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ABSTRACT Ampicillin-ceftriaxone has become a first-line therapy for Enterococcus
faecalis endocarditis. We characterized the penicillin-binding protein (PBP) profiles of
various E. faecalis strains and tested for synergy to better inform beta-lactam options
for the treatment of E. faecalis infections. We assessed the affinity of PBP2B from ele-
vated-MIC strain E. faecalis LS4828 compared to type strain JH2-2 using the fluores-
cent beta-lactam Bocillin FL. We also characterized pbp4 and pbpA structures and
PBP4 and PBP2B expression and used deletion and complementation studies to
assess the impact of PBP2B on the levels of resistance. We tested penicillin-suscepti-
ble and -resistant E. faecalis isolates against ceftriaxone or ceftaroline combinations
with other beta-lactams in 24-h time-kill studies. Two penicillin-susceptible strains
(JH2-2 and L2052) had identical pbp sequences and similar PBP expression levels.
One reduced-penicillin-susceptibility strain (L2068) had pbp sequences identical to
those of the susceptible strains but expressed more PBP4. The second decreased-peni-
cillin-susceptibility strain (LS4828) had amino acid substitutions in both PBP4 and PBP2B
and expressed increased quantities of both proteins. PBP2B did not appear to contrib-
ute significantly to the elevated beta-lactam MICs. No synergy was demonstrable
against the strains with both mutated PBPs and increased expression (L2068 and
LS4828). Meropenem plus ceftriaxone or ertapenem plus ceftriaxone demonstrated the
most consistent synergistic activity. PBP2B of strain LS4828 does not contribute signifi-
cantly to reduced penicillin susceptibility. Neither the MIC nor the level of PBP expres-
sion correlated directly with the identified synergistic combinations when tested at
static subinhibitory concentrations.
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E nterococcus faecalis accounts for over 90% of enterococcal infections, and in recent
years, concern for resistance is rising (1–6). Features that distinguish E. faecalis are

its reduced susceptibility to penicillins, its resistance to cephalosporins, and its toler-
ance to the bactericidal activity of these antibiotics. The mechanisms underlying
enterococcal tolerance remain undefined, but bactericidal activity can be achieved
by combining penicillins (or other cell wall-acting agents) with aminoglycosides.
Combining penicillin or ampicillin with an aminoglycoside in the clinical setting
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significantly improved the cure rates for E. faecalis endocarditis and for years was the
standard of care for this illness (7). More recently, the spread of high-level aminogly-
coside resistance (8, 9) and concerns of aminoglycoside toxicity (10, 11) have
prompted the search for suitable alternative therapies.

The two-beta-lactam combination of ampicillin and ceftriaxone has become a
standard therapy for endocarditis caused by E. faecalis (10–13). Original reporting on
this combination suggested that the in vitro activity could be due to complementary
activity against different penicillin-binding proteins (PBPs), resulting in synergy (14).
Two E. faecalis PBPs shown to have an impact on beta-lactam susceptibility are PBP4
(encoded by pbp4), where amino acid substitutions within and increased expression have
been correlated with decreased beta-lactam susceptibilities (1), and PBP2B (encoded by
pbpA), where its deletion in two separate E. faecalis strains was recently reported to result
in susceptibility to ceftriaxone (15). Limited studies assessing the impact of PBP2B are
available.

While ampicillin resistance in E. faecalis is rare, structural and expression changes of
PBP4 may result in penicillin-resistant and ampicillin-susceptible E. faecalis (PRASEF)
isolates (1–3, 16). There are increasing reports of PRASEF isolates (1–3, 5, 16, 17) as well
as a prospective observational study showing higher mortality rates among patients
with PRASEF bloodstream infections who were treated with ampicillin- or piperacillin-
based regimens (18). The clinical utility of the combination of ampicillin plus ceftriax-
one is also limited by the instability of reconstituted ampicillin, the uncertainty of PBP
binding, and its inconvenient dosing schedule (15). Morbidity and mortality rates with
ampicillin-ceftriaxone are similar (between 29 and 42%) to those observed with beta-
lactam–aminoglycoside regimens (19–21). Given the variety of PBP changes that may
underlie the reduced susceptibility of E. faecalis, we elected to examine the in vitro
activities of a variety of beta-lactam combinations against a group of 4 E. faecalis iso-
lates, 2 fully susceptible and 2 with elevated MICs, whose resistance mechanisms we
fully characterized.

RESULTS
Susceptibility testing. E. faecalis MICs and minimum bactericidal concentrations

(MBCs) are reported in Table 1. All isolates were considered penicillin and ampicillin
susceptible according to CLSI breakpoints (susceptible at #8 mg/mL) (22). However,
isolates L2068 and LS4828 had elevated penicillin MICs of 8 mg/mL and MBCs of 64
and .1,024 mg/mL, respectively. Both JH2-2 and L2052 had a penicillin MIC of 2 mg/
mL and an MBC of 4 mg/mL. Susceptibility breakpoints have not been published for
the other tested beta-lactams.

