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ABSTRACT Enterococcus faecalis and Enterococcus faecium are commensals of the
gastrointestinal tract of most terrestrial organisms, including humans, and are major
causes of health care-associated infections. Such infections are difficult or impossible
to treat, as the enterococcal strains responsible are often resistant to multiple antibi-
otics. One intrinsic resistance trait that is conserved among E. faecalis and E. faecium
is cephalosporin resistance, and prior exposure to cephalosporins is one of the most
well-known risk factors for acquisition of an enterococcal infection. Cephalosporins
inhibit peptidoglycan biosynthesis by acylating the active-site serine of penicillin-
binding proteins (PBPs) to prevent the PBPs from catalyzing cross-linking during
peptidoglycan synthesis. For decades, a specific PBP (known as Pbp4 or Pbp5) that
exhibits low reactivity toward cephalosporins has been thought to be the primary
PBP required for cephalosporin resistance. We analyzed other PBPs and report that
in both E. faecalis and E. faecium, a second PBP, PbpA(2b), is also required for resis-
tance; notably, the cephalosporin ceftriaxone exhibits a lethal effect on the ApbpA
mutant. Strikingly, PbpA(2b) exhibits low intrinsic reactivity with cephalosporins in
vivo and in vitro. Unlike the Apbp5 mutant, the ApbpA mutant exhibits a variety of
phenotypic defects in growth kinetics, cell wall integrity, and cellular morphology,
indicating that PbpA(2b) and Pbp5(4) are not functionally redundant and that
PbpA(2b) plays a more central role in peptidoglycan synthesis. Collectively, our re-
sults shift the current understanding of enterococcal cephalosporin resistance and
suggest a model in which PbpA(2b) and Pbp5(4) cooperate to coordinately mediate
peptidoglycan cross-linking in the presence of cephalosporins.
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synthesis (13). High-molecular-weight PBPs responsible for PG synthesis can be classi-
fied as class A (capable of performing both PG transglycosylation and cross-linking
steps of PG synthesis; referred to herein as “aPBPs”) or class B (capable of performing
only cross-linking; “bPBPs”) (14). Most bacteria encode multiple PBP homologs repre-
senting both PBP types. The genomes of E. faecalis and E. faecium, for example, each
encode 3 aPBPs and 3 bPBPs (15, 16). In general, beta-lactam antibiotics are capable of
acylating both aPBPs and bPBPs to prevent their cross-linking activity, although the
extent of reactivity of different PBPs toward a given beta-lactam antibiotic can vary.
Hence, the effectiveness of a given beta-lactam antibiotic in preventing PG cross-linking
will reflect the reactivity of that beta-lactam with the entire repertoire of PBPs ex-
pressed by a bacterium. A subset of specific PBPs exhibit particularly low beta-lactam
reactivities (often referred to as “low affinity” PBPs) and therefore confer beta-lactam
resistance to their bacterial hosts by enabling PG cross-linking to continue in the
presence of beta-lactams when other PBPs have been acylated. One common example
is the staphylococcal bPBP Pbp2a, which provides beta-lactam resistance to methicillin-
resistant Staphylococcus aureus (17, 18).

A specific enterococcal bPBP, referred to as either Pbp5 or Pbp4 in the literature,
has been known for decades to be required for cephalosporin resistance (15, 19).
This bPBP [herein referred to as Pbp5(4) for consistency with the nomenclature of
both Arbeloa et al. (15) and Sauvage et al. (14)] exhibits intrinsically low reactivity
toward cephalosporins, thereby enabling growth in the presence of cephalosporins.
Given these findings, it has long been tacitly assumed that Pbp5(4) was the primary
enterococcal PBP responsible for PG cross-linking to mediate cephalosporin resis-
tance. However, Pbp5(4) has not been demonstrated to be solely sufficient to
provide all PG cross-linking required for growth in the presence of cephalosporins.
Previous studies investigated potential requirements for enterococcal aPBPs in
cephalosporin resistance, finding that no individual aPBP is strictly required (15, 16).
In those studies, either of 2 aPBPs (PonA or PbpF) were required for cephalosporin
resistance, although their PG cross-linking activity was not required for this func-
tion. These findings were interpreted to mean that the PG glycosyltransferase
activity of either PonA or PbpF was (at least partly) functionally redundant with the
other and was required for PG synthesis in cooperation with Pbp5(4) to mediate
cephalosporin resistance. To the best of our knowledge, no studies have specifically
investigated enterococcal bPBPs other than Pbp5(4) for a role in cephalosporin
resistance. Given the importance of PBPs in PG synthesis and their roles as targets
for beta-lactam antibiotics, we sought to determine if other enterococcal PBPs were
also required for cephalosporin resistance.

Here, we report that in both E. faecalis and E. faecium, a second bPBP [known as
PbpA or Pbp2b, herein referred to as PbpA(2b)] is required for cephalosporin resistance
in addition to Pbp5(4). Surprisingly, the cephalosporin ceftriaxone exhibits a marked
lethality against the E. faecalis ApbpA mutant that is not observed in other strains.
PbpA(2b) exhibits strikingly low intrinsic reactivity with cephalosporins in vivo and in
vitro, consistent with a critical role for PopA(2b) in mediating cephalosporin resistance.
Unlike the Apbp5 mutant, the ApbpA mutant exhibits a variety of phenotypic defects in
growth kinetics, cell wall integrity, PG synthesis, and cellular morphology, indicating
that PbpA(2b) and Pbp5(4) are not functionally redundant and that PbpA(2b) plays a
more central role in PG synthesis. Collectively, our results point to a model in which
PbpA(2b) and Pbp5(4) cooperate to coordinately mediate PG cross-linking in the
presence of cephalosporins and identify an attractive new extracellular target for
small-molecule therapeutics designed to disable intrinsic cephalosporin resistance in all
clinically relevant enterococci.

