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Peptidoglycan polymerization complexes contain multimodular penicillin-binding proteins (PBP) of classes
A and B that associate a conserved C-terminal transpeptidase module to an N-terminal glycosyltransferase or
morphogenesis module, respectively. In Enterococcus faecalis, class B PBP5 mediates intrinsic resistance to the
cephalosporin class of B-lactam antibiotics, such as ceftriaxone. To identify the glycosyltransferase partner(s)
of PBPS, combinations of deletions were introduced in all three class A PBP genes of E. faecalis JH2-2 (ponA,
pbpF, and pbpZ). Among mutants with single or double deletions, only JH2-2 AponA ApbpF was susceptible to
ceftriaxone. Ceftriaxone resistance was restored by heterologous expression of pbpF from Enterococcus faecium
but not by mgt encoding the monofunctional glycosyltransferase of Staphylococcus aureus. Thus, PBPS partners
essential for peptidoglycan polymerization in the presence of B-lactams formed a subset of the class A PBPs
of E. faecalis, and heterospecific complementation was observed with an ortholog from E. faecium. Site-directed
mutagenesis of pbpF confirmed that the catalytic serine residue of the transpeptidase module was not required
for resistance. None of the three class A PBP genes was essential for viability, although deletion of the three
genes led to an increase in the generation time and to a decrease in peptidoglycan cross-linking. As the E.
Jaecalis chromosome does not contain any additional glycosyltransferase-related genes, these observations
indicate that glycan chain polymerization in the triple mutant is performed by a novel type of glycosyltrans-
ferase. The latter enzyme was not inhibited by moenomycin, since deletion of the three class A PBP genes led

to high-level resistance to this glycosyltransferase inhibitor.

High-molecular-weight penicillin-binding proteins (PBPs)
are the main determinants of clinically relevant B-lactam re-
sistance phenotypes in streptococci, staphylococci, and entero-
cocci, although the genetic basis for resistance differs in these
bacteria. Resistant isolates of Streptococcus pneumoniae har-
bor multiple mosaic PBP genes generated by recombination
with gene fragments acquired from related streptococci by
natural transformation (19). Methicillin-resistant Staphylococ-
cus aureus (MRSA) strains have acquired an additional PBP
gene (mecA) encoding PBP2a, which is sufficient for high-level
resistance to virtually all B-lactams in the absence of modifi-
cation of other PBPs (34). Since MRSA strains grow in the
presence of B-lactam antibiotics at concentrations sufficient to
rapidly saturate all PBPs except PBP2a, it is assumed that the
latter enzyme is sufficient for peptidoglycan cross-linking (26).
Similarly, Enterococcus faecalis and Enterococcus faecium
strains produce PBP5 that appears sufficient for transpeptida-
tion in the presence of B-lactams (7, 29, 30). Resistance is an
intrinsic property of these species, as virtually all isolates are
resistant to moderate (e.g., ampicillin) or high (e.g., ceftriax-
one) levels of B-lactams and produce a species-specific PBPS
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(24). Acquisition of high-level resistance to ampicillin, mainly
in clinical isolates of E. faecium, results from overproduction of
PBP5 (12, 13, 29) and from amino acid substitutions that de-
crease the interaction of PBP5 with the drug (27, 35). Alter-
ation of other as-yet-unknown accessory factors is also in-
volved (18, 29).

The high-molecular-weight PBPs fall into two classes based
on the association of the conserved C-terminal transpeptidase
module with an N-terminal glycosyltransferase module (class
A) or a morphogenesis module (class B) devoid of any known
catalytic activity (14). As the S. aureus PBP2a and the entero-
coccal PBPS5 are class B PBPs, peptidoglycan polymerization in
the presence of high concentrations of B-lactams is thought to
require cooperation between the b,D-transpeptidase module of
these PBPs and the glycosyltransferase module of class A
PBPs. Evidence for such cooperation has been obtained in
MRSA strains based on selective inactivation by site-directed
mutagenesis of the glycosyltransferase activity of PBP2, which
led to a viable mutant susceptible to methicillin (26). Polymer-
ization of the glycan chains in the mutant was presumably
catalyzed by a monofunctional glycosyltransferase (Mgt), as
PBP2 is the sole class A PBP produced by S. aureus (26, 32).
The sets of peptidoglycan-polymerizing enzymes of S. aureus
and enterococci are significantly different, since the genome of
E. faecalis harbors three putative class A PBP genes, no ho-
mologue of mgt, and three putative class B PBP genes (Table
1). To evaluate the role of the three class A PBP genes of
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TABLE 1. Multimodular PBPs of E. faecalis and putative orthologs from various species

