Enzymes

The Streptomyces R61 DD-carboxypeptidase-trans-
peptidase had a specific activity of 86 units/mg protein
as determined in the carboxypeptidase assay (Ac,-
L-Lys-pD-Ala-D-Ala + H,O — D-Ala + Ac,-L-Lys-
p-Ala-D-Ala) [6]. One unit of enzyme catalyses the
hydrolysis of 1 pequiv of D-alanyl-p-alanine linkage
per min at 37 °C and pH 7.5 [6]. f-Lactamase was
purchased from Riker Laboratories (Loughborough,
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U.K.); one unit of enzyme catalyses the hydrolysis of
1 pmol of benzylpenicillin to benzylpenicilloic acid
per min at 25 °C and pH 7.0.

Antibiotics

[**C]Benzylpenicillin (45 or 41 mCi/mmol) was
purchased from the Radiochemical Centre (Amer-
sham, U.K.). Chromogenic cephalosporin 87-312
[i.e. 3-(2,4-dinitrostyryl)-(6R,7R)-7-(2-thienylacetami-
do)-ceph-3-em-4-carboxylic acid, E isomer] was a gift
from Dr O’Callaghan (Glaxo Research Ltd, Green-
ford, Middlesex, U.K.) [7]. Solutions of cephalosporin
87-312 (usually about 0.1 mM) were made by dissolv-
ing the antibiotic in 1 m} of dimethylformamide and
the volume of the solution was brought to the desired
volume with 5 mM sodium phosphate buffer, pH 7.0.
The final concentration was estimated by measuring
the absorbance at 386 nm using a molar absorption
coefficient £345 of 17500 M~ 2cm ™! [7]. Benzylpenicil-
lin was purchased from Rhone-Poulenc (Paris,
France), ampicillin was obtained from Bristol Benelux,
S.A. (Brussels, Belgium), carbenicillin from Beecham
Research Laboratories (Brentford, U.K.) and pen-
icillin V was a gift of Imperial Chemical Industries Ltd
{(Macclesfield, U. K.).

[**C]Benzylpenicilloic Acid

[*C]Benzylpenicilloic acid was prepared by hy-
drolysing [**C]benzylpenicillin with penicillinase.

Substrates of Streptomyces R6/ Enzyme
and Estimation of Reaction Products

The pD-carboxypeptidase activity was estimated
by measuring the hydrolysis of non-radioactive Ac,-
L-Lys-D-Ala-D-Ala to D-Ala and Ac,-L-Lys-D-Ala [6].
The tripeptide [**C]Ac,-L-Lys-D-Ala-D-Ala, radio-
actively labelled in the acetyl groups (26.6 mCi/
mmol), was prepared as described by Perkins et al. [8].
The transpeptidase activity was estimated by measur-
ing the amount of ['*C]Ac,-L-Lys-D-Ala transferred
from the above tripeptide (the donor) to meso-
diaminopimelic acid (the acceptor) to form ['*C]Ac,-
L-Lys-D-Ala-D-A,pm [9]. Before use, the solutions of
meso-diaminopimelic acid were neutralised with con-
centrated NaOH. In the presence of meso-diamino-
pimelic acid as the acceptor, both the transfer and the
hydrolysis reactions occurred concomitantly and the
acceptor behaved as a non-competitive inhibitor of
the hydrolysis pathway [9]. After incubation with the
enzyme, residual tripeptide donor, hydrolysis product
(I**C]Ac,-L-Lys-D-Ala) and transpeptidation product
([**C)Ac;-L-Lys-D-Ala-D-A,pm) were separated from
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each other on paper electrophoresis at pH 6.5, the
radioactive compounds were located on the paper
strips and the radioactivity was measured as described
previously [6,9].

Separation of [**C ] Benzylpenicillin
and Other Radioactive Derivatives

This was carried out by thin-layer chromatography
with 1-butanol — water — ethanol — acetic acid (10:4:3
:3 by vol.) and by paper electrophoresis at pH 6.5 as
described previously [4,5].

Spectra

Spectra were recorded with a Cary 17 double-
beam recording spectrophotometer with automatic
slit-width adjustment (volume of the cells: 0.5 ml;
optical pathway: 1 cm).

Kinetic Measurements

The experiments were carried out under conditions
where the enzyme concentration (about 10—20 nM)
was considerably lower than the concentrations of the
antibiotics (0.3 pM was the lowest concentration
utilized). Substrate, antibiotic (when present), en-
zyme and buffer were precooled and mixed together at
0 °C. The final solutions were then incubated at 37 °C
for 60 min after which time the reaction products
were estimated.

Hydrolysis Reaction in the Absence
of Transfer Reaction

Ac,-L-Lys-D-Ala-D-Ala (3.9—15.5 mM) and en-
zyme (15 ng or 1.3 munit) were incubated for 60 min
at 37 °C in 40 pl (final volume) of 6 mM sodium phos-
phate buffer pH 7.5 in the absence and in the presence
of either carbenicillin (up to 3.4 pM) or penicillin V
(up to 1.5 pM). At the most, 13 %, of the tripeptide was
hydrolysed.