RESULTS

bPBPs are functionally distinct in E. faecalis. Three bPBPs are encoded in the
enterococcal genome [Pbp5(4), PbpA(2b), and PbpB(2)] (15). These 3 bPBPs from E.
faecalis OG1RF are ~22 to 27% identical to each other at the primary amino acid
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sequence level (determined using MUSCLE with default parameters at https://www.ebi
.ac.uk/Tools/msa/muscle/), illustrating that their primary sequences are quite divergent
from each other despite the fact that they catalyze the same chemical reactions.
Pbp5(4) (OG1RF_11907; GenBank accession number AEA94594.1) has long been known
to be required for cephalosporin resistance, but virtually nothing is known about the
functions of enterococcal PbpA(2b) (OG1RF_12158; GenBank accession number
AEA94845.1) or PbpB [also known as Pbp2; herein referred to as PbpB(2)] (OG1RF_
10724; GenBank accession number AEA93411.1). PbpB(2) is encoded in a gene cluster
including genes involved in cell division (such as ftsQ, ftsA, ftsZ, and diviVA), suggesting
that PbpB(2) participates in septal PG synthesis during cell division and might therefore
be essential for viability. Consistent with this, despite multiple attempts, we were
unable to construct an E. faecalis mutant lacking pbpB.

In contrast, we successfully constructed a mutant of E. faecalis lacking pbpA and
compared it to our previously constructed Apbp5 mutant (20). Unlike the Apbp5
mutant, the ApbpA mutant exhibited a significant growth defect compared to wild-type
E. faecalis (see Fig. S1 in the supplemental material), the first indication that Pbp5(4) and
PbpA(2b) are not functionally redundant. To determine if PbpA(2b) contributes to cell
wall integrity, we used a previously described method to assess the susceptibility of
intact bacteria to lysis (destruction of the membrane) by SDS (21). In this approach,
wild-type E. faecalis with intact PG experiences minimal lysis and releases relatively little
protein upon SDS treatment due to the intact PG sacculus, while mutant cells with
impaired cell wall integrity (i.e., improperly formed or partially un-cross-linked sacculi)
release much more protein upon SDS treatment due to considerable cell lysis. For
mutant cells with significantly impaired PG, the extent of protein release can be
comparable to wild-type cells for which the PG was predigested with lysozyme. To
analyze our PBP mutants using this approach, exponentially growing bacteria were
collected, exposed (or not) to lysozyme prior to treatment with 2% SDS in Laemmli SDS
loading buffer, and subjected to electrophoresis to assess protein release (Fig. S2). As
expected, all lysozyme-treated samples lysed efficiently upon treatment with SDS.
Relatively little lysis was detected with wild-type or Apbp5 cells, indicating that the cell
wall of these strains was predominantly intact. In contrast, the ApbpA mutant lysed
extensively without lysozyme pretreatment, consistent with the hypothesis that
PbpA(2b)-mediated peptidoglycan cross-linking is essential for cell wall integrity. To
confirm that the phenotypes of the ApbpA mutant were indeed due to loss of PbpA(2b),
we performed complementation analysis by introducing a copy of pbpA at an ectopic
location in the genome. PbpA(2b) expression was restored to levels comparable to
those of the wild type in the complemented strain (Fig. S3), and we found that both the
growth defect and the cell wall integrity defect were also restored upon ectopic
PbpA(2b) production (Fig. ST and S2).

Because PbpA(2b) is required for cell wall integrity, we hypothesized that synthesis
of PG would be impaired in the absence of PbpA(2b). To test this, we used a previously
described assay that monitors incorporation of ['*C]GIcNAc into SDS-insoluble pepti-
doglycan of exponentially growing cells (22, 23). Pulse labeling of exponentially grow-
ing wild-type E. faecalis cells with ['*C]GIcNAc led to incorporation of label (Fig. 1), as
reported previously (22). To validate label incorporation as a specific measure of PG
synthesis, we analyzed the incorporation of label into wild-type E. faecalis treated with
fosfomycin, an antibiotic that inhibits the first committed step of PG synthesis in the
cytoplasm, revealing that fosfomycin blocked incorporation of label as expected
(Fig. 1). We conclude that under our experimental conditions, label incorporation
reflects synthesis of PG and not incorporation into any other polymers. Therefore, we
analyzed ["“C]GIcNAc incorporation by the ApbpA mutant, revealing an ~51% reduc-
tion in the rate of incorporation compared to the wild type, normalized to total biomass
(Fig. 1), consistent with the hypothesis that PbpA(2b) is critical for PG synthesis in
enterococci.

