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The induction of B-lactamase was studied in a strain of Enterobacter cloacae. A
wide variety of B-lactam compounds were found to induce B-lactamase in this
organism, and the degree of induction was directly related to the stability of the
inducer to degradation by the enzyme. The kinetics of the induction process were
consistent with a system normally under repressor control, suggesting a direct
interaction of the B-lactam compound with a repressor protein in the E. cloacae
cells. Although these characteristics are common to many inducible systems in
gram-negative organisms, the induction of B-lactamase in this strain was not
subject to catabolite repression with glucose and remained unaffected by exoge-
nous cyclic AMP in the culture medium. This suggests that the organization and
function of the B-lactamase regulatory genes in E. cloacae are unlike those of
other inducible gene systems, such as those composing the well-characterized

lactose operon in Escherichia coli.

Studies in this and other laboratories have
shown that the level of B-lactamase expression
in bacteria possessing inducible cephalosporin-
ases plays an important role in determining
susceptibility to the newer cephalosporins.
Strains reversibly derepressed by cefoxitin or
stably derepressed via mutation become resist-
ant not only to the newer cephalosporins but
also to expanded-spectrum penicillins (5, 10, 17,
27,29, 30, 32; C. C. Sanders and W. E. Sanders,
Jr., Rev. Infect. Dis., in press). The derepressed
enzymes appear to confer resistance to this
broad array of B-lactam antibiotics by either (i)
hydrolysis of the drug or (ii) creation of a
permeability barrier to nonsubstrate drugs that
limits access to target proteins (29, 30, 32;
Sanders and Sanders, in press).

Strains within the genus Enterobacter charac-
teristically produce inducible cephalosporinases
(31). Derepression of these enzymes has been
associated with therapeutic failures for cefaman-
dole, moxalactam, and ceftriaxone (3, 25, 27;
Sanders and Sanders, in press). Also, the ability
of cefoxitin to antagonize the activity of various
B-lactam antibiotics against this genus both in
vitro and in vivo is due to the derepression of B-
lactamase (4, 7, 9, 12, 16, 30, 36). Despite the
clinical significance of this inducible Enterobac-
ter enzyme, very little is known about the proc-
ess of its production. Therefore, the purpose of
this study was to characterize this process
through (i) an examination of induction kinetics,
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(ii) determination of the structural specificity for
inducer molecules, and (iii) identification of
physiological factors that influence induction.

MATERIALS AND METHODS

Bacterial strain. A clinical isolate of Enterobacter
cloacae 55 was employed in these studies. This strain
has been characterized previously (10) and possesses
an inducible, chromosomally mediated cephalosporin-
ase of Richmond and Sykes type I. This enzyme after
induction is capable of hydrolyzing cephalothin, ceph-
aloridine, cefamandole, penicillin G, and, to a small
extent, cefoxitin. In standard disk diffusion (2) and
broth dilution assays (10), E. cloacae 55 (without
enzyme induction) is resistant to cephalothin, cepha-
loridine, and cefoxitin, but susceptible to a number of
other B-lactam antibiotics (Table 1). It appears to be
susceptible to cefamandole in disk diffusion tests but
resistant in broth dilution tests. Stable, derepressed
mutants phenotypically identical to E. cloacae 55 after
cefoxitin induction occur at a rate of 1 in 10° to 10’
cells. These mutants differ from the wild type in their
resistance to a number of B-lactam antibiotics (Table 1).

Media. Mueller-Hinton broth (MHB; Difco Labora-
tories, Detroit, Mich.) was used for all initial induction
experiments. For catabolite suppression experiments
the minimal salts medium of Makman and Sutherland
was employed (20). This contained (per liter of dis-
tilled water): 14 g of K,HPO,, 6 g of KH,POy,, 2 g of
(NH,),SO,, and 0.2 g of MgSO, (Mallinckrodt Inc., St.
Louis, Mo.). Minimal salts medium was supplemented
with 0.5% (wt/vol) glucose, fructose, lactose, or vita-
min-free Casamino Acids (Difco), or one of the com-
plex media MHB or Trypticase soy broth (BBL Micro-
biology Systems, Cockeysville, Md.), both used at the
manufacturer’s suggested concentrations.

