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The roles of the AmpC chromosomal (-lactamase and the AcrAB efflux system in levels of intrinsic
resistance and susceptibility of Escherichia coli to (3-lactams were studied with a set of isogenic strains. MICs
of ureidopenicillins, carbenicillin, oxacillin, and cloxacillin were drastically reduced by the inactivation of
AcrAB, whereas those of the earlier cephalosporins were affected mostly by the loss of AmpC pB-lactamase.

The B-lactam antibiotics act by inhibiting penicillin-binding
proteins. However, MICs seen with wild-type strains of gram-
negative bacteria are usually significantly higher than the con-
centrations needed to bind and inhibit the penicillin-binding
proteins because the access of B-lactams to the targets is hin-
dered by the presence of the outer membrane barrier and by
their hydrolysis via the chromosomally coded AmpC-type
B-lactamase (20). This increase in MIC is called “intrinsic
resistance” throughout this paper, although the absolute values
of MIC for many compounds fall into the susceptible range for
the purpose of clinical use.

AmpC belongs to class C (2) or group 1 (5) in the classifi-
cation of B-lactamases. Like most Enterobacteriaceae, Esche-
richia coli produces the AmpC enzyme (13), but in this case its
production is at a low level and is not inducible because there
is no ampR regulatory gene in this species (3). However, even
this low level of the enzyme can contribute to the intrinsic
resistance of E. coli, as shown earlier by the comparison of
B-lactam susceptibility in strains producing this enzyme at dif-
ferent levels (20), a study that concluded that the MICs could
be explained quantitatively by the B-lactamase-mediated hy-
drolysis and the limitation of influx through the outer mem-
brane barrier.

More recently, however, multidrug efflux pumps, and espe-
cially the constitutively expressed AcrAB system (17) in E. coli,
were shown to affect intrinsic B-lactam resistance (14), and
comparison of various B-lactam compounds in Salmonella en-
terica serovar Typhimurium, which does not produce the
AmpC B-lactamase, showed that B-lactams with lipophilic side
chains are pumped out effectively by this system (18). Because
these recent results do not fit completely with the conclusion
arrived at more than 10 years ago (20), we investigated the role
of the AmpC chromosomal B-lactamase and the AcrAB efflux
system in intrinsic resistance of E. coli to B-lactams.

A set of isogenic K-12 strains lacking the AmpC enzyme
and/or the AcrAB transport function was created for this pur-
pose. We first amplified the ampC gene by PCR, using CGA
GAATTCGGACCCGATGGAATTTTAC and GTCCGGAT
CCCATTACCCTGGCGCATCGT as primers. The amplified
fragment was cloned between the BamHI and EcoRlI sites in
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pUC19. We then inserted the spectinomycin marker (21) in the
Smal site within the ampC gene. The linearized plasmid was
transformed into the recBC host strain JC 7623 [K-12 F~ argE3
hisG4 leuB6 A(gpt-proA)62 thr-1 thi-1 ara-14 galK2 lacY1 mtl-1
xyl-1 kdgK51 tsx-33 recB21 recC22 sbcB15 supE44 rpsL31 rac]
(6), and selection for spectinomycin resistance (100 wg/ml)
resulted in the isolation of strain AM16, which contained the
disrupted, chromosomal ampC::spc allele, whose presence was
confirmed by PCR. All selection procedures for the ampC
strains were done at 30°C because disruption of this gene has
been reported to result in a marginally temperature-sensitive
phenotype (4). The absence of detectable B-lactamase activity
in AM16 was confirmed by spectrophotometric assay of crude
cell extracts with 0.1 mM cephaloridine and cephalothin as
substrates. Although the presence of an AmpC homolog,
AmpH, in E. coli has been described, AmpH totally lacks the
ability to hydrolyze nitrocefin and most probably other 3-lac-
tams as well (10). The strain JZM120 (14) was also a derivative
of JC7623, containing a deletion that covers most of both acr4
and acrB genes and a kanamycin marker inserted in exchange
for the deleted sequence. The double mutant AM17 was ob-
tained by P1 transduction of the AacrAB:kan allele from
JZM120 into AM16. When a Western blot assay using anti-
AcrA rabbit antibodies was done, AcrA could be detected only
in JC7623 and AM16, not in JZM120 and AM17.