Examination of the morphology of E. faecalis bPBP mutants revealed a marked
difference between mutants lacking Pbp5(4) and PbpA(2b). The Apbp5 mutant was
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FIG 1 The ApbpA mutant is defective at peptidoglycan synthesis. Exponentially growing E. faecalis cells
were pulse-labeled with [*C] GIcNAc to monitor incorporation into SDS-insoluble peptidoglycan. For
wild-type cells, an aliquot was also treated with fosfomycin to inhibit peptidoglycan synthesis. At
intervals, aliquots were treated with SDS, and insoluble peptidoglycan was subjected to scintillation
counting. Incorporated radioactivity (CPM) was normalized to total biomass (ODg,,) and expressed as
CPM/(ODgy, X 104). Data represent the mean * standard error from two independent experiments.
Strains were wild-type, OG1; ApbpA, JL632; and Apbp5, JL339.

indistinguishable from the wild type when live cells were examined using differential
inference contrast (DIC) microscopy or transmission electron microscopy (Fig. 2). In
contrast, the ApbpA mutant exhibited a marked morphological defect, growing as
clumps of irregularly shaped cells rather than the typical diplococcal arrangement of
ovoid cells characteristic of enterococci. Transmission electron microscopy (TEM) re-
vealed that ApbpA mutant cells exhibited aberrant placement of the cell division septa
(Fig. 2), suggesting a loss of coordination between peripheral and septal PG synthesis
machineries. The morphological abnormalities were complemented by ectopic produc-
tion of PbpA(2b).

PbpA(2b) is required for enterococcal cephalosporin resistance. To test for a role
of PbpA(2b) in enterococcal antimicrobial resistance, we determined MICs against a
panel of antibiotics using broth microdilution assays. As expected (15), the Apbp5
mutant exhibited a substantial loss of resistance to cephalosporins, including repre-
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FIG 2 The ApbpA mutant exhibits aberrant cellular morphology. E. faecalis strains growing exponentially
in MHB were examined using differential interference contrast microscopy (top panels, scale
bars =1 um) and by transmission electron microscopy (bottom panels, scale bars = 0.5 um). Strains
were wild-type, OG1; ApbpA, JL632; Apbp5, JL339; and ApbpA,,,,,, DDJ241.
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TABLE 1 Resistance of PBP mutants to antimicrobials?®

MIC (pg/ml) E. faecalis OG1 MIC (pg/ml) E. faecalis CK221
Antimicrobial ~ Wild type® Apbp5 ApbpA PbPAomp  Wild-type  Apbp5  ApbpA
Cefuroxime 128 0.5 0.5 256 512 1 0.5
Ceftriaxone 64 1 1 128 512 1 0.25
Cefepime 16 4 2 16 32 4 4
Ceftaroline 32 2 2 16 32 2 2
Ampicillin 0.5 0.5 0.5 ND< 0.5 0.5 0.5
Meropenem 2 1 8 4 ND ND ND
Imipenem 1 0.5 0.5 ND ND ND ND
Bacitracin 64 64 32 ND 32 32 16
Gentamicin 32 32 16 ND ND ND ND

aMedian MICs determined from a minimum of 3 independent replicates.

bDerivatives of E. faecalis OG1 were Apbp5, JL339; ApbpA, JL632; and pbpA.,,,, DDJ241. Derivatives of E.
faecalis CK221 were Apbp5, JL640; and ApbpA, JL639.

<ND, not determined.

sentative 2nd-, 3rd-, 4th-, and 5th-generation cephalosporins (cefuroxime, ceftriaxone,
cefepime, and ceftaroline, respectively; Table 1). Similar defects were observed for the
Apbp5 mutant of a diverse E. faecalis lineage (Table 1). No defects were observed for the
beta-lactam ampicillin or for bacitracin (which impairs cell wall synthesis by preventing
bactoprenol recycling) or gentamicin (which impairs protein synthesis) in the absence
of Pbp5(4). A 2-fold reduction in resistance to the carbapenems meropenem and
imipenem was observed, although such 2-fold changes are generally considered to be
within the error of broth microdilution measurements. Overall, these observations are
consistent with the known role for Pbp5(4) in mediating enterococcal cephalosporin
resistance and extend previous observations to multiple generations of cephalosporins.

Analysis of the ApbpA mutants from both lineages of E. faecalis revealed a substan-
tial loss of resistance to representative 2nd-, 3rd-, 4th-, and 5th-generation cephalo-
sporins, similar to the phenotype of the Apbp5 mutant, that was complemented by
ectopic expression of pbpA (Table 1). Immunoblotting verified that the defect of the
ApbpA mutant is not due to loss of Pbp5(4) expression in the ApbpA mutant (Fig. S4),
indicating that both bPBPs are therefore required for enterococcal cephalosporin
resistance. As with the Apbp5 mutant, the defects of the ApbpA mutant were largely
specific to cephalosporins, as no changes in resistance were observed for ampicillin,
bacitracin, or gentamicin. Hence, the growth defects of the ApbpA mutant per se do not
explain its loss of cephalosporin resistance. Additionally, the ApbpA mutant exhibited
an increase in resistance to meropenem. This phenomenon was not universal among
carbapenems (imipenem resistance did not increase; Table 1). Although the mechanis-
tic basis for the increase in meropenem resistance remains unexplained, this increase
also indicates that a general growth defect does not explain the specific loss of
cephalosporin resistance. Plasmid-based overexpression of PbpA(2b) (Fig. S3) drove
enhanced resistance to ceftriaxone (Table 2). Moreover, killing assays revealed that the
viability of E. faecalis ApbpA cells declines substantially after treatment with ceftriaxone