Antibiotics and reagents. Working antibiotic stan-
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TABLE 1. B-Lactam susceptibility of E. cloacae 55 and its spontaneous mutant stably derepressed for -
lactamase production

& Lactam Minimal mhlbmf); concn (ug/ml)? Zone size (mm)®
Strain 55 Mutant Strain 55 Mutant
Carbenicillin 8 128 27 (S) 12 (R)
Piperacillin 8 >128 30 (S) 10 (R)
Mezlocillin 16 >128 27 (S) 11 (R)
Azlocillin 32 >128 22 7
Cephalothin >128 >128 6 (R) 6 (R)
Cefoxitin >128 >128 6 (R) 6 (R)
Cefamandole 64 >128 24 (S) 7 [R)
Cefotaxime 16 >128 33 (S) 7 (R)
Ceftriaxone 1 >128 26 8
Moxalactam 4 32 32 (S) 22 (D)
Mecillinam 0.25 0.25 24 26
N-Formimidoyl thienamycin 0.5 0.25 20 23
Sch 29482 2.0 2.0 20 22

@ Determined with an inoculum of 10° CFU/ml in 3 ml of MHB.
b Interpretation: S, susceptible; I, intermediate; R, resistant. No interpretation was applied to drugs for which

interpretive standards have not been established (22).

dards were prepared in 0.1 M phosphate buffer from
the following diagnostic powders: cefamandole, ceph-
alothin, cephaloridine, and moxalactam (Eli Lilly &
Co., Indianapolis, Ind.); cephamycin C, cefoxitin, and
N-formimidoyl thienamycin (Merck Sharp & Dohme,
West Point, Pa.); nitrocefin (Glaxo Ltd., Greenford,
Middlesex, England); rifampin (Pittman-Moore, India-
napolis, Ind.); chloramphenicol (Sigma Chemical Co.,
St. Louis, Mo.); and Sch 29482 (Schering Corp.,
Bloomfield, N.J.). The following reagents were also
used: isopropylthio-g-galactoside (IPTG), cyclic AMP
(cAMP), o-nitrophenyl-B-p-galactopyranoside
(ONPG), and EDTA (all from Sigma).

Induction of B-lactamase. The kinetics of induction
were studied with E. cloacae 55 cells grown to log
phase in MHB. An induction culture was prepared by
making a 1:20 dilution of an overnight MHB culture in
fresh medium and incubating it at 35°C with shaking
(150 rpm). In 2 to 3 h, the culture reached a standard
optical density of 0.3 at 570 nm (Spectronic 20), which
corresponded to a viable count of 1 x 10® to 3 x 108
CFU/ml. B-Lactam compounds were then added as
sterile solutions in 0.1 M phosphate buffer, and incuba-
tion was continued. Cells were harvested at various
time intervals in 75-ml portions, and sodium azide was
added (1 mM final concentration) to arrest cell metab-
olism. The cells were then centrifuged at 7,000 X g for
15 min (Sorval RC2-B) and washed once with 0.1 M
phosphate buffer. The cell pellet was resuspended in 5
ml of the same buffer and disrupted with a Bronwill
ultrasonic disintegrator (Biosonik IV; VWR Scientific,
San Francisco, Calif.). Cell debris was removed by
centrifugation at 30,000 x g for 45 min at 4°C (Interna-
tional Centrifuge). The cleared sonic extracts were
filter sterilized and frozen at —20°C. The protein
content of all cleared sonic extracts was determined by
the method of Lowry et al. (19), with bovine serum
albumin used as the standard. The amount of bioactive
inducer present at each sampling time was determined
by a bioassay described previously (11). In one induc-