Using this set of strains, the drug susceptibility was tested by
the broth microdilution method in Luria-Bertani medium at
30°C, with a standard inoculum of 10* cells (Table 1). All
antibiotics used in this study were obtained from commercial
sources.

With certain agents, inactivation of the ampC gene made E.
coli more susceptible. This was observed most prominently
with earlier cephalosporins such as cephalothin, cefamandole,
and cephaloridine. A marginal (twofold) decrease in MIC was
observed with ampicillin, mezlocillin, piperacillin, penicillin G,
cefazolin, cefsulodin, cefoperazone, cefuroxime, and cefoxitin.
These results can be compared with the rate of hydrolysis of
these agents by the E. coli AmpC enzyme. However, because
the rate varies with the concentration of the drug, a valid
comparison requires the knowledge of the K, and V,,,, for
each substrate, as well as a somewhat arbitrary assumption of
the drug concentration in the periplasm. We used the kinetic
constants of the E. coli AmpC enzyme previously reported (8,
9, 20) and used as the periplasmic concentration the concen-
tration at which the targets become inhibited (C;,;, of reference
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TABLE 1. B-Lactam MICs for a set of isogenic E. coli strains®
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TABLE 2. Apparent contribution of AmpC B-lactamase to MIC

MIC(s) (pg/ml) for E. coli strain:

AmpC B-lactamase

L L MIC,,/
B-Lactam JC7623  JZMI20 AMI16 AM17 B-Lactam MIComc® 1 (1Y K. (WM Hydrolysis
(wild type)  (AcrAB™) (AmpC™) (AcrAB™ AmpC") e (87 m (M) rate¢
Penicillin G 16 8 8 8 Cephalothin 8 250 22 10.9
Ampicillin 2 1 1 0.5 Cephaloridine 4 152 230 1.6
Amoxicillin 4 4 4 4 Cefamandole 4 59 20 0.07
Carbenicillin 4 1 4/2 1/0.5 Penicillin G 2 65 1.9 19.2
Ampicillin 2 6.5 0.9 2.8
Azlocillin 16 4/2 16 1 Cefazolin 2 850 1,900 2.05
Mezlocillin 1 0.03 0.5 0.03 Cefoxitin 2 0.15 0.22 0.14
Piperacillin 4 0.25 2 0.25 Cefuroxime 2 0.157 0.157 0.07
Cefsulodin 2 0.3 170 0.01
Cloxacillin 256 2 256 1 Carbenicillin 1 0.002 0.1 0.002
Oxacillin 256 0.5 256 0.5 Ceftazidime 1 0.34 16 0.001
Cloxacillin 1 0.003¢ 0.0005¢ 0.003
Mecillinam 0.5 0.25 0.5 0.12 Imipenem 1 0.014 0.8¢ 0.001
Cephalothin 4 4 05 0.5 ;’ Based on Table 1 data. wt, wild type.
. ” Taken from reference 20.
Cefazolin 1 1 0.5 0.5 ¢ Caleulated £ hvdrolvsis by th itutive level of AmnC 1 .
Cephaloridine 2 1 0.5 05 * Caleu ated rate of hydrolysis by t econstltptlve evel of Amp ac'tan'la.se in
cp wild-type cells (20) at the substrate concentration that is expected to inhibit, by
Cefamandole 0.5 0.12/0.06 0.12 0.06 50%, the most susceptible essential penicillin-binding protein (7, 20). The units
Cefsulodin 16 16 8 8 are picomoles milligram (dry weight) ™! second ™'
Cefoperazone 0.03 0.015 0.015 0.0075 4 Taken from references 8 and 9.
Cefuroxime 2 0.12 1 0.12
Cefoxitin 4 1 2 1
Cefmetazole 0.5 0.5 0.5 0.5 and cefpirome, which are hydrolyzed extremely slowly by the
) class C chromosomal enzymes (19) (Table 1). Penicillin G,
Ceftriaxone 0.015 0.015 0.015 0.015 which is expected to be hydrolyzed even faster than cephalo-
Ceftazidime 0.12 0.12 012 0.12 thin, showed only a twofold decrease in MIC in a reproducible
Cefepime 0.0075 0.0075 0.0075 0.0075 manner. We garher obgewed a 16-fold decreasp in MIC even
Cefpirome 0,015 0.015/0.0075 0.015 0.0075 in a mutant still producing about 10% of' the wild-type activity
of AmpC (20), and the MIC observed in the AacrAB ampC
Imipenem 0.12 0.12 0.12 0.12 strain AM17 (Table 1) was far above the 50% inhibitory con-
centration earlier determined for E. coli penicillin-binding pro-
Spectinomycin® 16 16 >128 >128 teins (7). We believe that the most likely explanation is the
Kanamycin® 4 >128 4 >128 overexpression of an efflux pump(s) other than AcrAB in the
. heavily mutagenized parent strain JC7623.
;‘g{%‘ﬁ’ggﬂc %g % 1%2 % Inactivation of the AcrAB efflux pump often produced a
Erythromycin® 128 3 128 3 significant (more than twofold) decrease in MIC (Table 1).