TABLE 2 Resistance of plasmid-carrying strains to ceftriaxone

Strain® MIC (pg/ml)@
E. faecalis

Wild-type + vector 64

ApbpA + vector 1

ApbpA + P-pbpA-hisg >128
E. faecium

Wild-type 64

pbpA knockdown 8

aMedian MICs for ceftriaxone were determined from a minimum of 3 independent replicates.
bStrains were E. faecalis OG1/pJRGY, E. faecalis JL632/pJRGY, E. faecalis JL632/pEAWY, E. faecium 1141733/
pJLL105, and E. faecium 1141733/pJLL264.
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FIG 3 The ApbpA mutant is susceptible to killing by ceftriaxone. E. faecalis cells growing exponentially in MHB were
treated with ceftriaxone. Samples were removed and enumerated for viability (A) and the OD,,, determined (B) at
intervals. Data represent the mean * standard error from two independent experiments. Strains were wild-type,
OG1; ApbpA, JL632; Apbp5, JL339; and ApbpA DDJ241.
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concomitant with cell lysis (Fig. 3). This effect is also unique to the ApbpA mutant, as
the Apbp5 mutant is not killed by ceftriaxone, nor does it lyse upon ceftriaxone
treatment (Fig. 3), despite being susceptible to ceftriaxone as determined by MIC
assays. Together, these findings represent the first evidence that a bPBP other than
Pbp5(4) drives cephalosporin resistance in enterococci.

The PbpA(2b) homolog from E. faecium is ~55% identical to PbpA(2b) of E. faecalis
at the primary amino acid sequence level. To test if PbpA(2b) is required for cephalo-
sporin resistance in E. faecium as well, we attempted to construct a pbpA deletion
mutant in the E. faecium 1141733 clinical isolate but were unable to do so despite
multiple attempts, suggesting that PbpA(2b) might be even more critical for viability in
E. faecium. Inspection of the pbpA gene neighborhood suggested that pbpA was likely
to be encoded on a monocistronic transcript. Therefore, as an alternative to genetic
deletion, we used a plasmid containing an inducible promoter to express an antisense
RNA directed against E. faecium pbpA to knock down PbpA(2b) expression. Antimicro-
bial susceptibility assays on antisense-expressing E. faecium revealed that PbpA(2b) also
promotes cephalosporin resistance in E. faecium (Table 2). Hence, PbpA(2b) drives
cephalosporin resistance in both E. faecalis and E. faecium, the two enterococcal species
of greatest clinical significance.

PbpA(2b) exhibits low reactivity with ceftriaxone. Pbp5(4) has been known for
decades to exhibit low reactivity toward cephalosporins, a property that enables
Pbp5(4) to carry out PG cross-linking and thereby promote growth despite the presence
of cephalosporins in the environment. Given that PbpA(2b) is also required for ceph-
alosporin resistance, we hypothesized that PbpA(2b) would similarly exhibit low reac-
tivity toward cephalosporins. To test this, we used the activity-based probe Bocillin FL
(24) to covalently label enterococcal PBPs on live cells. Both Bocillin FL and cephalo-
sporins (like all beta-lactams) acylate PBPs at their active-site serine, thereby preventing
PBP transpeptidase activity. Therefore, we used an experimental competition format in
which growing cells are first exposed to a cephalosporin, followed by Bocillin FL to label
any remaining unacylated PBPs. Any PBPs that are reactive with the cephalosporin will
be acylated and unable to be subsequently labeled by Bocillin FL, whereas PBPs that are
not reactive with the cephalosporin (i.e., not acylated) will subsequently be labeled
upon exposure to excess Bocillin FL (and therefore be fluorescent). Exposure of
exponentially growing E. faecalis cells to ceftriaxone resulted in ceftriaxone-mediated
acylation of multiple PBPs (missing bands in Fig. 4); however, 3 PBPs were essentially
not acylated by ceftriaxone, enabling subsequent acylation by Bocillin FL. This pattern
was conserved in both evolutionarily diverse E. faecalis strains we examined. To
determine which specific PBPs were unreactive with ceftriaxone, we analyzed Bocillin
FL-mediated PBP labeling of a panel of E. faecalis PBP deletion mutants (no cephalo-
sporin treatment), which enabled us to assign the identities of each of the 6 labeled
bands resolved under our experimental conditions (Fig. S5). With this information, we
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FIG 4 Ceftriaxone acylates only a subset of E. faecalis PBPs on growing cells. Two evolutionarily diverse
E. faecalis strains (OG1 and an erythromycin-sensitive derivative of the clinical isolate V583) were cultured
in MHB to the exponential phase and treated with 2 mg/ml ceftriaxone (or not) as indicated. Cells were
collected after 20 min and treated with Bocillin FL to acylate any PBPs that had not been previously
acylated by ceftriaxone. Total cell lysates were subjected to SDS-PAGE and scanned to visualize
fluorescently labeled PBPs. Data are representative of more than 3 independent experiments.

identified the non-ceftriaxone-reactive PBPs as Pbp5(4), PonA, and PbpA(2b). These
same PBPs [including PbpA(2b)] were also not reactive with additional 2nd- and
3rd-generation cephalosporins (cefuroxime and ceftazidime; Fig. S6). The 4th-
generation cephalosporin cefepime largely acylated all PBPs except for PbpA(2b), and
the 5th-generation cephalosporin ceftaroline also did not acylate PbpA(2b) (Fig. S6).
Together, these results reveal that even cephalosporins capable of acylating the
low-reactivity Pbp5(4) cannot acylate PbpA(2b). Thus, PbpA(2b) is required for entero-
coccal cephalosporin resistance and is not reactive with cephalosporins in vivo, a
property that presumably enables PbpA(2b) to carry out PG cross-linking in the
presence of cephalosporins to promote growth.