PBP of class and subclass (calculated mass in kDa)”

Species A B
A3 A4 AS Bl B4 BS B3
E. faecalis® ponA (85.4) PpbpF (79.5) pbpZ (88.5) NP pbp5 (74.0) pbpB (81.7) pbpA (77.9) NP
E. faecium® ponA (86.6) PpbpF (79.9) pbpZ (86.7) NP pbp5 (73.7) pbpB (81.0) pbpA (78.9) NP
S. aureus® PBP2 (79.3) NP NP NP PBP2a (76.3)  PBP1 (82.7) PBP3 (77.2) NP
S. pneumoniae  PBPla (79.8)  PBP2a (80.8) PBP1b (89.5) NP NP PBP2x (82.3) PBP2b (73.9) NP
B. subtilis PBP1 (99.6)  PBP2c (79.3) PBP4 (70.6)  PBP2d (71.8) PBP3 (74.4)  PBP2b (79.3) PBP2a (80.1) PBPVD (71.3)

“ Classification is that of Goffin and Ghuysen and is based on amino acid sequence comparison (14). NP, not present.
> PBPs of E. faecalis and E. faecium are identified by the gene designation used in the text.

¢ MRSA.

E. faecalis in intrinsic B-lactam resistance, we have developed
a method to construct multiple deletions in the chromosome of
this bacterium. We report the deletion of all combinations of
one to three class A PBP genes and their impact on bacterial
growth, peptidoglycan cross-linking, and susceptibility to cell
wall synthesis inhibitors.

MATERIALS AND METHODS

Growth conditions. Bacterial strains were grown in brain heart infusion (BHI)
broth or agar (Becton Dickinson, le Pont de Claix, France) at 37°C. MICs of
ampicillin (Bristol-Myers, Paris, France), ceftriaxone (Laboratoires Roche,
Neuilly, France), and moenomycin (Hoechst, Mainz, Germany) were determined
with 10° CFU per spot on BHI agar after 48 h of incubation.

Replication and transfer properties of suicide vector pHS1. The vector pHS1
was constructed to introduce serial deletions in the chromosome of E. faecalis
JH2-2 (17) by homologous recombination. This vector (Fig. 1A) is composed of
(i) the origin of replication and the repA(Ts) gene encoding the thermosensitive
replication protein of plasmid pGhost4 (20), (ii) the aph3’'-aac6” bifunctional
gene of plasmid pAT392 (2) conferring resistance to all aminoglycosides, includ-
ing gentamicin, and (iii) the origin of transfer of transposon Tn916 (0riTr,0;6)
allowing conjugal transfer between gram-positive bacteria provided that the
donor harbors Tn916 (8). The vector pHS1 and derivatives were propagated at
37°C in Escherichia coli EC101 (5) with selection for gentamicin resistance (16
pg/ml). The plasmids were introduced into E. faecalis JH2Sm::Tn916 (8) by
electroporation (10) and maintained in this host at permissive temperature for
replication (28°C) in media containing gentamicin (128 wg/ml). Plasmid pHS1
and derivatives were transferred by mating from JH2Sm::Tn9I6 (resistant to
tetracycline and streptomycin) to JH2-2 (resistant to rifampin and fusidic acid).
Transconjugants were selected on BHI agar containing rifampin (40 pg/ml),
fusidic acid (20 pg/ml), and gentamicin (128 pg/ml). Typical transfer frequencies
were in the order of 10~* per donor.