Concomitant Hydrolysis and Transfer Reactions
with Variable Donor Concentration. [**C]Ac,-L-Lys-
D-Ala-p-Ala (from 2 to 7.6 mM), meso-diamino-
pimelic acid (at a fixed, 14.3 mM concentration) and
enzyme (30 ng or 2.6 munit) were incubated together
for 60 min at 37 °C in 40 pl (final volume) of 6 mM
sodium phosphate buffer in the absence and the
presence of penicillin V (up to 0.8 pM).

Concomitant Hydrolysis and Transfer Reactions
with Variable Acceptor Concentration. [*“*ClAc,-
L-Lys-D-Ala-D-Ala (at a fixed, 3.2 mM, concentration),
meso-diaminopimelic acid (from 3.6 to 14.5 mM) and
enzyme (30ng or 2.6 munit) were incubated for
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Fig.1. Inhibition of the pD-carboxypeptidase activity of the
Streptomyces R61 enzyme by benzylpenicillin, in the absence
of acceptor. Representation of the data of Leyh-Bouille et al.
[2] according to the graphical method of Morrisson and
Henderson [10,11], by using the equation

I [S] + K\
T'E'+K‘( K, ')E

with 7, = velocity of the reaction in the absence of benzyl-
penicillin; »; = velocity of the reaction in the presence of
benzylpenicillin; £, = total (active + inhibited) enzyme
% Y ,,L'; I, = concentration of total (free
0

+ bound) inhibitor; K, = 11 mM (see Leyh-Bouille et al.
[2]):[S] = concentration of substrate Ac,-L-Lys-D-Ala-D-Ala.
For experimental conditions see [2]. The K; value obtained
from the slope of the various lines was 40 nM. Concentrations
of substrate (Ac,-L-Lys-D-Ala-D-Ala): (A) 2.1 mM; (B)
4.3 mM; (C) 6.6 mM

concentration; i =

60 min at 37 °C in 40 pl (final volume) of 6 mM sodium
phosphate buffer in the absence and in the presence of
penicillin V (up to 0.95 uM).

In all reactions involving meso-diaminopimelic
acid, the concentration of NaCl was adjusted to
29 mM. At the most, 59 of the acceptor and 139 of
the tripeptide donor were utilized except in the experi-
ments carried out in the absence of penicillin V, in
which cases up to 18 % of the tripeptide donor was
utilized.

Symbols

vy = Velocity of the transfer reaction; vy, = veloc-
ity of the hydrolysis reaction; v, = vy + vy,: velocity
of total reaction. [D] = Concentration of donor.
{A] = Concentration of acceptor.
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Fig.2. Inhibition of the DD-carboxypeptidase activity of the
Streptomyces R61 enzyme by carbenicillin in the absence of
acceptor. Lineweaver-Burk plots of reciprocal of initial veloc-
ity of hydrolysis vs reciprocal of substrate concentration
(Ac;-L-Lys-D-Ala-D-Ala) for various concentrations of car-
benicillin. Concentrations of carbenicillin: (A)0; (B) 1.13 uM;
(C) 2.25 uM and (D) 3.40 uM. For conditions see Materials
and Methods. Error bars are standard deviations (4 measure-
ments)

RESULTS

Steady-State Kinetics. Inhibition by Benzylpenicillin
of the Hydrolysis Reaction Catalysed

by Streptomyces R61 Enzyme in the Absence

of Acceptor

The effect of benzylpenicillin on the hydrolysis of
Ac,-L-Lys-D-Ala-D-Ala by the Streptomyces R61
enzyme had been studied previously [2]. However,
when the molecular weight of the Streptomyces R61
enzyme was known (38000) [6], it appeared that these
steady-state kinetics had been carried out under
conditions where the concentration of benzylpenicillin
had not been much greater than the concentration of
enzyme. The data of Leyh-Bouille et al. [2] were
plotted according to the graphical method devised by
Morrisson [10] and Henderson [11] for the study of
tight-binding inhibitors. The inhibition was again
competitive (Fig.1) with a K; value of 40 nM. This
latter value was of the same order of magnitude as
that obtained previously and was even closer to the K;;
value obtained when the interactions between the
Streptomyces R61 enzyme and benzylpenicillin were
studied by optical methods [3] (see introductory
paragraph).
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Fig.3. Inhibition of the pp-carboxypeptiduse activity of the
Streptomyces R61 enzyme by penicillin V in the absence of
acceptor. Lineweaver-Burk plots of reciprocal of initial veloc-
ity of hydrolysis vs reciprocal of substrate concentration

Steady-State Kinetics. Inhibition by Carbenicillin
and Penicillin V of the Hydrolysis Reaction Catalysed
by Streptomyces R61 Enzyme in the Absence

of Acceptor

Because it is based on differences between measured
values, the Morrisson-Henderson plot is not very
accurate. Inhibition of Streptomyces R61 enzyme was
carried out by using f-lactam antibiotics which were
much less active than benzylpenicillin and, con-
sequently, could be used at concentrations consider-
ably higher than that of the enzyme. The inhibition of
the carboxypeptidase activity of the Streptomyces
R61 enzyme by carbenicillin and penicillin V was
competitive (Fig.2 and 3). Dixon plots of the same
data yielded K; values of 1.05 uM for carbenicillin and
0.33 uM for penicillin V.