To determine if low cephalosporin reactivity is an inherent property of PbpA(2b)
itself or if the cephalosporin reactivity of PbpA(2b) is modulated by other factors in vivo,
we expressed and purified a soluble recombinant E. faecalis PbpA(2b) lacking its
N-terminal transmembrane anchor [PbpA(2b) ATM]. This strategy has been used pre-
viously to investigate structure and function of other enterococcal PBPs (25-28).
Antibiotic competition assays were performed in vitro by incubating the purified
protein with various concentrations of antibiotic for 20 min, followed by labeling any
remaining unacylated PBP with excess Bocillin FL. We found that although PbpA(2b)
ATM was reactive with ampicillin (50% inhibitory concentration [IC;,] estimated to be
~3 to 10 uM), it was virtually completely unreactive with ceftriaxone at any concen-
tration up to 30,000 uM (equivalent to 19.8 mg/ml, the highest concentration tested;
Fig. 5). As a control, ceftriaxone reacted robustly with recombinant PbpB(2) ATM under
our experimental conditions (ICs, estimated to be ~1 to 3 uM), consistent with the
robust ceftriaxone reactivity of PbpB(2) observed in vivo (Fig. 4; Fig. S6 and S7). As
expected, recombinant Pbp5(4) ATM also exhibited low ceftriaxone reactivity (ICs,
estimated to be ~3,000 uM; Fig. S7), though Pbp5(4) was modestly more reactive with
ceftriaxone than PbpA(2b). If low reactivity toward cephalosporins is functionally
important for cephalosporin resistance, we hypothesized that it would be conserved for
PbpA(2b) of E. faecium as well. To test this, we performed competition experiments
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FIG 5 PbpA(2b) exhibits intrinsically low reactivity for ceftriaxone in vitro. Purified, recombinant E. faecalis
His,-PbpA(2b) ATM (3 uM) was incubated with the indicated concentrations of ceftriaxone (A) or
ampicillin (B) for 20 min and then treated with excess Bocillin FL. The reactions were subjected to
SDS-PAGE and scanned to visualize fluorescently labeled PbpA(2b), followed by Coomassie staining for
total protein. Data are representative of 3 independent experiments.

with recombinant E. faecium PbpA(2b) ATM. The results (Fig. S8) revealed that, despite
being only ~55% identical to PbpA(2b) of E. faecalis, E. faecium PbpA(2b) also exhibits
inherently low reactivity with ceftriaxone (ICy, estimated to be ~10,000 uM), as well as
ampicillin. Collectively these results establish that PbpA(2b) of clinically relevant en-
terococci exhibits inherently low reactivity with cephalosporins that is similar to, or
even less reactive than, the enterococcal PBP [Pbp5(4)] known to exhibit low-
cephalosporin reactivity.

DISCUSSION

A specific enterococcal bPBP, historically referred to in the literature as either Pbp4
or Pbp5, has been known for decades to be required for beta-lactam resistance. Pbp5(4)
contains a MecA_N (pfam05223) domain, which—although its specific molecular func-
tion is not well understood—is also encoded in the staphylococcal Pbp2a protein
known to be responsible for beta-lactam resistance in methicillin-resistant Staphylo-
coccus aureus. Given its low reactivity with beta-lactam antibiotics, enterococcal
Pbp5(4) has been thought to be the primary PBP responsible (i.e., necessary and
sufficient) for resistance to beta-lactams, including cephalosporins, in enterococci. This
is consistent with studies demonstrating loss of cephalosporin resistance by a Apbp5
mutant (15). However, a potential role in cephalosporin resistance for the other 2 bPBPs
[PbpB(2) and PbpA(2b)] encoded by the clinically relevant enterococci E. faecalis and E.
faecium has never been excluded, or—to the best of our knowledge— explicitly tested.

To determine if PbpB(2) or PbpA(2b) is important for enterococcal cephalosporin
resistance, we attempted to construct deletion mutants lacking the corresponding
genes. We have thus far been unable to construct an E. faecalis mutant lacking PbpB(2),
suggesting that it may be essential for viability. Two bits of circumstantial evidence
suggest a direct role for PbpB(2) in cell division; first, the gene neighborhood in which
pbpB is found contains many cooriented genes whose products are involved in cell
division, and second, PbpB(2) contains two C-terminal penicillin-and-serine/threonine-
associated (PASTA) domains, and the homologous PASTA-containing PBP in Strepto-
coccus pneumoniae (Pbp2x) has been implicated in septal PG synthesis during cell
division (29, 30). In any case, given our inability to construct the ApbpB mutant, we have
not yet been able to directly interrogate PbpB(2) for a role in cephalosporin resistance
via genetic approaches. However, our PBP acylation data indicate that PbpB(2) is highly
reactive with cephalosporins both in vivo and in vitro at concentrations below 2 pg/ml,
which means that PbpB(2) cannot drive PG cross-linking in the presence of cephalo-
sporins.