“ MIC determination was repeated at least twice. Where different MICs were
obtained in different assays, both results are given.

® MICs were tested to confirm the presence of interposon units.

¢ Good substrate of the AcrAB pump, used to confirm the absence or presence
of the pump.

20), on the assumption that this concentration will be achieved
when the external drug concentration is equal to MIC. In
Table 2 we list, out of the compounds tested in Table 1, those
for which hydrolysis rates could be calculated. A reasonably
good correlation is seen between the hydrolysis rate in the cell
and the effect of ampC disruption. (Although a fourfold de-
crease in MIC with cefamandole was somewhat larger than
that expected from the hydrolysis rate, the MICs determined
by twofold serial dilution have an inherent error of twofold.
The k., and K,, values of the K-12 AmpC enzyme, kindly
determined for cefamandole by A. Dubus and J.-M. Frere
[personal communication], were 5.9 s~' and 40 wM, respec-
tively, close to those reported in reference 20.) Furthermore,
with compounds that are hydrolyzed very slowly (with the
expected rates of 0.003 pmol mg—* s~! or less), there was no
effect of ampC disruption on MIC (Table 2), and similar results
were obtained with the cephalosporins with quaternary ammo-
nium-containing side chains at the 3 position, such as cefepime

This was observed with oxacillin, cloxacillin, mezlocillin, pip-
eracillin, azlocillin, carbenicillin, cefamandole, cefuroxime,
and cefoxitin. Table 3 lists mostly those compounds that were
tested in S. enterica serovar Typhimurium earlier (18). The
extent of decrease in MIC due to the deletion of acr4B genes
in E. coli was very similar to what has been observed in the S.
enterica serovar Typhimurium acr mutant SH7616 and gener-
ally showed a correlation with the lipophilicity of the side
chains (18). Although ureidopenicillins (azlocillin, mezlocillin,
and piperacillin) were not included in the serovar Typhi-
murium study, these compounds contain lipophilic phenyl
branches in their side chains, and for this reason their efflux by
the AcrAB system was not unexpected. A large discrepancy
was again found with penicillin G. Inactivation of AcrAB in E.
coli produced only a twofold change in MIC, a surprisingly
small change in contrast to the 32-fold decrease found in se-
rovar Typhimurium (18); a possible explanation is presented
above. In contrast to these compounds with lipophilic side
chains, compounds with much less lipophilic side chains, such
as cefmetazole and cefazolin, showed no evidence of significant
efflux (Table 3), in agreement with our previous conclusion
that efflux through AcrAB requires the presence of lipophilic
substituents on the substrate molecules. Imipenem is also a
poor substrate of AcrAB-type pumps (Table 3); this is consis-
tent with the finding obtained with Pseudomonas aeruginosa.
Thus, although the overproduction of the MexEF OprN system
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TABLE 3. Apparent contribution of multidrug efflux to MIC

MIC,,/MIC..., MIC,,/MIC,, Side chain
B-Lactam in £ coli KA—IZ/‘“B in S. typitimuriumb lipophilicity®
Cloxacillin 128 256 890
Oxacillin 512 ND ND
Mezlocillin 32 ND ND
Piperacillin 16 ND ND
Cefuroxime 16 ND 554
Carbenicillin 4 4 80
Penicillin G 2 32 270
Cefoxitin 4 4 130
Cephaloridine 2 2 130
Ceftriaxone 1 2 6
Cefsulodin 1 1 80¢
Cefmetazole 1 1 2
Cefazolin 1 1 0.5
Cefepime 1 ND 6
Cefpirome 1 1 6
Imipenem 1 1 0.3

“ Based on Table 1 data. wt, wild type.

