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The bactericidal activity of amoxicillin was investigated against Enterococcus faecalis JH2-2 and against an
isogenic mutant deficient in the production of the N-acetylglucosaminidase AtlA. Comparison of the two strains
indicated that this autolysin contributes to killing by amoxicillin both in vitro and in a rabbit model of
experimental endocarditis.

Enterococci have long been recognized as a frequent cause
of community-acquired infections, including urinary tract and
intra-abdominal infections and endocarditis (15). Since the
mid-1980s, enterococci have also become significant nosoco-
mial pathogens (21). A presumed major reason for their
spread in the hospital environment is their ability to resist most
of the available antibiotics (18). Enterococci are intrinsically
more resistant to penicillin than streptococci, due to the pro-
duction of a penicillin-binding protein, PBP5, that displays
decreased affinity for �-lactams (22). In addition, several stud-
ies revealed that large proportions of clinical isolates are tol-
erant to all antibiotics that inhibit cell wall synthesis, including
�-lactams, since the minimal bactericidal concentrations
(MBCs) of the antibiotics are �32-fold higher than the MICs
(5, 7, 11). Recommendations for the treatment of severe en-
terococcal infections, such as endocarditis, include the combi-
nation of a cell-wall-active agent with an aminoglycoside (2).
The combination is synergistic (1, 9) and may improve the
outcome of endocarditis (13).

Although the targets of antibiotics have been thoroughly
characterized at both the molecular and physiological levels,
the exact sequence of events that leads to cell death remains
poorly understood. A recent study concluded that the three
major classes of bactericidal drugs, �-lactams, aminoglyco-
sides, and quinolones, utilize a common mechanism of killing
involving the production of lethal doses of hydroxyl radicals
(10). In Streptococcus pneumoniae, inhibition of peptidoglycan
synthesis by �-lactams triggers cells lysis that contributes to the
bactericidal activity of the antibiotics (20). �-Lactam-induced
bacteriolysis of the pneumococcus requires production of spe-
cific enzymes, autolysins, that digest the peptidoglycan network
and disrupt its essential osmo-protective function. We have
recently characterized the major autolysin of Enterococcus fae-
calis JH2-2, AtlA, as a glucosaminidase which cleaves the �-1,4

bond between N-acetylglucosamine and N-acetylmuramic acid
(4). Here, we investigate the contribution of AtlA to the bac-
tericidal activity of amoxicillin against E. faecalis JH2-2 (8)
both in vitro and in vivo, using a rabbit model of infective
endocarditis.

E. faecalis JH2-2 �atlA is a stable mutant resulting from
an in-frame deletion of 2,052 bp within the atlA open read-
ing frame (737 codons) (14). In order to prevent any polar
effect, the deletion was in frame and the resulting locus
encoded a 58-amino-acid peptide, comprising the signal
peptide of AtlA followed by four C-terminal residues of this
protein. The MICs and MBCs of amoxicillin (GlaxoSmith-
Kline Laboratories, Marly-le-Roi, France) were determined
by the macrodilution method, according to CLSI (3). Briefly,
glass tubes containing twofold dilutions of antibiotic (0.25 to
1,024 �g/ml) in 2 ml of brain heart infusion (BHI) broth
were incubated with 0.1 ml of exponentially growing cells
(ca. 108 CFU/ml). After 24 h of incubation at 37°C, surviving
bacteria were enumerated on BHI agar supplemented with
0.015 U/ml of Bacillus cereus penicillase (Sigma, St. Louis,
MO). The MIC was defined as the lowest drug concentra-
tion that inhibited the visible bacterial growth. The MBC
was defined as the lowest drug concentration that killed
�99.9% of the original inoculum (16). Using the standard
procedure, the MICs of amoxicillin were 0.5 �g/ml for E.
faecalis JH2-2 and 1 �g/ml for E. faecalis JH2-2 �atlA. The
MBC of amoxicillin was 2 �g/ml for E. faecalis JH2-2, with
an MBC/MIC ratio of 4. Although the decrease in the CFU
was close to the threshold of �99.9% at 2 �g/ml, none of the
tested concentration of amoxicillin was bactericidal against
JH2-2 �atlA (MBC, �1,024 �g/ml). By definition (6), the
mutant was tolerant to amoxicillin since the MBC/MIC ratio
was �32. These results suggested that the autolysin AtlA
contributed to the bactericidal activity of amoxicillin in E.
faecalis JH2-2. In agreement, inactivation of atlA in E. fae-
calis strain OG1RF was previously shown to significantly
reduce bacterial killing by penicillin (17). However, the im-
pact of the deletion was more limited, suggesting that the
contribution of AtlA to the killing by �-lactams may vary
between strains.
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To gain insight into the kinetics of bacterial killing, 107