Steady-State Kinetics. Inhibition by Penicillin V
of Concomitant Hydrolysis

and Transfer Reactions Catalysed

by Streptomyces R61 Enzyme

Variable Donor Concentration. The plots 1 [Vuy,
1/vy and 1/v, vs 1/[D] at a fixed concentration of
acceptor (14.3 mM) and various concentrations of
penicillin V showed that inhibition was competitive
with regard to the donor (Fig.4). Dixon plots yielded
K; values of 0.65uM for vy, 0.62 uM for vy, and

(Ac,-L-Lys-D-Ala-D-Ala) for various concentrations of pen-
icillin V. Concentrations of penicillin V: (A) 0; (B) 0.54 uM;
(©) 0.75 uM and (D) 1.50 pM. For conditions see Materials
and Methods
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Fig.4. Inhibition of the transpeptidase activity of the Strepto-
myces R61 enzyme by penicillin V under conditions of concom-
itant hydrolysis and transfer reactions. Variable donor concen-
tration. Lineweaker-Burk plots of reciprocal of initial velocity
of transfer vs reciprocal of donor concentration (Ac,-L-Lys-
D-Ala-p-Ala) in the presence of a fixed concentration of
acceptor (14.3 mM meso-diaminopimelic acid), for various
concentrations of penicillin V. Concentrations of penicillin V:
(A) 0; (B) 0.303 uM; (C) 0.505uM; (D) 0.755 uM. For
conditions see Materials and Methods. Each point corre-
sponds to two experiments. Error bars indicate the variations
between the two measurements. Similar double-reciprocal
plots 1/vy, and t/v, vs 1/[D] also showed that inhibition by
penicillin V was competitive
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Fig.5. Effect of penicillin V on both pD-carboxypeptidase and
transpeptidase activities of the Streptomyces R61 enzyme.
(A) Plots of vr/oy, ratios vs reciprocal donor concentration
(Ac,-L-Lys-D-Ala-D-Ala) in the presence of a fixed concentra-
tion of acceptor (14.3 mM) for various concentrations of
penicillin V. (B) Plots of vrivy, ratios vs acceptor concentra-

[A] (mM)

tion (meso-diaminopimelic acid) in the presence of a fixed
concentration of donor (3.2 mM) for various concentrations of
penicillin V. Concentrations of penicillin V: (A): 0 (@);
0.303puM (0); 0.505puM (V) and 0.755uM (00). (B): 0 (®);
0.38 uM (©); 0.63 UM (¥} and 0.95 UM ()

o

Fig.6. Inhibition of the transpeptidase activity of the Strepto-
myces R61 enzyme by penicillin V under conditions of concom-
itant hydrolysis and transfer reactions. Variable acceptor
concentration. Lineweaver-Burk plots of reciprocal of initial
velocity of transfer vs reciprocal of acceptor concentration

0.77 uM for v,,. Tt was also observed that penicillin V
had no effects on the plots vy/vy, vs 1/[D] (Fig.5A).

Variable Acceptor Concentration. (a) Effect on v:
the plots of 1/vr vs 1/[A] at a fixed concentration of
donor (3.2 mM) and for various concentrations of
penicillin V, showed that inhibition was non-competi-
tive (Fig.6). (b) Effect on vy,: the acceptor by itself is
a non-competitive inhibitor of the hydrolysis pathway
[9]. The Dixon plots of 1/vy, vs [A] at a fixed concen-
tration of donor (3.2 mM) and for various concen-
trations of penicillin V (Fig.7A) and of 1/vy, vs
[penicillin V] at a fixed concentration of donor
(3.2 mM) and for various concentrations of acceptor
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(meso-diaminopimelic acid) in the presence of a fixed concen-
tration of donor (13.2mM Ac,-L-Lys-D-Ala-D-Ala) for
various concentration of penicillin V. Concentrations of
penicillin V: (A) 0; (B) 0.38 uM; (C) 0.63 uM; (D) 0.95 uM.
For conditions see Materials and Methods

(Fig.7B) showed that the inhibitory effects of penicillin
V and meso-diaminopimelic acid on the hydrolysis
pathway were cumulative. (c) Effect on v,: with meso-
diaminopimelic acid as acceptor, the velocity of the
total reaction in the absence of antibiotic (v, = vy
+ vy,) was found to be independent of the acceptor
concentration [9]. As expected, the plots of 1/v, vs
[penicillin V] at a fixed concentration of donor
(3.2 mM) gave rise to one single line irrespective of the
concentration of acceptor used, and the plots of 1/v, vs
[acceptor] at a fixed concentration of donor (3.2 mM)
gave rise to a series of lines which paralleled the
abscissa and intersected the ordinate axis at increased
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Fig.7. Cumulative inhibitory effects of penicillin V and meso-
diaminopimelic acid on the DD-carboxypeptidase activity of the
Streptomyces R61 enzyme. (A) Dixon plots of reciprocal of
initial velocity of hydrolysis vs acceptor concentration (meso-
diaminopimelic acid) in the presence of a fixed concentration
of donor (3.2 mM Ac,-L-Lys-D-Ala-D-Ala) for various con-
centrations of penicillin V. Concentrations of penicillin V:
(a) 0; (b) 0.38 uM; (c) 0.63 pM; (d) 0.95 uM. For conditions

1/v, values as the concentration of penicillin V in-
creased. (d) Effect on vr/vy,: the plots of vr/vy, vs
[acceptor] gave rise to one single line passing through
the origin irrespective of the concentrations of penicil-
lin V (Fig. 5B).