TABLE 1 Enterococcus faecalis isolate MICs and MBCsa

Drug

MIC (mcg/mL) (MBC [mcg/mL])

Penicillin susceptible Penicillin elevated

JH2-2 L2052 L2068 LS4828
Penicillins
Penicillin 2 (4) 2 (4) 8 (64) 8b (.1,024)
Ampicillin 2 (2) 0.5 (1–2) 1 (2–4) 8 (.1,024)
Piperacillin-tazobactam 2 (2) 2 (4) 8 (16) 16 (.1,024)

Carbapenems
Ertapenem 4 (16) 4 (8) 16 (.64) 64 (.2,048)
Imipenem-cilastatin 0.5 (1) 0.5 (1) 2 (4) 4–8 (.512)
Meropenem 2 (8) 2 (8–32) 8 (64) 32–64 (.2,048)

Cephalosporins
Ceftaroline 1–2 (8) 1 (8–16) 16 (.64) 8 (16)
Ceftriaxone 512 (2,048) 256 (1,024) 2,048 (.2,048) 2,048 (.2,048)

aMICs and MBCs were obtained via broth microdilution according to CLSI guidelines.
bThe published penicillin MIC for LS4828 was 16 mcg/mL.
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Previously reported susceptibilities of JH2-2 to ampicillin, penicillin, imipenem, mero-
penem, and ceftriaxone were similar to our findings (Table 2) (1, 23). Piperacillin-tazobac-
tam, ertapenem, and ceftaroline MICs have not been previously published for JH2-2.
Previously reported LS4828 susceptibilities to ampicillin, penicillin, ceftriaxone, imipe-
nem, and meropenem were similar to our findings (1). Piperacillin-tazobactam, ertape-
nem, and ceftaroline MICs have not been previously published for LS4828. The MBCs for
LS4828, except for ceftaroline, were unattainable due to higher than chemically stable
drug concentrations.

Genomic analysis. The genome sizes for L2068 and L2052 are 3,113,293 bp and
2,982,145 bp, respectively.

E. faecalis LS4828 (elevated beta-lactam MICs) expresses increased quantities of
PBP4 through increased pbp4 transcription due to a single adenine deletion 8 bases
upstream of a putative 235 region of the pbp4 gene (1). LS4828 also has two amino
acid substitutions in the translated protein, one of which is associated with a reduced
affinity for penicillin (1). Finally, it has a series of amino acid substitutions in its pbpA
gene whose impacts on penicillin susceptibility are unknown (see Fig. S1 in the supple-
mental material). Sequence analysis of the pbp genes of L2068 and L2052 revealed
that L2068 shared the adenine deletion found in the pbp4 promoter region of LS4828
(Fig. S2). Both L2068 and L2052 had pbp4 and pbpA amino acid sequences identical to
those of JH2-2, with no amino acid substitutions. We did not identify differences in
other pbp genes.

PBP experiments. In order to determine whether the amino acid substitutions in
the PBP2B protein contributed to elevated MICs expressed by LS4828, we cloned the
pbpA (minus the transmembrane portion) genes from LS4828 and JH2-2 into the
expression vector pET-RP1B and introduced these constructs into Escherichia coli BL21
Star(DE3). Purified proteins were used in experiments with Bocillin FL to determine
affinities. The Bocillin FL-binding affinities for the two proteins were indistinguishable
over a range of Bocillin FL concentrations from 5 to 80 mM (Fig. S3). We then per-
formed a competition experiment with ampicillin and used Bocillin FL to measure the
unbound PBP2B proteins. The affinity to ampicillin of LS4828 PBP2B was indistinguish-
able from that of PBP2B from JH2-2 (Fig. S4). The 50% inhibitory concentration (IC50)
for JH2-2 PBP2B was 3.06 mg/mL, and the IC50 for LS4828 PBP2B was 3.93 mg/mL.
These data suggest that the numerous amino acid substitutions found in LS4828
PBP2B did not result in a changed penicillin affinity and therefore did not contribute to
the elevated beta-lactam MICs.

To further assess the contribution of PBP2B to the expression of elevated MICs in
our strains, we attempted to delete the pbpA genes from both LS4828 and JH2-2. We
successfully deleted pbpA from LS4828, which was confirmed by PCR amplification,
whole-genome sequencing, and Western blot experiments (Fig. 1). The whole-genome
sequence also confirmed that the deletion did not lead to any other changes to the ge-
nome (data not shown). We were unable to delete the pbpA gene from JH2-2 despite
multiple attempts with the successful integration and removal of the knockout plasmid
in the JH2-2 genome. This suggests that in JH2-2, pbpA serves as an essential gene.

After the deletion of pbpA, LS4828 DpbpA grew more slowly and to a lower density

TABLE 2 Impact of PBP2B deletion on susceptibilities of LS4828 determined in BHI broth

Straina

MIC (mcg/mL)

Ampicillin Penicillin Ceftriaxone Imipenem
JH2-2 0.78 1.56 .1,000 1.56
LS4828 12.5 6.25 .1,000 12.5
LS4828 DPBP2B 12.5 3.13 .1,000 6.25
PBP2B::pRIH310 12.5 6.25 .1,000 12.5
PBP2B::pRIH311 12.5 6.25 .1,000 12.5
PBP2B::pBSU100 12.5 6.25 .1,000 6.25
apRIH310, LS4828 pbpA in pBSU100; pRIH311, JH2-2 pbpA in pBSU100.
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than the parent strain (Fig. S5). This growth defect was more pronounced in brain heart
infusion (BHI) broth than in Mueller-Hinton II (MHII) broth and resulted in a visible
change in the morphology of the cells (Fig. S6). The susceptibilities of LS4828 DpbpA
are shown in Table 2. The deletion did not impact the MIC susceptibilities to the beta
lactams tested when compared to the parent strain. Disc susceptibility assay results
were consistent with the broth susceptibility findings. The introduction of plasmid-
borne JH2-2 or LS4828 pbpA into LS4828 DpbpA had a minimal impact on the suscepti-
bilities to beta-lactams (Table 2).