CFU/ml of exponentially growing E. faecalis were incubated
with 0, 0.5, 2, 16, and 64 �g/ml of amoxicillin and surviving
bacteria were enumerated after 0, 3, 6, and 24 h of incubation.
Each experiment was performed at least four times with sim-
ilar results. Figure 1 shows the result of a representative ex-
periment. The most efficient concentration of amoxicillin for
killing of E. faecalis JH2-2 and JH2-2 �atlA was 2 �g/ml (Fig.
1). The reduced killing observed for higher drug concentra-
tions (Fig. 1) has been previously reported for �-lactams, a
paradoxical response referred to as the “Eagle effect” (19).
Table 1 shows the mean (� standard deviation) decreases in
cell counts obtained after 3, 6, and 24 h of incubation in the
presence of the concentration of amoxicillin that produced
maximum bacterial killing (2 �g/ml). Comparison of E. faecalis
JH2-2 and JH2-2 �atlA revealed that deletion of atlA de-
creased the observed bacterial killing at 3, 6, and 24 h for all
drug concentrations (Fig. 1 and Table 1). However, bacterial
killing occurred independently from AtlA and the difference
observed between E. faecalis JH2-2 and JH2-2 �atlA did not
remain statistically significant after 24 h of exposure to 2 �g/ml
of amoxicillin (Table 1). Thus, our analysis suggests that AltA-
mediated autolysis contributes to bacterial killing, although
this is not the only pathway to cell death.

To study the impact of AtlA on the in vivo activity of
amoxicillin, aortic endocarditis was induced in 28 female
New Zealand White rabbits by insertion of a polyethylene
catheter through the right carotid artery into the left ven-

tricle (12). Twenty-four hours after catheter insertion, each
rabbit was inoculated by the ear vein with E. faecalis JH2-2
(109 CFU) or JH2-2 �atlA (5 � 108 CFU) in 1 ml of 0.9%
NaCl. The catheter was left in place throughout the exper-
iment. Forty-eight hours after inoculation, animals were
treated intramuscularly with amoxicillin (50 mg/kg of body
weight three times a day for 3 days). Control animals were
left untreated and were sacrificed 48 h after inoculation.
Animals were killed 8 h after the last antibiotic injection,
and the vegetations from each rabbit were excised, rinsed in
saline, pooled, and weighed. The vegetations were homog-
enized in 1 ml of sterile saline, and surviving bacteria were
enumerated on BHI agar for each rabbit. Colony counts
were expressed as log10 CFU per gram of vegetation. As
shown in Table 2, bacterial counts in the vegetations of
control rabbits infected with either of the two strains were
not different (P � 0.37). Thus, deletion of atlA had no
impact on the capacity of E. faecalis JH2-2 to colonize the
aortic vegetations. The levels of virulence of E. faecalis
OG1RF and its atlA mutant were also found to be similar in
the mouse peritonitis model (17). The amoxicillin regimen
decreased bacterial counts in the vegetations of rabbits in-
fected by E. faecalis JH2-2 (P � 0.012), as previously ob-
served (1). In contrast, bacterial counts were not reduced by
amoxicillin in rabbits infected by E. faecalis JH2-2 �atlA
(P � 0.746).

In conclusion, AtlA contributes to bactericidal activity of
amoxicillin both in vitro and in vivo. Further studies are man-

FIG. 1. Impact of the deletion of atlA on the bactericidal activity of amoxicillin. E. faecalis JH2-2 (open bars) and E. faecalis JH2-2 �atlA
(hatched bars) were incubated with various concentrations of amoxicillin for 3, 6, and 24 h. The variations in the number of CFU are expressed
as �log10 CFU/ml.

TABLE 1. Impact of atlA deletion on the in vitro activity of 2
�g/ml amoxicillin

Incubation
time

Decrease in cell counts (log10 CFU/
ml) after incubation with 2 �g/ml

amoxicillina P valueb

JH2-2 JH2-2 �atlA

3 h 2.57 � 0.44 1.50 � 0.15 0.0002
6 h 5.59 � 0.62 3.93 � 0.52 0.0005
24 h 7.82 � 1.42 6.46 � 1.69 0.26

a Each experiment was performed at least four times. Data are expressed as
the mean � standard deviation difference between log10CFU/ml obtained with
and without amoxicillin after 3, 6, or 24 h of incubation.

b Student’s t test.

TABLE 2. Activity of amoxicillin in experimental endocarditis due
to E. faecalis JH2-2 and JH2-2 �atlA

Strain

Bacterial counts (log10 CFU/g
vegetation) for treatment regimena P value for

treated vs
controlsd

Noneb Amoxicillinc

JH2-2 9.40 � 0.62 (4) 7.69 � 1.32 (8) 0.012
JH2-2 �atlA 8.34 � 1.66 (8) 8.55 � 0.68 (8) 0.746

a Data are expressed as means � standard deviations. Numbers of rabbits are
shown in parentheses.

b Controls at the start of therapy.
c Intramuscular administration of 50 mg/kg/day for 3 days.
d Student’s t test.
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datory to investigate the contribution of other enterococcal
autolysins to the bactericidal activity of antibiotics.

We thank Jean-Luc Mainardi for critical reading of the manuscript.
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