In contrast to PbpB(2), we successfully constructed mutants of 2 diverse lineages of
E. faecalis lacking PbpA(2b) and compared them to mutants lacking Pbp5(4). The ApbpA
mutants exhibited a substantial loss of resistance to cephalosporins, comparable in
magnitude and scope to that of the Apbp5 mutants, despite the fact that Pbp5(4) was
expressed in the absence of PbpA(2b). In addition, ceftriaxone exhibited a marked
bactericidal effect on the ApbpA mutant, in contrast to wild-type or Apbp5 mutant cells.
Together, these results shift the paradigm for enterococcal cephalosporin resistance by
demonstrating that Pbp5(4) is not sufficient for resistance and that a second class B
PBP, PbpA(2b), is specifically required in addition to Pbp5(4). Expression of antisense
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RNA directed at transcripts encoding PbpA(2b) of E. faecium also led to a reduction of
cephalosporin resistance, indicating that PbpA(2b) function is evolutionarily conserved
and is required for cephalosporin resistance in both enterococcal species of greatest
clinical significance. In line with this essential requirement for PbpA(2b) to grow in the
presence of cephalosporins, PbpA(2b) from both E. faecalis and E. faecium exhibits
intrinsically low reactivity toward cephalosporins. As with Pbp5(4), this intrinsically low
reactivity enables PbpA(2b) to avoid acylation (i.e., inactivation) by cephalosporins,
preserving its ability to catalyze PG cross-linking despite the presence of cephalospo-
rins in the environment. It is worth noting that the Bocillin FL-mediated acylation of
PbpA(2b) observed in Fig. 4 and 5 could also occur if PbpA(2b) was initially acylated by
ceftriaxone but subsequently underwent rapid hydrolysis. Such a hypothesis predicts
that the concentration of remaining intact, active ceftriaxone would be reduced after
exposure to PbpA(2b) due to PbpA(2b)-mediated hydrolysis. We tested for such an
effect (Fig. S9) and did not observe any change in the activity of ceftriaxone. Thus, these
results support the hypothesis that PbpA(2b) is unreactive with cephalosporins and, as
a result, remains available to be acylated by Bocillin FL in the context of PBP labeling
experiments. Of note, although PbpA(2b) is a class B PBP, PbpA(2b) does not contain
a MecA_N domain as found in Pbp5(4) (Fig. S10). Hence, the MecA_N domain is not
required for bPBPs to evolve intrinsically low reactivity toward beta-lactam antibiotics.

The ApbpA mutant also exhibited a variety of other phenotypic defects, including
reduced growth kinetics, impaired cell wall integrity, reduced PG synthesis, and aber-
rant cellular morphology, that were not shared with the Apbp5 mutant. Thus, although
both PbpA(2b) and Pbp5(4) are required for cephalosporin resistance, they perform
distinct functions in enterococcal cells. Collectively the phenotypes suggest that the
activity of Pbp5(4) is important primarily to enable growth in the presence of cepha-
losporins, but the activity of PbpA(2b) plays a more central role in overall PG synthesis,
wall integrity, and cellular morphology under all conditions that extends beyond its
critical requirement for cephalosporin resistance.

Recent work on PG synthesis in several bacterial species has revealed that SEDS-
family (shape, elongation, division, sporulation) integral membrane proteins such as
RodA and FtsW function as PG glycosyltransferases and, in complex with a cognate
bPBP, act as multiprotein machines (known as “synthases” or polymerization com-
plexes) that mediate PG synthesis at distinct cellular locations (31-34). In recent models,
one synthase is localized to the site of cell division (the “divisome”) and builds septal
PG during cell division, while a separate synthase (the “elongasome”) builds peripheral
PG. Coordinated activity of both synthases is required for proper growth and division.
Based on our results, we speculate that PbpA(2b) and Pbp5(4) contribute to PG
synthesis as essential components of distinct PG synthase machines, which catalyze PG
synthesis at different cellular locations, and that proper function of both PbpA(2b)- and
Pbp5(4)-containing synthases is simultaneously required for growth in the presence of
cephalosporins. Such a model is consistent with our observations that inactivation of
either Pbp5(4) or PbpA(2b) alone leads to loss of cephalosporin resistance. Moreover,
the relative lack of phenotypes exhibited by the Apbp5 mutant in the absence of
cephalosporins suggests that the synthase to which Pbp5(4) belongs also contains one
or more additional PBPs capable of providing PG cross-linking during normal growth.
Such PBPs are likely to exhibit high reactivity with cephalosporins, rendering Pbp5(4)
essential for PG cross-linking by its synthase when cephalosporins are present in the
environment. Conversely, the diverse phenotypes of the ApbpA mutant suggest that
other PBPs, including Pbp5(4), cannot functionally compensate for PG cross-linking in
its synthase.