To determine whether the reduced susceptibility of LS4828 to penicillin and ampi-
cillin could be related to the quantity of PBP2B, we used anti-PBP2B and anti-PBP4 anti-
bodies to assess the quantities of PBP2B and PBP4 produced by LS4828, JH2-2, L2052,
and L2068 (Fig. 2). The two strains with reduced penicillin susceptibilities produced
increased quantities of low-affinity PBP4, with LS4828 producing roughly twice as
much as L2068 and roughly six times as much as the susceptible strains. LS4828 also
produced PBP2B at levels that exceeded those of all other strains (including L2068) by
nearly 5-fold. These data suggested that increased quantities of PBP2B could play a
role in the elevated MICs of ampicillin and penicillin expressed by LS4828 relative to
the more susceptible strains.

The quantities of PBP4 were compared among JH2-2, LS4828, and LS4828 DpbpA.
As noted in our previous publication, the level of expression of PBP4 from LS4828 was
dramatically higher than that in JH2-2 due to a mutation upstream of its promoter (1).
We were, however, surprised to note that the expression level of PBP4 in LS4828
DpbpA was approximately 50% higher than that in LS4828. When pbpA was reinserted
into this strain on a plasmid, the quantities of PBP4 returned to those seen in LS4828
(Fig. 3). The full Bocillin PBP-binding profiles for all strains are included in Fig. S7.

In summary, for the four E. faecalis strains used in the following time-kill experi-
ments, LS4828 has the most elevated MICs due to a combination of PBP4 amino acid
changes and increased expression of PBP4, L2068 has decreased susceptibility due to
increased expression of PBP4 without additional amino acid substitutions, and L2052
and JH2-2 represent wild-type E. faecalis with no PBP4 amino acid substitutions and a
baseline level of expression.

Time-kill experiments. The 24-h combination time-kill assay results are reported in
Table 3 and show the change in growth from the initial inoculum. All monotherapy
regimens demonstrated inactivity against E. faecalis strains, except for the elevated-
penicillin-MIC strain L2068, which demonstrated bacteriostatic activity with ceftaroline
(21.95 6 0.18 log10 CFU/mL) at 0.5� the MIC, which is why the decrease in growth is
not reported as synergistic (Table 4).

FIG 1 The LS4828 DpbpA mutant is confirmed by PCR and Western blot analysis. (A) pbpA internal primers amplify only if
the pbpA gene is present, confirming its absence in the DpbpA strain. The deletion primers confirm the expected
fragment size of 2,071 bp in the DpbpA strain. (B) LS4828 and the DpbpA mutant were grown in BHI or MHII broth to
mid-log phase, processed for SDS-PAGE, and run on 10% NuPAGE gels. PVDF membranes were probed with a custom
PBPA or PBP4 polyclonal antibody for immunodetection. The blots were then stained with Coomassie R-250 for
confirmation of equal protein transfer.
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(i) Penicillin-susceptible strains (JH2-2 and L2052). Antibiotics had isolated spe-
cific synergistic activity, as reported in Table 4. JH2-2 ceftriaxone synergy was seen
with ampicillin, piperacillin-tazobactam, ertapenem, and meropenem, while ceftaroline
synergy against JH2-2 occurred in combination with penicillin, ampicillin, ertapenem,
and meropenem. Bactericidal activity was noted against JH2-2 for only ampicillin and
meropenem plus either ceftriaxone or ceftaroline. Synergistic and bactericidal activities
of antibiotic combinations against the clinical L2052 strain were not seen.

(ii) Elevated-penicillin-MIC strains (L2068 and LS4828). Ceftriaxone in combina-
tion with ertapenem, imipenem-cilastatin, and meropenem was synergistic against
L2068; however, the activity was not considered bactericidal. Conversely, ceftaroline
combinations against L2068 did not demonstrate synergy, but bactericidal activity was
observed in combination with ertapenem, imipenem, and meropenem. All dual-beta-
lactam combinations demonstrated were inactive against LS4828.

DISCUSSION

Since beta-lactam antibiotics inhibit the penicillin-binding proteins, the nature of
the interactions between beta-lactams and these proteins will have an impact on the
in vitro MIC and, presumably, the clinical effectiveness of therapy. Two penicillin-bind-
ing proteins in E. faecalis have been implicated in the susceptibility of this species to
beta-lactams, PBP4 and PBP2B. Resistance in this species has been most commonly
attributed to either increased expression of PBP4 or amino acid substitutions that
reduce the affinity for beta-lactam antibiotics. We previously documented the contri-
butions of both PBP4 amino acid substitutions and increased expression of PBP4 to the

FIG 2 Quantitation of PBP4 and PBPA expression by Western blot analysis. E. faecalis cells grown in BHI broth to
exponential phase were processed for SDS-PAGE and transferred to PVDF membranes for immunoblot detection of
PBP4 or PBPA using a custom polyclonal antibody. The graphs below each blot represent expression levels from 3
biological replicates. These data were from normalized densitometry analysis after Coomassie blue R-250 staining of
total proteins in the blots. M, molecular weight marker.
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reduced susceptibility expressed by E. faecalis LS4828 (1). In the present study, we
defined the contribution of amino acid substitutions in LS4828 PBP4 and PBP2B to ele-
vated beta-lactam MICs and defined the responses to different beta-lactam combina-
tions of LS4828 and several other E. faecalis strains with different PBP4 and PBP2B
sequences and expression profiles.