Isolation and Stability
of the Streptomyces R61 Enzyme
- [**C ] Benzylpenicillin Complex

The enzyme (8 nmol) was incubated for 10 min at
37°C with 25nmol of [**C]benzylpenicillin in a
final volume of 400 pl of either 5 mM sodium -phos-
phate buffer pH 7.0 or 20 mM Tris-HClI buffer pH 7.7.
The enzyme - [**C]benzylpenicillin complex was isolat-
ed by filtration at 0 °C on an 18-ml column of Sephadex
G-25 (1.5x 10 cm) in the same phosphate or Tris-
HCI buffers as above. The filtration was performed in
less than 5 min; under these conditions the enzyme
- benzylpenicillin complex did not undergo any dis-

see Materials and Methods. (B) Dixon plots of reciprocal of
initial velocity of hydrolysis vs penicillin V concentration in the
presence of a fixed concentration of donor (3.2 mM Ac,-
L-Lys-D-Ala-D-Ala) for various concentrations of acceptor
(meso-diaminopimelic acid). Concentrations of acceptor:
{(a) 3.63 mM; (b) 4.83 mM; (c) 7.25 mM; (d) 14.5 mM. For
conditions see Materials and Methods

sociation. The isolated complex exhibited a ratio of
benzylpenicillin to enzyme of 0.98 to 1 and was main-
tained at 37 °C. Samples were removed after increasing
times of incubation and were used for the estimation
of enzyme activity and for the measurement of released
radioactivity. Both procedures showed that the Strep-
tomyces R61 enzyme - benzylpenicillin complex under-
went spontaneous breakdown and that the process
continued to completion of the reaction. On the basis
of the released radioactivity, the plots of log ¢,/c, vs
time (where ¢, is the concentration of the original
complex and ¢, the concentration of the residual
complex after time ¢), indicated a half-life for the
complex of 90 or 105 min in phosphate buffer (as
determined by thin-layer chromatography and paper
electrophoresis, respectively) and of 83 or 105 min in
Tris-HC] buffer (also as determined by thin-layer
chromatography and paper electrophoresis, respective-
ly). For the measurement of enzyme activity, the
samples (10 ul) removed at increasing times ¢ were

Eur. J. Biochem. 50 (1974)



J.-M. Frére, M. Leyh-Bouille, J.-M. Ghuysen, and H. R. Perkins

incubated for 10 min at 37 °C with 80 nmol of Ac,-
L-Lys-D-Ala-D-Ala (final volumes: 30 pl of 5 mM
sodium phosphate buffer pH 7.0) and the amount 4, of
hydrolysis product (pD-carboxypeptidase activity)
formed in each case was estimated. An approximate
first-order kinetic constant value £* for the break-
down of the enzyme - benzylpenicillin complex was
calculated by plotting log A4,/ 4, vs time and measuring
the slope of the line thus obtained (4, represented the
amount of hydrolysis product obtained with the same
concentration of active enzyme). The exact percentage
of enzyme recovery after each time ¢ was then
calculated by using the following formula (for explana-
tion, see legend of Fig, 8), which took into account the
fact that breakdown of the original complex and
enzyme recovery continued to proceed during the
10 min incubation (i.e. 600s) with the tripeptide
substrate:

Percentage enzyme recovery at time ¢

A 1 — g~ ¥"xe00
L4 -1/ ——].
Ay k* x 600

From these corrected data, the plots of log ¢,/c, vs
time yielded a half-life for the complex of 105 min
both in phosphate and in Tris-HC! buffers (Fig.8).
This value was virtually identical to that found on the
basis of the released radioactivity.

Samples removed after 90 min of breakdown of

— k*
1 — e~ k*x600

k* x 600

the enzyme - benzylpenicillin complex were also in--

cubated with [!*C]Ac-L-Lys-D-Ala-p-Ala (3 mM;
0.5 mCi/mmol) in the presence of meso-diamino-
pimelic acid (5 mM). Estimation of the reaction prod-
ucts showed that the enzyme had recovered its
transpeptidase activity. The v/vy, ratio thus obtained
was 0.6, a value which was identical to that obtained
with the untreated enzyme.

Nature of the Radioactive Compound Released
Jfrom Streptomyces R61 Enzyme
- ['*C] Benzylpenicillin Complex

The Streptomyces R61 enzyme - [**C]benzylpen-
icillin complex was immobile both by paper electro-
phoresis at pH 6.5 and by thin-layer chromatography.
By paper electrophoresis (60 V/cm), the radioactive
compound released from the complex had a mobility
towards the anode of 22 + 1 cm/h. Under the same
conditions, ['*C]benzylpenicillin and [**C]benzylpen-
icilloic acid migrated 16 and 25 cm/h, respectively. By
thin-layer chromatography, the released radioactive
compound had an Ry value of 0.78 + 0.02. It was
easily distinguishable from [**C]benzylpenicilloic acid
(Rg 0.71) but not from [**Clbenzylpenicillin (Ry 0.82).
Incubation with a large excess of penicillinase did not
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alter the Ry value of the released radioactive com-
pound. Moreover the rate of the spontaneous break-
down of the Streptomyces R61 enzyme - ['*C]benzyl-
penicillin complex was not modified by adding pen-
icillinase to the reaction mixture. In this latter
experiment, 13 units of penicillinase were used in
200 pl, final volume, of 5mM sodium phosphate
buffer pH 7.0 containing 0.05 nmol of complex.