® From reference 18.

¢ Expressed as the calculated octanol-water partition coefficient. From refer-
ence 18.

@ Calculated as described in reference 18.

¢ Although the phenyl group shows a moderate lipophilicity, insertion of this
side chain may be prevented by the presence of a negatively charged group next
to it (18).

and increased resistance to imipenem occur simultaneously,
the latter was shown to be the result of the decreased level of
a basic amino acid channel OprD (11), through which imi-
penem permeation predominantly takes place.

It is of interest to compare our results on acr4B inactivation
with the recently reported data on the inactivation of the ho-
mologous mexAB oprM system in P. aeruginosa (15, 16). Both
previous studies showed that the deletion of efflux genes results
in a drastic decrease in the MIC of carbenicillin, cefoperazone,
and piperacillin, in agreement with the present results. How-
ever, some of the P. aeruginosa data are surprising. Nakae et al.
(16) report that their efflux mutant is strongly hypersusceptible
to cefpirome, and Masuda et al. (15) report that after the
removal of the B-lactamase, further inactivation of the MexAB
OprM system results in a 500-fold decrease in the MIC of
cefmetazole, which contains a very hydrophilic side chain and
does not appear to be a substrate of the AcrAB system. Pos-
sibly these differences are due to the differences in the sub-
strate-binding sites of AcrB and MexB. An alternative expla-
nation is that both P. aeruginosa studies (15, 16) used mutants
in which oprM was inactivated. The OprM outer membrane
channel was suggested to participate also in efflux systems
other than MexAB (23) and was indeed shown recently to
participate in the aminoglycoside efflux through MexXY (1).
Thus, the P. aeruginosa studies are not strictly examining the
effect of the AcrAB homolog MexAB.

In retrospect, the earlier MIC prediction scheme (20) in-
cluded only those B-lactams that are relatively hydrophilic (and
thus cross the outer membrane rapidly) and are readily hydro-
lyzed by B-lactamases, because these two conditions were
prerequisites for obtaining reliable values of permeability co-
efficient across the outer membrane by the Zimmermann-Ros-
selet assay. Because lipophilic compounds were thus excluded
(unintentionally) from the earlier study (20), most of the com-
pounds tested were not good substrates for the AcrAB efflux
system, and the calculated MICs were in reasonable agreement
with the observed values without the inclusion of the efflux
term. However, for compounds such as cloxacillin or oxacillin,

NOTES 1389

hydrolysis is very slow but the efflux is quite efficient, and
neglecting efflux would produce an extremely incorrect predic-
tion. Thus, the MIC prediction scheme would certainly be
improved if we could include efflux. Although an equation with
an efflux term has been explicitly formulated (12), the difficulty
at present is that kinetic constants of the efflux system are
unknown, although some idea of the affinity of several sub-
strates could be obtained based on the recent AcrB reconsti-
tution study (22).

Which factor is more important in increasing MIC, efflux or
B-lactamase? The answer of course depends on the type of
B-lactam and the nature and activity of the B-lactamase
present. Thus, for E. coli, which produces only a low, consti-
tutive level of class C B-lactamase, efflux generally plays a
significant role. Especially for these compounds that are hy-
drolyzed poorly by the AmpC enzyme and in addition contain
lipophilic substituents (cloxacillin, oxacillin, carbenicillin, and
ureidopenicillins), the effect of efflux is predominant. A similar
situation is likely to exist for these compounds for wild-type
strains of other Enterobacteriaceae and P. aeruginosa, which
produce inducible class C enzymes that hydrolyze these com-
pounds only very slowly (8, 9). In contrast, for those com-
pounds that are rapidly hydrolyzed by chromosomal or plas-
mid-coded B-lactamases, hydrolysis tends to be a more
important mechanism, and in strains producing high levels of
such enzymes, the contribution of efflux will be hardly visible.

This study was supported in part by a grant from the U.S. Public
Health Service (AI-09644).
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