Our data establish that PBP2B does not appreciably contribute to elevated beta-lac-
tam MICs in LS4828. We were unable to demonstrate any significant differences between
the affinities for the fluorescent beta-lactam Bocillin FL of the PBP2Bs from LS4828 and
the susceptible strain JH2-2. Competition experiments between Bocillin FL and ampicillin
also revealed no difference. It was curious that LS4828 PBP2B was produced in larger
quantities than in the other strains examined. However, overexpression seems to have
no impact on the elevated MICs. We were able to delete the pbpA gene from LS4828,
with minimal consequences for in vitro susceptibility to beta-lactams, leading us to con-
clude that PBP2B does not contribute to the elevated MICs observed in LS4828.

Interestingly, we found that the deletion of pbpA from LS4828 did not result in
increased susceptibility to ceftriaxone, which had been previously observed by Djori�c
et al. in two strains with pbpA deletions (15). Djori�c et al. observed in two different
wild-type strains, OG1 and CK221, decreases in the ceftriaxone MICs from 64 to 1 mg/L
and 512 to 0.25 mg/L, respectively (15). We did note that the deletion of pbpA (and the
consequent absence of PBP2B) resulted in a growth defect in the strains as well as an
increase in the observed quantities of PBP4 (also observed by Djori�c et al.), which were
reduced when complemented by plasmid-encoded PBP2B. The regulatory relationship
between PBP4 and PBP2B is interesting and worthy of further study.

Observed synergy with dual beta-lactams against E. faecalis was first described by
Mainardi and colleagues with amoxicillin plus cefotaxime against two strains, including
JH2-2 (14). Our results confirm synergy for ampicillin and ceftriaxone therapy against
this strain. We have also determined alternative synergistic beta-lactam combinations
with ceftriaxone plus piperacillin-tazobactam, ertapenem, imipenem, and meropenem

FIG 3 Complementation of pbpA from JH2-2 (LS311), LS4828 (LS310), or the pBSU100 vector alone in
the DpbpA strain is confirmed by Western blotting of E. faecalis strains grown in BHI broth to
exponential phase. Cell lysates were prepared for SDS-PAGE, and immunoblots were processed with a
custom PBPA or PBP4 polyclonal antibody. The detection of pbp4 in the cell lysates shows increased
PBP4 expression in the DpbpA strain over that of its parent LS4828 strain. These blots are
representative of data from 2 biological replicates. The blots were then stained with Coomassie R-250
for confirmation of equal protein transfer.

PBPs and Beta-Lactams in Enterococcus faecalis Antimicrobial Agents and Chemotherapy

February 2023 Volume 67 Issue 2 10.1128/aac.00871-22 6

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00871-22


TA
B
LE

3
D
ua

l-c
om

b
in
at
io
n
24

-h
ti
m
e-
ki
ll
re
su
lt
s
fo
rc
ha

ng
es

in
th
e
lo
g 1

0
C
FU

p
er

m
ill
ili
te
ro

fE
nt
er
oc
oc
cu
s
fa
ec
al
is
fr
om

th
e
in
it
ia
li
no

cu
lu
m

a

D
ru
g
at

0.
06

25
×

M
IC

M
ea

n
ch

an
g
e
in

lo
g
1
0
C
FU

/m
L
of

st
ra
in

±
SD

Pe
n
ic
ill
in

su
sc
ep

ti
b
le

Pe
n
ic
ill
in

el
ev

at
ed

JH
2-
2
(a
m
p
ic
ill
in

M
IC

of
2
m
cg

/m
L;

p
en

ic
ill
in

M
IC

of
2
m
cg

/m
L)

L2
05

2
(a
m
p
ic
ill
in

M
IC

of
0.
5
m
cg

/m
L;

p
en

ic
ill
in

M
IC

of
2
m
cg

/m
L)

L2
06

8
(a
m
p
ic
ill
in

M
IC

of
1
m
cg

/m
L;

p
en

ic
ill
in

M
IC

of
8
m
cg

/m
L)

LS
48

28
(a
m
p
ic
ill
in

M
IC

of
8
m
cg

/m
L;

p
en

ic
ill
in

M
IC

of
8
m
cg

/m
L)