Stability of the Complexes Formed
between the Streptomyces R61 Enzyme
and B-Lactam Antibiotics other than Benzylpenicillin

Enzyme (0.1 nmol) and antibiotic (1 nmol of
cephalosporin 87-312; 50 nmo! of either benzylpen-
icillin, carbenicillin, ampicillin, or penicillin V) were
incubated together for 10 min at 37 °C in 140 pl of
6 mM sodium phosphate pH 7.5. Penicillinase (20
units) was added, the reaction mixtures were maintain-
ed at 37 °C and samples were removed at increasing
time intervals., Recovery of enzyme activity was
measured as described above and the results are
shown in Fig.8. Because of the very large amount of
penicillinase used, the time needed to destroy the
excess of antibiotic which had not reacted with the
enzyme was considered as being negligible. Table 1
gives the half-lives of various Streptomyces R61
enzyme - antibiotic complexes and the rate constants
for their spontaneous breakdown. It also compares
these values with those obtained previously with the
complexes formed between S-lactam antibiotics and
either the corresponding membrane-bound trans-
peptidase of Streptomyces R61 [5] or the exocellular
DD-carboxypeptidase-transpeptidase of Streptomyces
R39 [4].

Competition between [**C | Benzylpenicillin
and Cephalosporin 87-312
for the Streptomyces R61 Enzyme

The following experiment was performed in order
to decide whether benzylpenicillin and cephalosporin
87-312 would bind to the enzyme in a mutually exclu-
sive way or to distinct binding sites.

In a control experiment, 0.26 nmol of Streptomyces
R61 enzyme and 1.2 nmol of ['*C]benzylpenicillin
were incubated for 10 min at 37 °C in 30 ul of 5 mM
sodium phosphate pH 7.0. After filtration on a 7-ml
column of Sephadex G-25 (1.5x4 cm) in the same
buffer, 0.235 nmol of [1*C]benzylpenicillin was found
in the excluded peak, associated with the protein. Ina
second experiment, 0.26 nmol of Streptomyces R61
enzyme was first incubated with 0.75 nmol of cephalo-
sporin 87-312 for 10 min at room temperature in
30 ul of the same phosphate buffer and then with
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Fig.8. First-order plot of the breakdown of various Strepto-
myces R61 enzyme - f-lactam antibiotic complexes at 37 °C
and in 5 mM phosphate buffer pH 7.0. The kinetics were based
on the recovery of enzyme activity. For conditions see text.
(A) Cephalosporin 87-312; (B) penicillin V; (C) (O) benzyl-
penicillin, (V) carbenicillin, ((1) ampicillin. ¢,: concentration
of the original complex; c,: concentration of the residual
complex after time 1 of incubation. Enzyme activity was esti-
mated by incubating the samples at 37 °C for 600 s in the pres-
ence of the tripeptide donor. Since enzyme recovery continued
to proceed during the 600 s of incubation with the substrate,
the exact percentage of enzyme recovery at time ¢ was calculat-
ed by using the equation given in the text. This equation was
based on the following mathematical development where:
t = time of recovery in seconds; E, = the concentration of
active enzyme present after ¢ seconds of recovery; EP, = the
residual concentration of inactive complex after ¢ seconds of
recovery; E, = the total (active and inhibited) concentration
of enzyme. E, is equal to E, + EP,; t; = the time of incuba-
tion of the sample with the substrate (i.e. 600 s); 4y = NEot;:
amount of hydrolysis product that a concentration E, of

1.2 nmol of [**C]benzylpenicillin for 10 min at 37 °C.
After filtration of the solution on Sephadex G-25,
0.026 nmol of [**C]benzylpenicillin was found to be
associated with the excluded protein. On the basis of
the rate constant for the breakdown of the Strepto-
myces R61 enzyme - cephalosporin 87-312 complex
(Table 1), 17% of the original complex must have
decayed during the 10 min of incubation at 37 °C
with ['*C]benzylpenicillin. Since at the beginning of

active enzyme would produce after 600 s of incubation with
the substrate. N = proportionality factor including the
concentration of substrate and the K, value, The mixture
containing E, + EP, is incubated with the substrate at time ¢.
At any time ¢’ between ¢ and t + ¢, the concentration of
active enzyme is E, = E, + Er where 1 = t'—¢ and the
amount of hydrolysis product (4) formed during the incuba-
tion between time ¢ and time #; is