One possibility is that Pbp5(4) is a member of the divisome PG synthase together
with PbpB(2). Given that PbpB(2) is highly reactive with cephalosporins, Pbp5(4) could
provide PG cross-linking activity to build septal PG as part of the divisome when
PbpB(2) is inactivated by cephalosporins, while PbpA(2b) catalyzes peripheral PG
synthesis as part of the elongasome, together enabling growth and cephalosporin
resistance (Fig. S11). Such a model would be consistent with the relative lack of
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phenotypes exhibited by the Apbp5 mutant in the absence of cephalosporins [when
PbpB(2) remains active] and with our observation that the ApbpA mutant remains
capable of building division septa (albeit aberrantly). However, this model is likely
oversimplified, as it predicts that Pbp5(4) should be able to substitute for the complete
absence of PbpB(2), which is not consistent with our inability to construct the pbpB
deletion mutant. A caveat to that observation, though, is that we have not yet formally
established that the underlying reason we have been unable to genetically delete pbpB
is, in fact, due to the loss of the PbpB protein itself; it remains possible that the pbpB
deletion impacts expression of other downstream genes critical for cell division. In
addition, it is unclear at present how the aPBPs PonA and PbpF would fit into this
model, although aPBPs have been found to be associated with the bPBP-containing
synthases in other bacteria and therefore could very well be a part of the PbpA(2b)-
and/or Pbp5(4)-containing synthases. Future work will focus on defining the mecha-
nisms by which PbpA(2b) and Pbp5(4) coordinate with each other to catalyze PG
synthesis in the presence of cephalosporins.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are
listed in Table S1. Enterococci were propagated on Mueller-Hinton broth (MHB) or agar (prepared
according to the manufacturer’s instructions; Difco) at 30°C unless indicated otherwise. Chloramphenicol
was included at 10 ug/ml when required for maintenance of plasmids.

Genetic manipulation of enterococci. Mutant strains were constructed using the temperature-
sensitive, counterselectable allelic exchange plasmid pJH086 as previously described (35). In addition to
p-Cl-Phe, counterselection plates contained 20% sucrose. Fragments of genomic DNA from upstream
and downstream of the gene of interest were amplified by PCR and introduced into pJH086 via
isothermal assembly (36). Deletion alleles were in-frame and retained a variable number of codons at the
beginning and end of each gene, in an effort to avoid perturbing the expression of adjacent genes. Table
S1 contains the specific details of each deletion allele. All mutant or complemented strains were
constructed independently at least twice and analyzed to ensure that their phenotypes were concordant.
The inserts of all recombinant plasmids were sequenced in their entirety to ensure the absence of any
undesired mutations.

Complementation of the E. faecalis ApbpA mutant was achieved by integrating a single copy of the
pbpA gene along with 400 bp of upstream DNA (presumably containing the pbpA promoter) into an
ectopic locus in the chromosome of the ApbpA mutant, using a homologous recombination-based allelic
exchange strategy as described previously (37). PCR analysis confirmed the presence of the original
ApbpA deletion in the complemented strain. Immunoblot analysis on the complemented strain verified
restoration of near wild-type levels of PbpA(2b) production (Fig. S3).

Antisense RNA for knockdown of E. faecium PbpA(2b). To generate an inducible antisense
construct to knock down expression of E. faecium pbpA, we used an approach analogous to that
described previously to knock down expression of genes in Staphylococcus aureus (38-40). Our construct
included the entire E. faecium pbpA open reading frame (ORF) plus 58 nucleotides upstream of the ORF
in plasmid pBK2, cloned in the reverse orientation such that transcription from the inducible
plasmid-encoded promoter would lead to production of the antisense transcript. The resulting
plasmid (pJLL264) was introduced into wild-type E. faecium by electroporation. Expression from
the plasmid-encoded promoter was induced by addition of cCF10 peptide when desired, as we have
done previously (35).

Antimicrobial susceptibility assays. MICs were determined using a broth microdilution method.
Briefly, bacteria from stationary-phase cultures were inoculated into wells containing 2-fold serial
dilutions of antibiotics in MHB (including chloramphenicol when required for maintenance of plasmids)
at a normalized optical density at 600 nm (ODg,,) of 4 X 10-5 (~1 X 10> CFU for the wild type). Plates
were incubated in a Bioscreen C plate reader at 37°C for 24 h with brief shaking before each
measurement. The OD,, was determined every 15 min, and the lowest concentration of antibiotic that
prevented growth was recorded as the MIC. For time-kill analysis, stationary-phase cultures were diluted
to an ODg, of 0.01 in MHB and incubated at 37°C with shaking until the early exponential phase (ODg,,
~0.13), at which time aliquots were treated with 2 mg/ml ceftriaxone. Samples were removed at intervals
(0, 1,4, and 24 h) for determination of ODy,,, and viable bacteria were enumerated on MH agar. We note
that because of the cell division defect and clumping phenotype exhibited by the ApbpA mutant, CFU
counts are not an accurate representation of the number of cells in a culture. Instead, we normalized the
inocula based on ODg,, values, which provide a more representative estimation of the amount of
biomass present (see Supplementary Data for the analysis of protein levels in cultures normalized by
ODgq0)-

Analysis of cell wall integrity. Stationary-phase cultures of strains grown at 30°C were diluted to an
ODyg,, of 0.01 in MH broth and incubated at 37°C with shaking until the exponential phase (ODg,,, ~0.2).
Bacteria were harvested by centrifugation, resuspended in 50 ul of lysozyme solution (10 mM Tris [pH 8],
50 mM NaCl, 20% sucrose), and normalized to an equivalent OD,. Cell suspensions were split into two
equal aliquots, one of which was subsequently treated with lysozyme (5 mg/ml). All samples were
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incubated for 5 min at 37°C. Laemmli SDS buffer was added, and samples were boiled (5 min) and
subjected to SDS-PAGE followed by staining for total protein using GelCode blue stain (Pierce) according
to the manufacturer’s instructions.