C
ef
tr
ia
xo

n
e

C
ef
ta
ro
lin

e
C
ef
tr
ia
xo

n
e

C
ef
ta
ro
lin

e
C
ef
tr
ia
xo

n
e

C
ef
ta
ro
lin

e
C
ef
tr
ia
xo

n
e

C
ef
ta
ro
lin

e

0.
25

×
M
IC

0.
5×

M
IC

0.
25

×
M
IC

0.
5×

M
IC

0.
25

×
M
IC

0.
5×

M
IC

0.
25

×
M
IC

0.
5×

M
IC

0.
25

×
M
IC

0.
5×

M
IC

0.
25

×
M
IC

0.
5×

M
IC

0.
25

×
M
IC

0.
5×

M
IC

0.
25

×
M
IC

0.
5×

M
IC

Pe
ni
ci
lli
n

0.
68

6
0.
39

2
0.
66

6
0.
79

2
1.
90

6
0.
10

2
2.
32

6
0.
06

0.
31

6
1.
45

0.
85

6
0.
87

1.
59

6
0.
21

1.
01

6
0.
35

0.
40

6
0.
08

0.
02

6
0.
08

2
0.
12

6
0.
13

2
2.
34

6
0.
09

0.
54

6
0.
12

0.
22

6
0.
32

0.
63

6
0.
00

0.
86

6
0.
02

A
m
p
ic
ill
in

2
3.
44

6
0.
70

2
3.
81

6
0.
26

2
3.
18

6
0.
56

2
3.
64

6
0.
36

1.
24

6
0.
56

1.
10

6
0.
75

1.
44

6
0.
07

0.
30

6
0.
05

1.
99

6
0.
12

1.
65

6
0.
19

2
0.
27

6
0.
01

2
2.
57

6
0.
44

0.
59

6
0.
00

0.
56

6
0.
32

0.
71

6
0.
06

0.
41

6
0.
06

Pi
p
er
ac
ill
in
-t
az
ob

ac
ta
m

0.
08

6
0.
13

2
1.
69

6
0.
08

1.
31

6
0.
03

0.
14

6
0.
05

0.
56

6
0.
25

0.
30

6
0.
05

1.
82

6
0.
14

1.
41

6
0.
04

1.
30

6
0.
15

2.
23

6
0.
10

0.
07

6
0.
07

2
2.
97

6
0.
30

0.
42

6
0.
12

0.
48

6
0.
11

0.
76

6
0.
12

0.
32

6
0.
49

Er
ta
p
en

em
2
1.
96

6
0.
75

2
2.
88

6
0.
09

2
0.
32

6
0.
10

2
2.
39

6
0.
00

1.
39

6
0.
02

1.
42

6
0.
10

0.
48

6
0.
18

1.
40

6
0.
07

1.
02

6
0.
06

2
1.
03

6
0.
45

2
0.
92

6
0.
11

2
3.
49

6
0.
49

0.
48

6
0.
20

0.
43

6
0.
04

0.
35

6
0.
19

0.
22

6
0.
00

Im
ip
en

em
-c
ila
st
at
in

0.
10

6
0.
18

2
1.
44

6
0.
08

1.
48

6
0.
06

0.
44

6
0.
30

0.
04

6
0.
32

1.
18

6
0.
55

0.
26

6
0.
25

1.
44

6
0.
07

0.
08

6
0.
15

2
1.
47

6
0.
48

2
1.
84

6
0.
04

2
3.
88

6
0.
00

0.
54

6
0.
03

0.
53

6
0.
10

0.
42

6
0.
04

0.
36

6
0.
16

M
er
op

en
em

2
3.
04

6
0.
00

2
3.
32

6
0.
71

2
2.
95

6
0.
04

2
3.
43

6
0.
13

1.
05

6
0.
72

0.
43

6
0.
95

1.
42

6
0.
02

0.
72

6
1.
13

2
0.
57

6
0.
02

2
1.
29

6
1.
04

2
1.
96

6
0.
04

2
3.
54

6
0.
43

0.
41

6
0.
12

0.
31

6
0.
20

0.
37

6
0.
21

0.
10

6
0.
01

a
A
nt
ib
ac
te
ria

la
ct
iv
it
y
w
as

de
fi
ne

d
as

b
ac
te
ric

id
al
$
3
lo
g 1

0
C
FU

/m
L
or

b
ac
te
rio

st
at
ic
,
3
lo
g 1

0
C
FU

/m
L
de

cr
ea
se

fr
om

in
it
ia
li
no

cu
lu
m

at
24

h.

PBPs and Beta-Lactams in Enterococcus faecalis Antimicrobial Agents and Chemotherapy

February 2023 Volume 67 Issue 2 10.1128/aac.00871-22 7

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00871-22


against this strain. Additionally, we have shown that the following beta-lactams have
synergy with ceftaroline against JH2-2: penicillin, ampicillin, ertapenem, and merope-
nem. Unlike ertapenem and meropenem combinations, the imipenem-including regi-
mens did not demonstrate consistent synergy, which we do not have an explanation
for and which requires further research. This is noteworthy since the Infectious Diseases
Society of America (IDSA) infective endocarditis guidelines state that imipenem is the
most active carbapenem against E. faecalis (13). The lack of penicillin-ceftriaxone synergy
for all strains is concerning as penicillin often replaces ampicillin in clinical practice due
to the instability of ampicillin once reconstituted (15, 24, 25). For JH2-2, penicillin
demonstrated synergy with ceftaroline, but this was not observed for the other
strains. Bacteriostatic activity was observed for penicillin plus ceftaroline against
L2068 for 0.5� MIC, which was due to the activity of ceftaroline alone. The observed
repeated synergies of ceftriaxone or ceftaroline with either meropenem or ertape-
nem against a penicillin-susceptible strain and an elevated-penicillin-MIC strain war-
rant further exploration.

The absence of synergy among other dual-beta-lactam combinations against our
second penicillin-susceptible strain (L2052) raises questions regarding the synergy test-
ing methodology as well as the role of PBPs. While L2052 was selected for comparison
to JH2-2 due to their similar susceptibility profiles (Table 2), their synergy results were
not congruent despite their indistinguishable PBP expression profiles and PBP gene
sequences. The inconsistency in synergy could be attributed to the lower ampicillin
MIC for L2052 than for JH2-2 (0.5 versus 2 mg/mL, respectively), resulting in lower
ampicillin exposure at 0.0625� MIC. This lower ampicillin exposure may have impacted
PBP saturation and, thus, the synergism ability. However, a previously published time-
kill assay study also demonstrated inconsistency in the synergy of ampicillin plus cef-
triaxone, with four out of seven E. faecalis bloodstream isolates demonstrating synergy
(26). Subinhibitory concentrations were also utilized, but specific concentrations were
not mentioned; thus, future studies are warranted to explore the extent of the concen-
trations required for PBP saturation.

