
Biochem. J. (1984) 218, 933-937 .933
Printed in Great Britain

Des-, syn- and anti-oxyimino-A-cephalosporins
Intrinsic reactivity and reaction with RTEM-2 serine A-lactamase and D-alanyl-D-alanine-cleaving serine

and Zn2 + -containiing peptidases

Guy LAURENT,* Fran,ois DURANT,* Jean-Marie FRERE,f Daniel KLEINt and
Jean-Marie GHUYSENt

*Laboratoire de Chimie Moleculaire Structurale, Facultes Universitaires Notre-Dame de la Paix, 61 Rue de
Bruxelles, B-5000 Namur, Belgium, and tService de Microbiologie, Faculte de Medecine, Institut de Chimie,

B6, Universite de Liege, B-4000 Sart Tilman (Liege), Belgium

(Received 8 August 1983/Accepted 7 December 1983)

The presence and configuration (syn or anti) of an oxyimino group in the 7(f,)-acyl
side chain of 3-cephems do not modify the intrinsic reactivity of the /3-lactam ring, but
have highly enzyme-specific effects. When compared with the corresponding des-
oxyimino P-lactam compound: (i) with the plasmid-mediated Escherichia coli RTEM-
2 serine P-lactamase, the substrate activity of the anti isomer is increased and that of
the syn isomer is decreased; (ii) with the Streptomyces R61 serine D-alanyl-D-alanine
cleaving peptidase (a highly penicillin-sensitive enzyme), the rate ofenzyme acylation
is not or only little affected when the oxyimino group is in the syn configuration, but is
decreased when the oxyimino group is in the anti configuration; (iii) with the Actino-
madura R39 serine D-alanyl-D-alanine-cleaving peptidase (an exceedingly highly
penicillin-sensitive enzyme), the rate of enzyme acylation is unaffected whatever the
configuration of the substituent. The oxidation of the sulphur atom of the dihydrothi-
azine ring on the f-face of the molecule makes it both a poorer inactivator of the DD-
peptidases and a poorer substrate of the f,-lactamase. The Streptomyces albus G Zn2 +-
containing D-alanyl-D-alanine-cleaving peptidase (a highly penicillin-resistant
enzyme) remains highly resistant to all compounds tested.

The oxyimino-cephalosporins (Bucourt, 1981)
are characterized by the presence, in the 7(fl)-side
chain, of an oxime function that may occur in two
configurations, syn and anti (Table 1). The syn
configuration confers both high antibacterial ac-
tivity (Bucourt et al., 1978) and high resistance to
various f-lactamases (Fu & Neu, 1978; Chabbert
& Lutz, 1978; Schrinner et al., 1980). The present
paper describes experiments performed in order to
elucidate the relationships that might exist be-
tween the oxime configuration, the chemical
reactivity of the P-lactam ring in the ground-state
conformation, its susceptibility to hydrolysis by the
plasmid-mediated Escherichia coli RTEM-2 serine
fB-lactamase and its inactivating potency towards
various D-alanyl-D-alanine-cleaving peptidases (in
short DD-peptidases), namely the Zn2 +-containing
DD-peptidase of Streptomyces albus G and the ser-
ine DD-peptidases of Streptomyces R61 and Actino-
madura R39. The RTEM-2 ,B-lactamase was
selected because of its relatively high cephalo-

sporinase activity, when compared with the Bacil-
lus cereus I, B. licheniformis or Staphylococcus
aureus ,3-lactamases (Labia et al., 1979).