tion experiment, cells were grown to the standard
optical density in MHB, centrifuged as before, and
suspended in an equal volume of 0.01 M Tris-hydro-
chloride buffer (pH 8). The cells were immediately
centrifuged at 10,000 x g for 5 min (RC2-B), and the
resulting pellet was resuspended in the same volume of
Tris containing 0.25 mM EDTA to increase outer
membrane permeability (18). The cell suspension was
manually mixed for 60 s, and the cells were pelleted as
before. The pellet was resuspended in the original
volume of prewarmed MHB, and the culture was
induced for 1 h with a given B-lactam at 20 pug/ml final
concentration. At the end of incubation, sodium azide
was added and cells were sonicated as described
above. For catabolite repression studies, E. cloacae 55
was grown with shaking in minimal salts medium
containing 0.5% Casamino Acids. When the culture
reached an optical density of 0.3 at 570 nm, glucose
was added to final concentrations of 0.1, 0.5, or 1%.
Incubation was continued for an additional 10 min, and
then cefoxitin (20 wg/ml) and IPTG (0.5 mM) were
added to induce B-lactamase and B-galactosidase, re-
spectively. Incubation was continued as before, and
harvested cells were sonicated. The effect on enzyme
induction of exogenously supplied cAMP (5 mM) was
studied in a similar manner with cells grown in minimal
salts medium with 1% glucose as sole carbon source.

B-Lactamase and B-galactosidase assays. The B-lac-
tamase activity of cleared sonic extracts was deter-
mined by a spectrophotometric assay (10) measuring
the amount of cephalosporin inactivated in a 100 uM
solution in phosphate buffer (pH 7.1) at 37°C with a
Beckman DBGT dual beam spectrophotometer. B-
Galactosidase activity in the sonic extracts was as-
sayed by the spectrophotometric method of Wallenfels
(34). Cleavage of ONPG substrate dissolved in 0.05 M
Tris buffer (pH 7.6) was followed at 25°C after addition
of an appropriate dilution of the sonic extract. The
change in optical density of the solution at 405 nm was
monitored as the o-nitrophenol cleavage product was
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FIG. 1. Influence of cefoxitin concentration on in-
duction of B-lactamase in E. cloacae 55. Induction was
performed for 3 h, and B-lactamase was assayed with
cefamandole as the substrate. Bars indicate 2 standard
deviations of the mean of triplicate assays.

released. Specific enzyme activities for both assays
were calculated from the protein content of the cells.

RESULTS

Kinetics of B-lactamase induction. The induc-
tion of B-lactamase in E. cloacae 55 was studied
initially in log-phase cells induced with cefoxi-
tin. Cells were grown with shaking in MHB to an
optical density of 0.3 at 570 nm. The culture was
divided into equal portions, and cefoxitin was
added to give final concentrations of 1.3 to 50
ng/ml. Incubation was allowed to proceed for 3
h, after which cleared sonic extracts were pre-
pared and evaluated for B-lactamase activity
with cefamandole used as a substrate. The
amount of B-lactamase induced increased across
the entire concentration range of cefoxitin tested
(Fig. 1). A decrease in cell viability of no more
than 1 log was observed under these conditions.
When 50 pg of chloramphenicol or rifampin per
ml was added to log-phase cells 20 min before
the addition of 20 ug of cefoxitin per ml, B-
lactamase induction was completely inhibited.
These results suggested that the induction of B-
lactamase depended on active protein synthesis.
The kinetics of B-lactamase production in E.
cloacae 55 cells induced in MHB containing 50
wug of cefoxitin per ml are shown in Fig. 2. The
induction of cefamandole-inactivating B-lacta-
mase reached a peak at 2 h and then declined as
the amount of bioactive cefoxitin remaining in
the induction medium declined (Fig. 2). The B-
lactamase induction process was rapidly revers-
ible by washing the cefoxitin-induced cells once
in 0.1 M phosphate buffer and then reincubating
them in drug-free MHB. Induction was uninter-
rupted, however, when the washed cells were
resuspended in MHB containing the original
concentration of cefoxitin (Fig. 3).
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FIG. 2. Kinetics of B-lactamase production (solid
line) in E. cloacae 55 cells induced with 50 pg of
cefoxitin per ml. Sonic extracts prepared from induced
cells were used in the spectrophotometric assay with
cefamandole as substrate. The concentration of cefox-
itin remaining in the induction medium is shown by the
dashed line. Bars indicate 2 standard deviations for the
mean of triplicate assays.