4
A= NEt, + NJ Egdr

where Er =E, [1 — e ¥**] (for the meaning of k*, see text).
Therefore

and after substitution and integration
1 —

i_ Vl_e‘k"t, N Er (1—6_ k*t, )
Ay k*1, E, k*r

this second incubation the ratio of free ['*C]benzyl-
penicillin to free cephalosporin 87-312 was 12/5, and
assuming similar rate constants for the formation of
both enzyme - benzylpenicillin and enzyme - cephalo-
sporin 87-312 complexes, it was calculated that under
the above conditions about 129 of the Streptomyces
R61 enzyme should have undergone binding with
[*4C]benzylpenicillin, a value which was almost
identical to that found experimentally (10%).
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Table 1. First-order rate constants k and half-lives of various
DD-carboxypeptidase-transpeptidase enzyme - B-lactam anti-
biotic complexes

Temperature was 37 °C

Enzyme Antibiotic First-order Half-life
rate
constant
s™? min
StreptomycesR61 benzylpenicillin =~ 1.4 x1074 81
exocellular carbenicillin 1.4 x107¢ 81
enzyme (for ampicillin 1.4 x107* 81
conditions penicillin V 2.72x 1074 42
see text) cephalosporin
87-312 3.07x 107 38
StreptomycesR61 carbenicillin 0.73x10™* 160
membrane- benzylpenicillin 1.1 x107% 104
bound penicillin V 28 x107* 41
enzyme [4] ampicillin 33 x107° 3.5
StreptomycesR39 cephaloridin 0.63x107¢ 18000
exocellular cephalosporin
enzyme [5] 87-312 1.5 x107% 7800

benzylpenicillin 2.8 x107¢ 4200

Titration of Streptomyces R61 Enzyme
by Cephalosporin 87-312

Hydrolysis of the B-lactam ring of cephalosporin
87-312 by penicillinase caused a shift of the absorption
maximum from 386 to 482 nm ([7]. Portions of a
0.15 mM solution of cephalosporin 87-312 in 5 mM
sodium phosphate pH 7.0 were added stepwise and at
room temperature to 0.4 ml of a solution containing
7.9 nmol of Streptomyces R61 enzyme. After each
addition the mixture was maintained at room temper-
ature for 5 min, after which time the absorbance of
the solution was measured both at 386 nm and at
482 nm and the residual enzyme activity was estimated
on a 5-ul sample. As revealed by the three procedures,
the end-points of the titration occurred at a molar
ratio of cephalosporin 87-312 to Streptomyces R61
enzyme of 1.25 to 1 (Fig.9). The same high ratio had
also been obtained in similar experiments carried out
with the Streptomyces R39 DD-carboxypeptidase-
transpeptidase [5]. It might be due to the fact that the
amount of cephalosporin 87-312 used was estimated
on the basis of an gyg¢ value of 17500 M~ xcm ™. An
underestimation of this coefficient would result in an
overestimation of the amount of antibiotic required
to estimate the enzyme.

Interaction between Streptomyces R61 Enzyme
and Cephalosporin 87-312

The &,4,/€356 ratio of cephalosporin 87-312 hy-
drolysed by penicillinase was found to be equal to
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Fig.9. Titration of Streptomyces R61 enzyme by cephalosporin
87-312. Portions (10 pl) of a 0.15 mM solution of cephalo-
sporin 87-312 in 5 mM sodium phosphate buffer pH 7.0 were
added to 7.9 nmol of enzyme dissolved in 400 ul of the same
phosphate buffer. For other conditions see text. (A) Inactiva-
tion of the enzyme. The experimental data were corrected for
recovery of enzyme activity during incubation with the
substrate according to the formula:

Residual activity ( %) after addition of x nmol of cephalo-
sporin 87-312

(& = M=)
=—-—4+ —/—— - }/{——-
Ao kyt kot

where 4, is the amount of hydrolysis product formed, 4, the
amount of hydrolysis product obtained with the same concen-
tration of uninhibited enzyme, ¢ the time of incubation (in s)
with the substrate at 37°C and k,: 3.07x107%xs™! (see
Table 1). (B) Increase of the absorbance of the solution at
386 nm. (C) Increase of the absorbance of the solution at
482 nm. After each addition of cephalosporin 87-312, the
absorbance of the solution is normalised for a final volume
of 500 pl. In all cases the end-point of the titration occurred
after the addition of 65— 70 ul of the 0.15 mM cephalosporin
87-312 solution. Note that the molar absorption coefficient
of cephalosporin 87-312is 17500 M~ ! xcm ™! at 386 nm and
2600 M~ !xcm™ at 482nm, and the molar absorption
coefficient of cephalosporin 87-312 hydrolysed by penicillinase
is 7700 M !xcm™! at 386 nm and 16700 M~ ! xcm™! at
482 nm. Hence the molar absorption coefficient of hydrolysed
cephalosporin 87-312 at 482 nm is equal to that of intact
cephalosporin 87-312 at 386 nm