Materials and methods

Compounds
Cefuroxime was a gift from Glaxo, Greenford,

Middx., U.K. All the other /3-lactam compounds
listed in Table 1 were gifts from Roussel-Uclaf
Laboratories, Romainville, France, or Hoechst
A.-G., Frankfurt, Germany. Sodium salts were
dissolved in double-distilled water. Acids were dis-
solved in 0.1 M-sodium phosphate buffer, pH 7.0.
The tripeptide NW-diacetyl-L-LyS-D-Ala-D-Ala
(the standard substrate of the DD-peptidases) was
from UCB-Bioproducts, Brussels, Belgium.
Chemical stability ofthe P-lactam compounds at 30° C
at pH 12.0
The ,B-lactam compounds (0.6mM) were incu-
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bated at 30° C in 1 M-K2HPO4 adjusted to pH 12.0
with KOH. Samples (10pl) were withdrawn after
increasing periods of time, and the extent of hydro-
lysis was measured by using the starch-iodine test
method of Novick as modified by Johnson et al.
(1975).

Susceptibility to hydrolysis by the RTEM-2 fi-
lactamase
A freeze-dried sample of the purified ,B-lactam-

ase (a gift from Dr. J. R. Knox, University of
Connecticut, Storrs, CT, U.S.A.) was dissolved in
50mM-sodium phosphate buffer, pH7.0 (final
concn. 2.93mg of protein/ml). Enzyme and ,B-
lactam compounds were incubated together in
33 mM-Hepes [4-(2-hydroxyethyl)-1-piperazine-
ethanesulphonic acid]/NaOH buffer, pH 7.0, at
30° C, and the extent of hydrolysis was measured as
described above. Benzylpenicillin (from Rhone-
Poulenc, Vitry, France) and nitrocefin (from
Glaxo) were used in control experiments. Hydro-
lysis was followed by monitoring the absorbance of
the corresponding solutions at 482nm (O'Cal-
laghan et al., 1972) and 240nm (Samuni, 1975)
respectively.

Reaction with the DD-peptidases
Enzyme inactivation. The DD-peptidases, purified

as described elsewhere (Frere et al., 1973, 1974;
Duez et al., 1981), were used at final concentrations
of 15, 30 and 30Mg of protein/ml (for the R39, R61
and G peptidases respectively). Incubation with
the P-lactam compounds was carried out at 37° C
and in 5 mM-sodium phosphate buffer, pH 7.0, con-
taining 10QuM-EDTA (sodium salt) (R61 pepti-
dase), 100mM-Hepes/NaOH buffer, pH8.0, con-
taining 5mM-MgCl2 (G peptidase) or 100mM-
Hepes/NaOH buffer, pH 8.0, containing 5mM-
MgCl2 and 100mM-NaCl (R39 peptidase).
Residual peptidase activity was assayed by supple-
menting samples with 2mM-Ac2-L-Lys-D-Ala-D-
Ala and measuring the amounts of D-alanine
released after a 10min incubation at 37° C. Pseudo-
first-order rate constants of inactivation (ka) were
obtained by plotting ln(A,/Ao) versus time, where
Ao and A, are the enzymic activities before and
after incubation of the DD-peptidase with the ,B-
lactam compound.
Enzyme recovery. The R61 and R39 serine DD-

peptidases (but not the G Zn2+ -containing DD-
peptidase) could be completely inactivated by an
excess of J-lactam compound. In those cases, the
unbound P-lactam compound was eliminated by
dialysis at 4° C against the relevant buffer, and the
inactive enzyme-,B-lactam complex was re-incu-
bated at 37° C. Enzyme recovery was measured as a
function of time.

Results
The P-lactam compounds listed in Table 1 were

studied with respect to their intrinsic chemical
stability (as expressed by their susceptibility to
hydrolysis by OH-), their substrate activity to-
wards the RTEM-2 serine P-lactamase and their
capacity of inactivating the three selected DD-
peptidases. The relevant kinetic data are given
in Table 1. The following comments deserve
attention.
The opening of the ,B-lactam amide bond at

pH 12.0 followed pseudo-first-order kinetics. The
results are expressed in terms of second-order rate
constants (M- -s- 1) for hydrolysis.
Time courses of RTEM-2 P-lactamase-catalysed