The least susceptible E. faecalis strain, LS4828, showed no synergism with any com-
binations. Additionally, the MBCs for this strain, except for ceftaroline, were unattain-
able due to higher than chemically stable drug concentrations. The elevated MICs of
LS4828 may be attributed to it producing roughly six times the amount of PBP4 and
nearly five times the amount of PBP2B compared to the susceptible strains as well as
having two point mutations with amino acid substitutions (V223I and A617T) and a de-
letion of an adenine located in the predicted pbp4 promoter sequence compared to
JH2-2 (1). Enterococcal tolerance to the bactericidal activity of beta-lactam antibiotics
remains a largely unexplained phenomenon, but it often has little, if any, correlation

TABLE 4 Dual-combination 24-h time-kill synergy results for 0.5�MICa

Drug at 0.0625×MIC

Change in log10 CFU/mL of strain

Penicillin susceptible Penicillin elevated

JH2-2 (ampicillin MIC of
2 mcg/mL; penicillin MIC
of 2 mcg/mL)

L2052 (ampicillin MIC of
0.5 mcg/mL; penicillin MIC
of 2 mcg/mL)

L2068 (ampicillin MIC of
1 mcg/mL; penicillin MIC
of 8 mcg/mL)

LS4828 (ampicillin MIC of
8 mcg/mL; penicillin MIC
of 8 mcg/mL)

Ceftriaxone Ceftaroline Ceftriaxone Ceftaroline Ceftriaxone Ceftaroline Ceftriaxone Ceftaroline
Penicillin 20.93 23.04 20.49 20.17 21.65 0.19 20.49 0.10
Ampicillin 24.21 24.51 20.24 20.88 20.56 20.04 20.04 20.35
Piperacillin-tazobactam 22.14 20.78 21.14 0.23 0.20 20.44 20.12 20.44
Ertapenem 23.26 23.25 0.30 0.53 23.31 20.78 20.10 20.31
Imipenem-cilastatin 21.84 20.42 20.26 0.26 22.47 21.35 20.07 20.40
Meropenem 23.63 24.20 20.78 20.15 23.56 20.83 20.22 20.43
aShown are additional decreases in the log10 CFU/mL of the combination compared to its most active single agent at 24 h. Synergy was defined as a$2-log10 CFU/mL
decrease of the combination compared to tits most active single agent (dark shading). Indifference was defined as a 1- to 2-log10 CFU/mL decrease of the combination
compared to its most active single agent (light shading).
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with susceptibility. The tolerance of LS4828 to dual-beta-lactam combinations despite
relatively modest increases in MICs (depending on the assay) is of concern in clinical
practice if tolerance is a predictor of clinical failure. A recent prospective study found
that patients with PRASEF bacteremia treated with ampicillin- or piperacillin-based reg-
imens were observed to have higher mortality rates than patients with penicillin-sus-
ceptible E. faecalis bacteremia (18).

E. faecalis L2068 was selected for comparison to LS4828 due to the elevated penicil-
lin MICs and overall MICs of other beta-lactams. The elevated penicillin MICs of this
strain were likely due to the increased expression of low-affinity PBP4 and may have
been driven, such as in LS4828, by the adenine deletion upstream of the pbp4 pro-
moter. Despite higher MICs, synergy was demonstrated among the carbapenems plus
ceftriaxone. For ceftaroline combinations, synergy was not demonstrated. However,
the synergy capability was likely impacted by the bacteriostatic activity of ceftaroline
monotherapy. This observed activity may be due to higher ceftaroline exposures in the
time-kill assay given that the MIC against L2068 was 16 mg/mL. The calculated ceftaro-
line maximum free, unbound concentration (fCmax) of 27.1 mg/mL and fCmin of 3.5 mg/
mL from population pharmacokinetic data, however, show that the concentrations uti-
lized would be physiologically achievable (e.g., 0.5� MIC = 8 mg/mL) (27). Another
study assessed subinhibitory concentrations (exact concentrations were not specified)
of ampicillin plus ceftaroline against E. faecalis strains with ceftaroline MICs of 8 mg/mL
(n = 3) and 16 mg/mL (n = 1) and found that one isolate demonstrated bacteriostatic
activity against ceftaroline alone (26). This variation in ceftaroline activity may be due
to differences in PBP and warrants further exploration. Ceftaroline-based combinations
therefore should be explored further, especially for isolates that have elevated penicillin
MICs. Ceftaroline, unlike ceftriaxone, does not promote vancomycin-resistant enterococ-
cus (VRE) colonization, likely due to lack of biliary excretion (ceftriaxone, 65%; ceftaroline,
,10%) (28–33). Ceftaroline is also not as commonly found to be an independent predic-
tor of Clostridioides difficile infections due to minimal anaerobic activity (34, 35). Previous
in vitro pharmacodynamic models have also demonstrated that ampicillin-ceftaroline
has kill that is similar or superior to that of ampicillin-ceftriaxone (26, 36).

A potential limitation of this study is the small number of strains examined and that
the amino acid substitution found in LS4828 is not one commonly found in PRASEF
strains. This limitation is mitigated by the promoter region deletion found in both
LS4828 and L2068, which is quite common among E. faecalis strains that are reported
to be resistant and are confirmed to impact MICs (37). Moreover, the literature involving
amino acid substitutions in PBP4 is largely associative, with very few instances where the
mutation associated with resistance is causative (38). Finally, by drawing an analogy to
beta-lactamases, which evolved from PBPs, it is not unreasonable to assume that the
therapeutic effect of an antibiotic will correlate with MICs more than with the specifics of
amino acid substitutions. As such, we believe that our data provide a reasonable approx-
imation of the likely response of other E. faecalis strains with similar MICs.