Stability of inducers to B-lactamase. To test the
relationship between B-lactamase stability and
inducer structure in determining optimal induc-
tion in this strain, we compared a number of -
lactams for their ability to induce enzyme at a
concentration of 20 pwg/ml. In these tests, one
half of the cells were pretreated with EDTA
before induction to minimize permeability differ-
ences between the B-lactam compounds em-
ployed. Induction was conducted for 1 h, after
which cell-free sonic extracts were prepared and
tested for B-lactamase activity against cephalori-
dine. This compound was selected as the sub-
strate in the spectrophotometric assay in this

25}
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FIG. 3. Effect of washing on induction of B-lacta-
mase in E. cloacae 55. Cells were induced with
cefoxitin (10 pg/ml) for 2.5 h and then washed in
phosphate buffer. Cells were then resuspended in
either MHB (dashed line) or MHB containing cefoxitin
(10 pg/ml) (solid line). The substrate was cefamandole.
Bars indicate 2 standard deviations of the mean of
triplicate assays.
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TABLE 2. Induction of B-lactamase by various p-lactam antibiotics in cells with and without EDTA
treatment

B-Lactamase activity? (nmol inactivated/

min per mg + 2 SD) in: EDTA-treated/
B-Lactam untreated
Untreated EDTA-treated activity ratio
cells cells

Cephalothin 11+ 1 12+ 1 1.1
Cephamycin C 126 + 15 312+ 4 2.5
Cefamandole 186 + 23 406 =+ 28 2.2
N-Formimidoy! thienamycin 826 = 20 2,245 *+ 160 2.7
Cefoxitin 429 + 13 1,951 + 28 4.5
Moxalactam 522+ 15 1,639 =+ 77 3.1
Sch 29482 642 = 29 2,089 = 68 33

4 Substrate was cephaloridine.

and all further studies since it was found to be
significantly more sensitive than cefamandole to
degradation by the induced B-lactamase (10).
The ability of seven different B-lactam antibiot-
ics to induce B-lactamase in E. cloacae 55 cells
with and without EDTA treatment is shown in
Table 2. EDTA treatment of the cells increased
the amount of enzyme induced by these agents.
This effect was greatest for cefoxitin, moxalac-
tam, and Sch 29482. However, the relative order
of inducer activity (compared with cephalothin)
was not influenced greatly by EDTA treatment
(Table 3). In general, the better inducers were
those antibiotics that were not susceptible. to
hydrolysis by the B-lactamase (Table 3). No
clear structural specificity was found which de-

termined the degree of inducer activity. Moxa- :

lactam, like cefoxitin, contains a 7-alpha-meth-
oxy group and was also a good inducer of -

TABLE 3. Inducer activity and B-lactamase stability
of various B-lactam antibiotics

Relative inducer
activity? for:

Relative rate?

o‘(% control)
B hydrolysis
B-Lactam Untreated Erglt.:d by the in-
cells cells duced en-
zyme
Cephalothin 1 1 100
Cephamycin C 12 27 15
Cefamandole 18 35 1
N-Formimidoyl 78 195 <0.5
thienamycin
Cefoxitin 40 170 <0.5
Moxalactam 49 143 <0.5
Sch 29482 61 182 <0.5