2.40. In marked contrast, the g;45/635¢ ratio of the
Streptomyces R61 enzyme - cephalosporin 87-312 com-
plex was 1.20 (Fig.9). This value was considerably
lower than that normally expected if the p-lactam
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Fig. 10. Absorption spectrum of cephalosporin 87-312 after
treatment with the Streptomyces R6I enzyme and with B-
lactamase. The spectra were recorded with 0.5-ml cells and an
optical pathway of 1.0 cm. Buffer: 5 mM sodium phosphate
pH 7.0. For other conditions see text. (A) Absorption spectrum
of a freshly prepared R61 enzyme - cephalosporin 87-312
complex. Concentration of the complex: 15 pM. (B) Differ-
ence spectrum between the freshly prepared R61 enzyme

ring of the antibiotic molecule had been hydrolysed as
occurred with penicillinase. Streptomyces R61 enzyme
(8 nmol) dissolved in 450 pl of 5 mM sodium phos-
phate buffer pH 7.0 was added to 7.5 nmol of cephalo-
sporin 87-312 dissolved in 50 pl of the same buffer.
After 5 min at room temperature, the solution exhibit-
ed an absorption maximum at 440 nm (gug
= 16500 M~! x cm 1) (Fig. 10A). Moreover, a differ-
ence spectrum against the same concentration of
cephalosporin 87-312 hydrolysed by penicillinase
exhibited extrema at 390 nm and 525 nm (Fig. 10B).
The Streptomyces R61 enzyme - cephalosporin 87-312
complex solution was then maintained at 37 °C for
60 min. After this time 659/ of the initially inhibited
activity had recovered and, parallel to this, the inten-
sities of the two extrema in the difference spectrum had
decreased to about 609, of the original values
(Fig.10C). Hence, at 37 °C and pH 7.0 the sponta-
neous breakdown of the Streptomyces R61 enzyme
- cephalosporin 87-312 complex, under conditions
where reactivation of the enzyme occurred, proceeded
through the release of the antibiotic molecule in a
degraded form which exhibited the same absorption
spectrum as that of cephalosporin 87-312 hydrolysed
by penicillinase. In another experiment the Strepto-
myces R61 enzyme - cephalosporin 87-312 was isolated
by filtration on Sephadex G-25 in 5 mM sodium
phosphate buffer pH 7.0, and then maintained at
37 °C in the same buffer. The absorption maximum
of the solution was at 440 nm as soon as the complex
had been isolated. However, the maximum shifted to

L 0.2
Lol g
C
8
5
2
<C
<1
0
b-0.

- cephalosporin 87-312 complex and an equivalent amount
of cephalosporin 87-312 hydrolysed by penicillinase. The
solutions contained 7.5 nequiv of cephalosporin 87-312
(either combined to the enzyme or hydrolysed by penicillinase)
in a final volume of 500 pl. (C) Difference spectrum between
the same complex as in (B) maintained for 70 min at 37 °C and
an equivalent amount of cephalosporin 87-312 hydrolysed by
penicillinase

457 nm after 30 min, to 472 nm after 60 min and to
480 nm after 90 min of incubation at 37 °C. Finally, it
was determined that the Streptomyces R61 protein
that had been released from its complex with cephalo-
sporin 87-312 had not only recovered its enzyme
activity, but had also recovered its initial ability to
bind fresh cephalosporin 87-312.

The above experiments revealed a marked differ-
ence between the Streptomyces R61 DD-carboxy-
peptidase-transpeptidase and the Strepromyces R39
DD-carboxypeptidase-transpeptidase. Indeed, the
interaction of the Streptomyces R39 enzyme with
cephalosporin 87-312 had been shown to give rise to
a! complex which immediately exhibited the same
absorption spectrum as that of cephalosporin 87-312
hydrolysed by penicillinase [4]. The “blue shift” of the
absorption spectrum of the Streptomyces R61 enzyme
- cephalosporin  87-312 complex, when compared
with that of the Streptomyces R39 enzyme - cephalo-
sporin 87-312 complex, might possibly be linked to
differences in the degree of protonation of the second-
ary amine that might be produced through hydrolysis
of the f-lactam ring during complex formation. In
order to check this hypothesis, cephalosporin 87-312
dissolved in S mM sodium phosphate buffer pH 7.0
was hydrolysed with penicillinase. The solution was
diluted with 0.1 M glycine to a 40 pM concentration
in hydrolysed cephalosporin 87-312 and then titrated
to pH 1.4 with 1 N HCI. The absorption maximum of
the solution progressively shifted from 482 nm at
pH 7.0to 440 nm at pH 1.4. However, the g4, value at
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pH 1.4 of the cephalosporin 87-312 hydrolysed by
penicillinase (3500 M~ ! x cm ™) was five times lower
than the g4 value at pH 7.0 of the Streptomyces R61
enzyme - cephalosporin 87-312 complex (16500 M ~*
xcm™!). Hence, the nature of the alteration under-
gone by cephalosporin 87-312 during its interaction
with the Strepromyces R61 enzyme (as well as with the
Streptomyces R39 enzyme) remains to be established.

DISCUSSION

As revealed by steady-state kinetics, the inhibition
of the Streptomyces R61 pp-carboxypeptidase-trans-
peptidase by penicillin V was competitive with regard
to the peptide donor whether the enzyme worked as a
carboxypeptidase or as a transpeptidase, and was non-
competitive with regard to the acceptor in the trans-
peptidation pathway. The K; values with regard to
peptide donor were very similar both in hydrolysis and
in transpeptidation, suggesting that the antibiotic
had the same affinity for the free enzyme E (or the
E - H,0 complex) and for the enzyme - acceptor
complex. The antibiotic had no effect on the ratios
vr/vyy vs [D] and vy/vy, vs [A], also suggesting that it
did not alter the basic mechanism through which the
reactions occurred. Previous experiments had shown
that the reaction probably proceeded through an
ordered mechanism in which the acceptor molecule
binds first to the enzyme [9]. In the present experiments
penicillin V was used because of its relatively low
efficiency as an inhibitor, which made it possible to use
it at concentrations much higher than that of the en-
zyme. The results obtained with carbenicillin and
benzylpenicillin, which is a very potent inhibitor,
supported the idea that the conclusions obtained with
penicillin V could probably be extended to fS-lactam
antibiotics in general.