Overall, despite the lack of the utilization of standardized drug concentrations
against each organism, we have identified potential alternative dual-beta-lactam com-
binations for serious E. faecalis infections. Our findings also suggest that there is a
need for clinical laboratories to report both the ampicillin and penicillin MICs, as ele-
vated penicillin MICs, despite being susceptible, appear to impact the efficacy of the
currently utilized dual-beta-lactam combination ampicillin-ceftriaxone. Although iso-
late dependent, carbapenem-based dual beta-lactams appear to be a viable alternative
to ampicillin plus ceftriaxone and require further research.

MATERIALS ANDMETHODS
Strains.We studied four strains in these experiments. E. faecalis JH2-2 is a laboratory type strain (23)

that has been well described in the literature and was among the strains first demonstrating synergy
between amoxicillin and cefotaxime (14). E. faecalis LS4828 is a clinical isolate (1) with reduced suscepti-
bilities to penicillin and ampicillin whose resistance mechanisms have been well characterized. E. faecalis
L2052 and L2068 are two clinical blood isolates from the Providence Veterans Affairs Medical Center
(VAMC) that were chosen because of their differing susceptibilities to penicillins. Details of whole-
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genome analysis and PBP deletion and complementation experiments can be found in the supplemen-
tal material.

Western blot analysis. Cell lysates were prepared from mid-log-phase cells grown in 50-mL culture
volumes in BHI broth as previously described (1). After centrifugation at 4,200 � g for 30 min, cell pellets
were suspended in a solution containing 50 mM Tris-HCl (pH 7.5) and 50 mM NaCl and transferred to a
1.5-mL Eppendorf tube. The cells were processed with a second centrifugation step at 13,000 � g for 2
min, the buffer was discarded, and the cell pellet was stored at 220°C. The cell pellet wet weight was
measured for each sample to determine the volume of lysis buffer (10 mM Tris-HCl [pH 7.5], 50 mM
NaCl, 0.1% NP-40, and Halt protease inhibitor cocktail [Thermo Fisher Scientific]) added to approximate
similar protein concentrations (0.4- to 0.9-mL volumes). Cells were lysed by bead beating with the fol-
lowing modifications. Cells were processed by bead beating in lysing matrix B tubes using the
MiniBeadBeater-16 instrument (BioSpec Products) four times for 30 s each with 5-min intervals on ice.
Protein concentrations were determined by the Pierce bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher), and 10 mg of protein was used per lane for SDS-PAGE and Western blot analyses.
Samples were prepared in LDS (lithium dodecyl sulfate) sample buffer (Thermo Fisher) with 50 mM dithi-
othreitol (DTT), heated for 10 min at 70°C, and loaded onto 10% NuPAGE gels (Thermo Fisher).
Electrophoresis was performed for 10 min at 170 V and then for 40 min at 190 V using chilled 2-(N-mor-
pholino)ethanesulfonic acid (MES) running buffer (Thermo Fisher). Protein transfer to polyvinylidene di-
fluoride (PVDF) membranes using the Invitrogen iBlot gel transfer system and immunodetection of PBP4
and PBP2B were performed according to methods described previously by Rice et al. (1).

PBP2B polyclonal antibody from rabbit was outsourced to New England Peptide (NEP) (Gardner, MA)
using purified PBP2B from E. faecalis JH2-2 (according to the PBP4 protein purification protocol
described previously by Rice et al. [1]) as the antigen. This custom antibody resulted in a 0.686-mg/mL
concentration of affinity-purified antibody. Specificity and selectivity were determined using bacterial
lysates, membrane proteins, and purified expressed proteins for optimal antibody dilutions for the
Western blot assays (data not shown). The optimal dilution of the PBP2B antibody for cell lysates, mem-
brane proteins, and purified proteins was determined to be 1/1,000, and that of the horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit IgG secondary antibody was 1/10,000 (Thermo Fisher) (data not
shown). The isolation of membrane proteins was performed according to a previously described method
used for the E. faecalis JH2-2 and LS4828 strains (1).

To determine the amount of protein transferred, Coomassie blue R-250 was used as a total protein
stain for the PVDF membranes after immunoblotting according to a previously published protocol (39).
The membrane was washed three times in water, followed by staining for 5 min with Coomassie blue
stain containing 0.025% (wt/vol) Coomassie brilliant blue R-250 (Millipore-Sigma) in 40% (vol/vol) meth-
anol–7% (vol/vol) acetic acid. The blot was destained with 50% methanol–7% acetic acid for 5 min, fol-
lowed by two 10-min washes in water. After air drying, the membrane was imaged with the Bio-Rad
Chemidoc XRS1 imager, and the volume intensity data for an equally expressed protein band for the
protein loading control were used to normalize the expression values for the respective PBP4 and PBP2B
Western blots. Densitometry graphs were generated for comparison of the endogenous expression data
for the E. faecalis strains.