¢ Amount of each enzyme induced was determined
with cephaloridine used as the substrate. The amount
of enzyme induced by cephalothin was assigned a
valueof 1.
® Hydrolysis of each substrate was measured with a
single preparation of B-lactamase induced by cefoxi-
tin. Hydrolysis of cephalothin was assigned a value of
100%.

lactamase. However, two new compounds
structurally unrelated to cefoxitin, N-formimi-
doyl thienamycin, a carbapenem, and Schering
29482, a penem, were the best inducers of B-
lactamase in this strain with or without EDTA
treatment (Table 2).

studies. The expression of most
inducible operons in gram-negative bacteria has
been shown to be influenced by the composition
of the growth medium. Therefore, the effect of
carbon source on the induction of B-lactamase in
E. cloacae 55 cells was studied. Cells were
grown to log phase (optical density of 0.3 at 570
nm) in minimal salts medium supplemented with
either a single or complex carbon source. Cefox-
itin (50 pg/ml) and IPTG (0.5 mM) were then
added, and cells were induced for 1 h. Sonic
extracts produced from such induced cells were
used to measure the levels of -lactamase and B-
galactosidase. Induction of p-galactosidase was

TABLE 4. Influence of carbon source on induction?
of B-lactamase and B-galactosidase in E. cloacae 55

B-Lactamase
az:tnvntly -cdvity( 1
nmo amo|
Carbon source inactivated/ cleaved/min per
min per mg mg + 2 SD)
+ 2 SD)
Group A’
Glucose 2,027 + 52 864 + 48
Fructose 2,011 = 1,140 = 84
Trypticase soy 7,235 674 + 26
Group B¢
Lactose 3,806 + 292 1,457 = 58
Casamino Acids 2,692 = 197 2,190 + 58
MHB 1,979+ §2 2,790-= 70

@ B-Lactamase was induced with.cefoxitin and test-
ed with cephaloridine as the substrate.
sidase was induced with IPTG and tested with ONPG
as the substrate.
" & Contained glucose or fructose as carbon source.
¢ Contained carbon sources other than glucose or
fructose.
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significantly decreased in media containing glu-
cose or fructose (Table 4). In contrast, the
glucose content of the medium did not suppress
B-lactamase production. The highest specific
activity of this enzyme was obtained in cells
grown in Trypticase soy broth containing glu-
cose. The effect of glucose on the induction of -
lactamase was more directly determined by
growing cells of E. cloacae 55 to log phase in
minimal salts medium containing 0.5% Casa-
mino Acids as the sole carbon and energy
source. When the cells reached the standard
optical density, glucose was added at various
concentrations. Incubation was continued for 10
min, and then cefoxitin and IPTG were added as
before. Induced cells were harvested at timed
intervals, and enzyme activity was evaluated
from the sonic extracts produced. The induction
of B-galactosidase was suppressed by the addi-
tion of glucose, whereas the induction of B-
lactamase was not (Fig. 4). Similarly, the addi-
tion of cAMP (5 mM final concentration) to cells
grown in minimal salts medium containing 1%
glucose as sole carbon source had no effect on
cefoxitin-induced B-lactamase production (Fig.
S).

DISCUSSION

The inducibility of B-lactamase in Enterobac-
ter was first described by Hennessey (14). Other
investigators have since shown that enzyme
expression in this genus is normally under re-
pressor control (10, 17). Both spontaneous and
temperature-sensitive mutants that have a dere-
pressed phenotype have been characterized.
The rapid reversal of enzyme induction after
removal of the inducer and the prevention of
induction by chloramphenicol and rifampin de-
scribed in the current study further support a
repressor control mechanism for the expression
of this B-lactamase. The induction of B-lacta-
mase in E. cloacae appears to resemble the
induction mechanism for the chromosomally
mediated B-lactamase in Pseudomonas aerugin-
osa (24). The expression of this enzyme has also
been shown to be under repressor control, and
recent data indicate that B-lactam molecules
may interact with a repressor protein in the cell
(6, 24, 26).