hydrolysis of the ,B-lactam compounds did not sug-
gest any substrate-induced inactivation of the
enzyme, such as occurs with some P-lactam com-
pounds and the serine P-lactamase of Bacillus
cereus (Citri et al., 1976). No biphasic phenomenon
was observed, and the hydrolysis obeyed the
integrated form of the Henri-Michaelis equation.
The Km and kcat. values were therefore derived
from Eisenthal-Cornish-Bowden plots (Eisenthal
& Cornish-Bowden, 1974). Note, however, that,
with the 3-cephem nitrocefin, time courses re-
vealed a slow and progressive decrease of enzyme
efficacy that could not be attributed to substrate
depletion or to product inhibition. Rather, the
kinetics suggested either a reversible change of the
enzyme-substrate complex or an immobilization
of part of the protein in the form of an isomerized
inactive acyl-enzyme. Furth (1979) reported a simi-
lar behaviour during Pseudomonas aeruginosa f3-
lactamase-catalysed hydrolysis of nitrocefin, and
more recently Citri & Zyk (1982) described con-
formational responses of the RTEM P-lactamase
to some P-lactam substrates.

Inactivation of the DD-peptidases by P-lactam
compounds usually obeys the following reaction
model (Frere et al., 1975a,b):

K k+2 k+3
E + I -E-I .+E-I* -+E + degradation products
where E represents the DD-peptidase, I the ,B-lac-
tam compound, E-I the Michaelis complex and E-
I* the intermediate (a serine ester-linked acyl-
enzyme in the case of the R61 and R39 serine DD-
peptidases); K is a dissociation constant, and kl+3
and k+2 are first-order rate constants. The higher
the k+ 2/K value and the lower the k+3 value, the
better the f-lactam compound as a DD-peptidase
inactivator. With the R61 and R39 serine DD-pep-
tidases and at /-lactam compound concentrations
of about 1 gM for the R39 DD-peptidase and
100 UM for the R61 DD-peptidase, the velocity
of enzyme acylation {i.e. enzyme inactivation;
ka = (k+ 2/K)[I]} remained proportional to [I], thus
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indicating that [I] <<K. Under these conditions,
only the k+ 2/K ratio, i.e. the second-order rate con-
stant of enzyme acylation (inactivation), could be
obtained (Table 1). The k+ 2/K values thus ob-
tained were all rather low. As discussed by Brockle-
hurst (1979), such low values indicate that the first
step can be considered as a quasi-equilibrium.
Moreover, at a given ,B-lactam concentration, in-
activation always appeared to be a pseudo-first-
order phenomenon, a behaviour that would not be
expected if the first step was not much faster than
the second. In turn, the k+ 3value, which expresses
the velocity of the acyl-enzyme E-I* breakdown
(or enzyme recovery), was measured as described
in the Materials and methods section. The k+3
value was at the most equal to 5 x 10-6s-1 (see
footnote of Table 1), indicating that the acyl-
enzyme intermediates had half-lives equal to or
longer than 30h. With the G Zn2 +-containing DD-
peptidase, none of the ,B-lactams listed in Table 1,
at concentrations close to 1 mM, had any inactivat-
ing potency, except for compound (10), for which a
k+2/K value of 0.5M1ms1 was obtained (not
shown in Table 1).

Discussion
In the ground state conformation, the suscepti-

bility of the P-lactam compounds to nucleophilic
attack (as expressed by the second-order rate con-
stant of hydrolysis by OH-) is the result of a com-
plex interplay between the ring framework and its
side chains, in particular the inductive effect of the
substituent at C-3 in the 3-cephems (Proctor et al.,
1982; Frere et al., 1982; D. B. Boyd, personal
communication). Yet, examination of a large series
of 2-cephems, 3-cephems, penams, penems and
carbapenems showed that these combined effects
had relatively little influence on the intrinsic
reactivity ofthe ,B-lactam compounds, the values of
the second-order rate constant (in M- s- 1) for
reaction with OH- ranging at the most from 0.01
for the unsubstituted penam penicillanate to 3.0 for
the 3-cephem nitrocefin (Frere et al., 1982). With
the 3-cephems listed in Table 1, the observed varia-
tions in the values ofthe second-order rate constant
(in M1 *S 1) for reaction with OH - are within one
order of magnitude, from 0.03 for compound (2) to
0.34 for compound (10).
Assuming that the RTEM-2 serine P-lactamase