Bocillin FL binding of purified PBP2Bs. All Bocillin FL-binding studies were performed at 37°C in
phosphate-buffered saline. Bocillin FL titrations with the purified PBP2Bs derived from the JH2-2 or
LS4828 E. faecalis strain were performed with 2.78 mg (3.3 mM) of purified protein in 15-mL reaction mix-
ture volumes containing 0 to 80 mM Bocillin FL. These reaction mixtures were run for 20 min at 37°C,
stopped with NuPAGE LDS sample buffer (Thermo Fisher) and 45 mM DTT (Sigma), and then incubated
at 70°C for 10 min. Sample volumes of 10 mL were loaded onto 10% Bis-Tris NuPAGE gels and electro-
phoresed for 60 min at 200 V using chilled MES running buffer (Thermo Fisher). Prior to imaging, gels
were washed for 5 min twice with distilled water. The Bio-Rad Chemidoc XRS1 imager was used with
the trans-UV setting (302-nm filter), and the relative fluorescence intensities were captured using the
autoexposure mode. Analysis was performed using the Lane/Band tools of ImageLab software, and
backgrounds were automatically subtracted for each gel. The protein affinity for Bocillin FL was deter-
mined by the SDS-PAGE gel-based relative fluorescence units from 2 independent experiments.
SimplyBlue SafeStain (Thermo Fisher) was used to stain the gels for confirmation of equal protein load-
ing after the fluorescence imaging of all gels. Ampicillin competition with Bocillin FL was performed
with 2-fold serial dilutions of ampicillin added to the reaction mixtures with 3.3 mM PBP2B for 10 min
prior to the addition of Bocillin FL and then treated as described above for the SDS-PAGE gel assay.
Ampicillin IC50 calculations were performed using the percent inhibition of the relative fluorescence in-
tensity values from ImageLab software.

Time-kill experiments. All isolates were streaked fresh from 280°C stored culture stocks and incu-
bated for 18 to 24 h at 35°C to 37°C before use in time-kill assays. Ampicillin and penicillin were selected
as the primary beta-lactams active against E. faecalis. We additionally tested piperacillin-tazobactam,
ertapenem, meropenem, and imipenem as these agents are utilized in clinical practice with limited evi-
dence (13). The above-mentioned agents were combined with ceftriaxone given guideline recommen-
dations and previous success with ceftaroline (13, 26, 36). Ampicillin (National Drug Code [NDC] 25021-
136-10; Sagent Pharmaceuticals), penicillin G potassium (USP reference standard catalog number
1502508; Sigma-Aldrich, St. Louis, MO), piperacillin-tazobactam (NDC 63323-309-20; Fresenius Kabi USA,
LLC), ertapenem (NDC 0006-3843-71; Merck & Co., Inc.), meropenem (NDC 63323-508-30; Fresenius Kabi
USA, LLC), imipenem-cilastatin (NDC 0006-3516-59; Merck & Co., Inc.), ceftriaxone (NDC 25021-106-10;
Sagent Pharmaceuticals), and ceftaroline dihydrochloride (Allergan, Dublin, Ireland) stock solutions were
prepared each week, according to the package inserts, and stored at220°C.

PBPs and Beta-Lactams in Enterococcus faecalis Antimicrobial Agents and Chemotherapy

February 2023 Volume 67 Issue 2 10.1128/aac.00871-22 10

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00871-22


According to Clinical and Laboratory Standards Institute (CLSI) guidance, Mueller-Hinton broth
(MHB; Becton, Dickinson, Sparks, MD, USA), adjusted to 25 mg/L calcium and 12.5 mg/L magnesium, was
used for all susceptibility testing and time-kill assays, as previously described (22, 36, 40, 41). Streaks and
colonies were plated onto brain heart infusion agar (BHA; Difco, Becton, Dickinson) due to better growth
(1, 14, 42).

MIC and minimum bactericidal concentration (MBC) testing was performed by broth microdilution,
in duplicate from independent cultures grown overnight that were set up from a single streak overnight,
according to CLSI guidelines (22, 41).

In vitro time-kill assay. Traditional 24-h time-kill assays were performed in duplicate from inde-
pendent cultures grown overnight that were set up from a single streak overnight as previously
described (26, 43, 44). Subinhibitory concentrations of 0.0625� the respective MICs of ampicillin, penicil-
lin, piperacillin-tazobactam, ertapenem, imipenem-cilastatin, and meropenem were tested as mono-
therapies and in combination with 0.25� and 0.5� the respective MICs of ceftriaxone and ceftaroline.
We selected 0.0625� MIC based on subinhibitory concentrations utilized previously by Mainardi et al.,
who first discovered the in vitro activity of dual beta-lactams against E. faecalis (14). Ceftriaxone and cef-
taroline at 0.25� and 0.5� the respective MICs were tested as monotherapies for comparison. We tested
various concentrations of ampicillin and ceftriaxone against JH2-2 (data not presented) and found simi-
lar results among all concentrations, thus supporting our concentrations tested against other isolates.
Samples were obtained to assess the CFU per milliliter at 0, 4, and 24 h. The lower limit of detection was
2.0 log10 CFU/mL.

Activity defined. Combination therapy activity was described at 24 h as synergy or indifference.
Synergy was defined as a $2-log10 CFU/mL decrease of the combination from its most active single
agent. Additivity was defined as a 1- to 2-log10 CFU/mL decrease of the combination from the most
active single agent, and indifference was defined as a ,1-log10 CFU/mL decrease (45–47). Antibacterial ac-
tivity was described as bactericidal or bacteriostatic, defined as a $3-log10 CFU/mL or a ,3-log10 CFU/mL
decrease from the initial inoculum at 24 h, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.4 MB.
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