Recombination events generating chromosomal deletions. DNA fragments
(ca. 500 bp) flanking the sequence targeted for deletion, designated H1 and H2,
were independently amplified by PCR. The H1 and H2 fragments, separated by
an erythromycin resistance cassette (erm), were cloned into pHS1. The resulting
pHSI derivatives carrying the Hl-erm-H2 insertions were introduced into E.
faecalis JH2-2 as described above. Replacement of the sequence targeted for
deletion by the erm cassette by a double crossover (Fig. 1C) was selected at the
nonpermissive temperature for plasmid replication (42°C) on media containing
erythromycin (10 pg/ml).

The erm resistance cassette was removed from the chromosomal pbp loci by
using derivatives of pHSI1 carrying H1 directly fused to H2 (Fig. 1D). Chromo-
somal integration of the plasmids by a single crossover was obtained by selecting
for gentamicin resistance (128 wg/ml) at nonpermissive temperature for plasmid
replication. Plasmid excision was obtained by subculturing clones in the absence
of antibiotic at 28°C, as the activity of the Rep(Ts) protein at permissive tem-
perature was reported to stimulate homologous recombination (5). The excised
plasmids were cured at 42°C, and clones susceptible to gentamicin and erythro-
mycin were screened by replica plating.

Amplification of H1 and H2 sequences. The following pairs of oligonucleotides
were used to amplify by PCR the H1 and H2 sequences flanking ponA, pbpF,
pbpZ, and pbp5: ponA H1, 5'-TTATCCCAAACGAAGTG-3" and 5'-AGATCT
GTGTTGGATGCATGTCT-3"; ponA H2, 5'-AGATCTGCAACCACCTGAA
AGTAG-3" and 5'-TTGTGGGCTTAGAAGATG-3'; pbpF H1, 5'-TTAAGGT

GACACAATCG-3' and 5'-AGATCTTTGTCCATAGTACTCCC-3'; pbpF H2,
5'-AGATCTTGGGACAAATTAAAGACG-3' and 5'-TATCACGCACAGGA
GTC-3'; pbpZ H1, 5'-TGGATCACCAATCATGC-3' and 5'-AGATCTCAAA
AGCTTCACCTCA-3'; pbpZ H2, 5'-AGATCTATTACGCTTCTTACTGG-3’
and 5'-GTTGGTGTGGTATTATC-3'. Bg/II restriction sites (underlined) were
used to ligate the H1, H2, and erm fragments as shown in Fig. 1C and D.

The H1-H2 DNA fragment used for deletion of pbp5 was constructed by two
sequential amplifications with partially complementary primers as previous de-
scribed (1). In the first step, the H1 and H2 fragments were separately amplified
(primers HIF, 5'-AGAATCATTTTTGACTG-3’, and HIR, 5'-CAAATGGTT
CGCTGGGTTTCAATAATCCCCTAAC-3', for H1; primers H2Fb, 5'-ACCCA
GCGAACCATTTGAAAAGAGAAAATGAACG-3', and H2R, 5'-AGGGAA
ATATGTTGGTC-3', for H2). Seventeen bases of primers HIR and H2Fb were
complementary (underlined). In the second step, the H1 and H2 fragments were
denatured, annealed, and coamplified with primers H1F and H2R (see above).
The same method was used to obtain the Hl-erm-H2 fragment with primers
HIF, HIR, H2R, and H2F. Primers HIR (see above) and H2F (5'-GTAAGTT
AAGGGACTGCAAAAGAGAAAATGAACG-3') contained sequences com-
plementary to the erm resistance cassette (italicized).

Analysis of the structure of the deletions. Genomic DNA was prepared (Wiz-
ard genomic DNA purification kit; Promega, Madison, Wis.), separately digested
with Accl and Xmnl, except for pbp5 (digested with PstI and SspI), and analyzed
by Southern blot hybridization. The probes were obtained by labeling DNA of
derivatives of plasmid pCRblunt (Invitrogen, Carlsbad, Calif.) harboring the H1
and H2 sequences with [a-*?P]dCTP (Megaprime DNA labeling system; Amer-
sham Biosciences, Little Chalfont, England). For each of the four PBP genes
(ponA, pbpF, pbpZ, and pbp5), the hybridization patterns corresponded to the
predicted map of the wild-type locus, pbp replaced by erm, and deletion of the
gene (data not shown). In addition, PCR was performed with oligonucleotides
adjacent to the H1 and H2 sequences, to confirm the reduction in size of the
PCR products resulting from gene replacement and deletion. Finally, the pres-
ence of the fused H1 and H2 fragments in the chromosome of the mutants was
verified by direct sequencing of the PCR products.