and the R61 and R39 serine DD-peptidases operate
by the same mechanism, the kcat.IKm(#-1actamase)
k+ 2/K(DD-peptidase) and second-order rate constants
for hydrolysis by OH- are comparable data; they
all refer to the opening ofthe ,B-lactam amide bond.
Examination of the data of Table 1 leads to the
following observations.

1. The accelerating effect due to enzyme action

on a given ,3-lactam compound and as expressed by
the ratio of the values of the second-order rate con-
stant (in M- s') for reaction with the enzyme
and OH - varies from 500 [compound (4)] to about
3 x 106 [compound (11)] with the fi-lactamase, from
1300 [compound (10)] to about 1 x 105 [compound
(7)] with the R39 DD-peptidase, and from 4 rcom-
pound (10)] to about 9000 [compound (7)] with the
R61 DD-peptidase. When compared with the R39
DD-peptidase and as already shown by other
studies, the R61 DD-peptidase exhibits increased
intrinsic resistance to,-lactam action.

2. As shown by the comparable triad compounds
(1), (2) and (8), the occurrence of an oxyimino
group, irrespective of its configuration, in the 7(f)-
side chain of the 3-cephems has very little or no
effect on the chemical stability of the 3-lactam
compound. This substituent, however, is highly
enzyme-specific. Depending on whether it occurs
in the syn or anti configuration, the oxyimino
group causes either a 35-fold decrease (mainly by
affecting the Km value) or a 2-fold increase (mainly
by affecting the Vmax. value) in the substrate
activity of the f-lactam compound towards the
RTEM-2 ,B-lactamase; conversely, the syn sub-
stituent has no effect on, and the anti substituent
causes a 12-fold decrease of, the second-order
constant of the acylation of the R61 DD-peptidaie.
Finally, whether the oxyimino group is present or
not, and whether it occurs in the syn or anti con-
figuration, is irrelevant to the interaction of thej3-
lactam compound with the R39 DD-peptidase
active site.

3. As shown by the compounds (5), (6), (7) and
(11), structural variations at positions R1, R2 ai
R3 of the (syn or anti) oxyimino 3-cephem derive
tives influence both the ,B-lactamase substrAt
activity and the DD-peptidase-inactivating potenc
of the compounds. As shown by the compara
triads compounds (2), (3) and (4) and compoun4s
(8), (9) and (10), oxidation of the sulphur atom of
the dihydrothiazine ring either much decreases or
has no effect on /-lactamase substrate activity,
depending on whether the substitution affects the
#- or the a-face of the molecule. #-Sulphoxide
derivatives [compounds (4) and (10)] also show low
inactivating potency towards the R61 and R39
serine DD-peptidases. It should be noted that,
with these two ,B-sulphoxides, the k+ 2/K values are
similar for the inactivation of the R61 enzyme.
Surprisingly, the Zn2+-containing DD-peptidase,
an enzyme known to have high intrinsic resistance
to ,B-lactam action, exhibits detectable sensitivity
(second-order rate constant of enzyme inactivation
0.5M-1I-1) to the ,B-sulphoxide compound (10).

In conclusion, it seems that the structural differ-
ence between syn and anti isomers has a deep
influence on the sensitivity of the molecule to /-
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lactamase hydrolysis and relatively little effect on
the inactivating potency towards the model en-
zymes studied in the present paper. The first ob-
servation is in good agreement with that reported
by Labia et al. (1980). The second, however, does
not apply to the DD-carboxypeptidase and trans-
peptidase activities of ether-treated Pseudomonas
aeruginosa cells, for which Mirelman & Nuchamo-
witz (1980) reported a much decreased effect on the
anti isomer.
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