Initial induction studies with E. cloacae 55
showed that cefoxitin was a better B-lactamase
inducer than cephalothin or cefamandole (28).
This suggested that some molecular specificity
may exist for the inducer molecule. The results
of this study showed that a variety of structural-
ly diverse B-lactam antibiotics were excellent
inducers of the enzyme. Stability to the B-
lactamase correlated with inducer activity. The
best inducers in this study were two new com-
pounds, N-formimidoyl thienamycin and Sch
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FIG. 4. Effect of glucose on induction of B-galacto-
sidase (A) and B-lactamase (B) in E. cloacae 55 cells.
Numbers at the end of each line indicate the glucose
concentration of the medium. Cells were grown to log
phase in minimal salts medium with Casamino Acids
as the sole carbon source and induced with IPTG (0.5
mM) and cefoxitin (50 pg/ml). Glucose was added 10
min before the addition of inducers. Sonicated cell
extracts prepared from induced cells were used to
measure the degradation of cephaloridine and ONPG.
Bars indicate 2 standard deviations of the mean of
triplicate assays.

29482. These differ markedly in overall structure
from cefoxitin. However, like cefoxitin, they are
not good substrates for the induced enzymes (1,
8, 23, 29). Thus, an intact B-lactam ring was the
only factor shared by the antibiotics with good
inducer activity in this study. An association
between enzyme stability and inducer activity
has also been shown by Minami et al. (21).
These authors obtained similar results in tests
with 10-ug/ml concentrations of the inducers
used in our study. However, they found that
several enzyme-stable compounds are not good
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FIG. 5. Effect of cAMP on induction of B-galacto-
sidase (A) and B-lactamase (B) in E. cloacae 55 cells.
The medium was minimal salts with 1% glucose. Cells
were induced with 50 pg of cefoxitin per ml (O——0),
cefoxitin plus 0.5 mM IPTG (O-----O), or cefoxitin
plus IPTG plus S mM cAMP (§——@). The substrates
were and ONPG. Bars indicate 2 stan-
dard deviations of the mean of triplicate assays.

inducers. Since we have not evaluated these
agents, it is unclear why they were poor induc-
ers. Also, the different methodologies employed
in the two studies prevent any detailed compari-
son of results. Thus, a complete delineation of
the association between enzyme stability and
inducer activity will require further study.
Many characteristics of the pB-lactamase sys-
tem in E. cloacae were similar to the classical B-
galactosidase operon of Escherichia coli (35).
Thus, studies were performed to determine
whether B-lactamase induction was affected by
the cAMP level of the cell. Results indicated that
B-lactamase induction in E. cloacae cells was
not suppressed by growth in media containing
glucose and was independent of regulation by
cAMP. In fact, the expression of B-lactamase
was highest in minimal medium which had been
supplemented with Trypticase soy broth con-
taining glucose (Table 4). This higher expression
of p-lactamase may be due to the increased

ANTIMICROB. AGENTS CHEMOTHER.

growth rate of the organism in media containing
complex supplements. Such a growth rate effect
has been observed for the constitutive produc-
tion of p-lactamase in Escherichia coli (15).
Thus, it appears that the expression of p-lacta-
mase in E. cloacae differs greatly from the 8-
galactosidase operon of Escherichia coli. It dif-
fers also from the expression of other genes for
noncatabolic enzymes, such as those coding for
the constitutive production of chloramphenicol
acetyltransferase and inducible cloacin DF13
production, which have been shown to depend
on cellular levels of cAMP (13, 15, 33).

In summary, the B-lactamase operon of E.
cloacae appears to be functlonally independent
of . cCAMP regulation, although it is subject to
derepression by gratuitous inducers. Since dere-
pression of B-lactamase in this and other genera
may be important in determining the outcome of
therapy with the newer B-lactam antibiotics (3,
25, 27; Sanders and Sanders, in press), further
work should be performed to delineate the con-
trol mechanisms of these enzymes.
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