Immunoblot analysis. Bacteria were grown to the exponential phase in MHB at 37°C as described
above. Cultures were mixed with an equal volume of EtOH/acetone (1:1), collected by centrifugation,
and washed once with water. To prepare total cell lysates, bacteria were suspended in lysozyme
buffer (10 mM Tris [pH 8], 50 mM NaCl, 20% sucrose), normalized to an equivalent ODg,,, treated
with lysozyme (5 mg/ml) for 30 min at 37°C, and mixed with Laemmli SDS sample buffer. After
SDS-PAGE, proteins were transferred to polyvinylidene difluoride (PVDF; Bio-Rad) and probed with
rabbit anti-PbpA(2b), rabbit anti-Pbp5(4), and rabbit anti-RpoA antisera (custom polyclonal antisera).
Detection was performed with goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary
antibody (Invitrogen).

Peptidoglycan synthesis assays. Peptidoglycan synthesis was monitored by uptake of ['*C]GIcNAc
into SDS-insoluble peptidoglycan as described previously (22, 23) with minor modifications. Bacteria
were grown to the exponential phase in MHB at 37°C as described above. Cultures were diluted 6-fold
into prewarmed MHB supplemented with 0.4 uCi/ml ['*C]GIcNAc. At intervals, aliquots were mixed with
equal volumes of 0.2% SDS. The cells were collected by centrifugation and suspended in 150 ul water
and then transferred into 5 ml Econo-Safe scintillation fluid for scintillation counting. Optical density
measurements were done in triplicate by transferring 200 ul from parallel label-free cultures to a 96-well
plate and measuring the ODg,, using a SpectraMax5 plate reader (Molecular Devices). Data were
expressed as counts per minute (CPM)/(ODg,, X 10%).

Microscopy. Bacteria were grown to the exponential phase in MHB at 37°C as described above. For
transmission electron microscopy, cultures were directly mixed with an equal volume of 4% glutaralde-
hyde in 0.1 M sodium cacodylate buffer and fixed at room temperature for 30 min. Bacteria were washed
3 times with buffer and postfixed for 1 h on ice with 1% osmium tetroxide. Following fixation, cells were
rinsed with buffer and dehydrated through a graded methanol series (50%, 20 min; 70%, 20 min; 95%,
20 min; 100% 3 X, 20 min) followed by acetonitrile and then 60 min in a 50/50 mixture of acetonitrile and
epoxy resin (EMbed-812; Electron Microscopy Sciences, Hatfield, PA). Following 2 changes (3 h each) of
epoxy resin, the samples were centrifuged to pellet in Eppendorf tubes and polymerized at 70°C
overnight. Thin (60 nm) sections were cut, and the sections were stained with uranyl acetate and lead
citrate and then imaged using a Hitachi H600 transmission electron microscope, and the images were
recorded using a Hamamatsu side entry charge-coupled-device (CCD) camera and AMT imaging soft-
ware. For light microscopy, bacteria were fixed using 1% formaldehyde and examined with differential
interference contrast microscopy using a Nikon Eclipse Ti-U inverted microscope. Examination of live cells
confirmed that fixation did not alter their morphology.

PBP acylation in vivo. Bacteria were grown to the exponential phase in MHB at 37°C as described
above. Cultures were split and treated (or not) with a cephalosporin for 20 min at 37°C. Cells were chilled
in an ice-water bath, collected by centrifugation, suspended in buffer (25 mM Tris [pH 7.5], 150 mM Nacl,
100 ug/ml chloramphenicol), and normalized to an equivalent ODy, on ice. Bocillin FL was added to
40 uM and incubated at 37°C for 20 min. Cells were washed once with buffer and then suspended in
lysozyme buffer for digestion with 5 mg/ml lysozyme for 15 min at 37°C to make whole-cell lysates as
described above. Lysates were subjected to 8% SDS-PAGE on 20-cm gels at constant amperage for ~16
h and scanned on a Typhoon Trio with excitation at 488 nm.

Expression and purification of recombinant PBPs. PBPs were expressed from pET28b in Escherichia
coli BL21(DE3) host cells. All PBPs were cloned and expressed without their N-terminal membrane
anchors as indicated in Table S1. BL21(DE3) carrying a pET28b derivative was cultured to an ODy, of 0.6,
induced with 1 mM IPTG, and incubated for 4 h at 37°C for induction. Cells were broken via a French
press, and recombinant His-tagged protein was purified via IMAC on Ni-NTA resin prior to dialysis into
1X PBS containing 10% glycerol.

PBP acylation in vitro. PBPs were acylated in vitro as previously described (41) with minor
modifications. Reaction mixtures containing a given purified recombinant PBP (3 uM) and various
concentrations of antibiotics were prepared in 1X PBS and incubated at 37°C for 20 min, at which time
Bocillin FL was added to 30X molar excess (91 uM) and incubated for an additional 20 min at 37°C.
Reactions were quenched by the addition of Laemmli SDS-PAGE loading buffer and subjected to 8%
SDS-PAGE prior to imaging on an Azure c600 instrument. After fluorescence images were acquired, gels
were stained with Coomassie (GelCode Blue).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.7 MB.
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