Properties of expression vector pNJ2. Plasmid pNJ2 was constructed to obtain
expression of cloned genes under the control of the heterologous aphA-3p pro-
moter, which is active in E. faecalis (3). This vector (Fig. 1B) is composed of (i)
plasmid pAT28 that replicates both in E. coli (oriR pUC) and gram-positive
bacteria (oriR pAMB1), and confers resistance to spectinomycin (31), (ii) the
chloramphenicol acetyltransferase gene (cat) and the aphA-3p promoter of plas-
mid pAT79 (3), and (iii) the origin of transfer of transposon Tn916 (oriTry0;6)
(8). The vector pNJ2 and its derivatives were introduced into E. faecalis
JH2Sm::Tn916 by electroporation and transferred by conjugation to derivatives
of E. faecalis JH2-2 (frequency of ca. 10~* per donor). The plasmids were
selected with spectinomycin (60 pg/ml) and chloramphenicol (20 wg/ml). Ri-
fampin (40 pg/ml) and fusidic acid (20 wg/ml) were added to the media for
selection of the E. faecalis JH2-2 recipients.

Shuttle plasmids for pbp and mgt expression in E. faecalis. The pbp5 open
reading frame and ribosome binding site of E. faecalis JH2-2 (pbp5¢) was am-
plified with primers n-PB1 (5'-ATAGGTGAAACACAAGC-3') and PB2 (5'-A
CAGAAACCTGTTTCG-3") and cloned under the control of the aphA-3p pro-
moter to generate pNJ2Qpbp5. The same approach was used to express the
pbpF genes from E. faecalis JH2-2 (pbpFy,) and E. faecium D344S (22) (pbpFy,,)
and the mgt gene of S. aureus NCTC 8325 (mgts,). The following primers
containing Sacl and Xbal sites (underlined) were used for amplification: pbpFy,,
primers pbpF1S (5'-GGTGGTGAGCTCTAGACTTAGCCAAGAAACG-3')
and PBPF4S (5'-GGTGGTCTGCAGTCTAGACAACTAATTTCCTAATAA
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FIG. 1. Schematic representation of vectors and approach used to generate chromosomal deletions. The maps of suicide vector pHS1 (A) and
shuttle vector pNJ2 (B) show unique restriction sites used for cloning. The plasmids confer resistance to gentamicin (gent®) and spectinomycin
(spc®), respectively. (C) Replacement of the pbp genes by the erm erythromycin resistance cassette was generated by a double crossover, as
indicated by broken arrows. (D) The erm cassette was removed from the chromosome in two steps. In the first step, integration of plasmid
pHS1QH1-H2 by a single crossover involving H1 (as represented) or H2 was selected at 42°C on agar containing gentamicin. Integration generated
a partial duplication of the locus, since the sequence of the pHS1 vector was flanked by the H1-H2 and H1-erm-H2 alleles. Serial subcultures at
the permissive (28°C) and nonpermissive (42°C) temperatures in the absence of antibiotic were used to stimulate the excision and loss of

pHS1QH1-erm-H2, leaving the H1-H2 allele in the chromosome.

G-3'); pbpFyy,, primers D344-F-1 (5'-TTGAGCTCACTACAACTTAAGCAGG
A-3") and D344-F-2 (5'-TTTCTAGAGTAGTTACTCTCTATTGT-3"); mgts,,
primers MGT1 (5'-TTGAGCTCAAGGTATATACTAAGTGAG-3") and
MGT2 (5'-TTTCTAGAGCAAGTATTTAACGATTTAA-3"). DNA sequenc-
ing was performed for all recombinant plasmids used in this study to confirm the
accuracy of the PCR.