The competitive inhibition of the Streptomyces
R61 enzyme caused by pB-lactam antibiotics with
regard to the peptide donor might suggest that inhib-
itor and peptide donor competed for the same site on
the free enzyme. However, the complexes formed
between the enzyme and the various f-lactam anti-
biotics had long half-lives of 40 to 80 min (at 37 °C and
neutral pH). Such a property was in complete conflict
with the hypothesis of a rapid equilibrium upon
which the competitive inhibition theory is based. At
neutral pH, both in Tris-HCl and in phosphate buffers,
the isolated Streptomyces R61 enzyme - antibiotic com-
plexes underwent spontaneous and complete break-
down, which was paralleled by the concomitant recov-
ery of the enzyme activity. The radioactive compound
released from the Streptomyces R61 enzyme - [**C)-
benzylpenicillin complex was neither [**C]benzyl-
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penicillin nor [**C]benzylpenicilloic acid and had the
same chromatographic and electrophoretic properties
as those of the radioactive compound released from the
Streptomyces R39 enzyme - [**Cbenzylpenicillin com-
plex (under conditions where recovery of enzyme
activity occurred) [4]. The values of the first-order
kinetic constants for the breakdown of the various
Streptomyces R61 enzyme - antibiotic complexes so far
tested were all of the same order of magnitude
(1—-3x107*xs™"). Except for ampicillin, these values
were roughly comparable with those obtained for the
breakdown of the complexes formed between the
same antibiotics and the corresponding membrane-
bound transpeptidase of Streptomyces R61 (0.3—3
x10*xs~1) [5], but they were about a factor of
100 higher than those obtained for the breakdown of
the exocellular Streptomyces R39 enzyme - antibiotic
complexes (0.6—3 x 1076 x s™1) [4]. Hence both Strep-
tomyces R61 and Streptomyces R39 enzymes behaved
as penicillin-destroying enzymes but did not function
as penicillinases. Their effectiveness differed greatly
but was always very low and could not be compared
with that of penicillinases. In a brief report by Stro-
minger ef al. [12], it was claimed that the DD-carboxy-
peptidases from both Bacillus stearothermophilus and
Bacillus subtilis hydrolysed benzylpenicillin to benzyl-
penicilloic acid and, hence, catalysed a reaction which
was that of a penicillinase. Further experiments,
however, did not confirm these preliminary findings
and showed that benzylpenicilloic acid was not the
reaction product (P. M. Blumberg, personal commu-
nication). It thus appears that in this respect the
Bacillus and the Streptomyces enzymes behave simi-
larly.

Whereas the absorption spectrum of the Strepto-
myces R39 - cephalosporin 87-312 complex, once
formed, had a maximum at 482 nm and was indistin-
guishable from that of cephalosporin 87-312 hydrolys-
ed by penicillinase [4], the absorption spectrum of the
Streptomyces R61 - cephalosporin 87-312 exhibited a
maximum at 430—440 nm. Breakdown of this latter
complex, however, gave rise to a released compound
exhibiting an absorption spectrum very similar to
that of cephalosporin 87-312 hydrolysed by penicillin-
ase. Hence, the complexes formed between cephalo-
sporin 87-312 and both Streptomyces R61 and
Streptomyces R39 enzymes probably differed from
each other with regard to the electrostatic forces
and/or the conformational changes involved. The
above experiments also suggested that the various
strains to which cephalosporin 87-312 was submitted
during its interaction with the Streptomyces R61
enzyme were relieved during reactivation of the en-
zyme, It is impossible to state, however, whether or
not the B-lactam ring of the antibiotic molecule was
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hydrolysed during its interaction with the Strepto-
myces R61 enzyme.

The inhibition of both Streptomyces R61 and
Streptomyces R39 enzymes by f-lactam antibiotics
appeared to proceed through one of the two following
reactions: k

E+P&= EP 5 E+X 1)

E+Pe=EP > EP* S E+ X, ()

where E is the active enzyme, P the antibiotic mole-
cule, EP and EP* inactive complexes and X the altered
antibiotic molecule. If reaction (1) represented the
real mechanism, the rate constant k, should be much
smaller than the rate constant k-, since intact penicillin
was never detected during the breakdown of the en-
zyme - antibiotic complexes so far tested. The attain-
ment of steady-state kinetics which, when expressed in
Lineweaver-Burk plots, seemingly show typical com-
petitive inhibitions, can only be explained by determin-
ing the exact pathway of the reaction and measuring
the values of the various constants. The elucidation of
the reaction pathway will also reveal the exact physical
meaning of the K; values obtained here and by
optical techniques [3] (see introductory paragraph).
This problem is under current study and should be
solved in the near future.
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