Site-directed mutagenesis of E. faecalis pbpF. The codon specifying the cata-
Iytic serine residue (TCG, Ser,,) was replaced by a GGA glycine codon. The 5’
portion of pbpF;, was amplified with pbpF1S (see above) and PBPF2S (5'-GG
TGGTGGATCCGCCTGGTGAACGTTTTGTT-3') to introduce the GGA co-
don (bold) and a BamHI site (underlined). The 3’ portion of pbpFy was ampli-
fied with PBPF4S (see above) and PBPF3S (5'-GGTGGTGGATCCTTAAAA
CCAATTTCTG-3"). The PCR fragments were digested with BamHI, ligated,
and introduced into pNJ2 to generate plasmid pNJ2OQpbpF(S402-G).

Peptidoglycan structure analysis. Bacteria were grown at 37°C to an optical
density of 0.8 in BHI broth. Peptidoglycan was extracted with 4% sodium dodecyl

sulfate at 100°C, treated with pronase (200 wg/ml) and trypsin (200 pg/ml), and
digested with lysozyme (200 pg/ml) and mutanolysin (200 wg/ml). Muropeptides
were reduced with sodium borohydride and separated by reverse-phase high-
performance liquid chromatography on a C;g column (3 pm, 4.6 by 250 mm;
Interchrom, Montlugon, France) at a flow rate of 0.5 ml/min with a 0 to 20%
gradient applied between 10 and 90 min (buffer A, 0.05% [vol/vol] trifluoroacetic
acid in water; buffer B, 0.035% [vol/vol] trifluoroacetic acid in acetonitrile). The
relative abundance of muropeptides was estimated by the percentage of the
integrated area of peaks detected by the absorbance at 210 nm. Mass spectral
data were collected with an electrospray time-of-flight mass spectrometer oper-
ating in the positive mode (Qstar Pulsar I; Applied Biosystems, Courtaboeuf,
France) directly connected to the C;g column (flow rate, 0.5 ml/min). The data
were acquired with a capillary voltage of 5,200 V and a declustering potential of
20 V. The mass scan range was from m/z 400 to 2,500, and the scan cycle was 1 s.
Structure assignment of muropeptides based on mass determination was per-
formed as previously described (6).
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TABLE 2. Susceptibility of E. faecalis strains to inhibitors
of peptidoglycan synthesis

MIC (pg/ml) of:

Strain Ceftriax-  Ampi- Moeno-
one cillin mycin
JH2-2 1,000 2 0.25
JH2-2 Apbp5 0.25 0.5 0.25
JH2-2/pNJ2Qpbp5 1,000 2 0.25
JH2-2 Apbp5/pNI2Qpbp5 1,000 2 0.25
JH2-2 AponA 1,000 2 0.25
JH2-2 ApbpF 1,000 2 0.25
JH2-2 ApbpZ 1,000 2 0.25
JH2-2 AponA ApbpF 1 1 >128
JH2-2 AponA ApbpZ 512 2 0.25
JH2-2 ApbpF ApbpZ 1,000 2 0.5
JH2-2 AponA ApbpF ApbpZ 1 1 >128
JH2-2 AponA ApbpF[pNJ2Qpbp5 1 1 >128
JH2-2 AponA ApbpF ApbpZ/pNI2QOpbp5 1 1 >128

Analysis of PBPs. The technique used for the analysis of PBPs of the different
strains was as previously described (33), except that labeling was performed with
40 pg of benzyl['*C]penicillin potassium (2.11 GBg/mmol; Amersham Pharma-
cia Biotech)/ml.

RESULTS

Deletion of the pbp5 gene from the chromosome of E. faecalis
JH2-2. The vector pHS1 was constructed to delete chromo-
somal PBP genes by homologous recombination as outlined in
Fig. 1. E. faecalis JH2-2 was highly resistant to the expanded-
spectrum cephalosporin ceftriaxone, and deletion of pbp5 led
to a 4,000-fold reduction in the MIC of this drug (Table 2). The
strain was less resistant to ampicillin, and deletion of pbp5
produced only a fourfold reduction in the MIC of this antibi-
otic. The pbp5 gene of E. faecalis JH2-2 cloned under the con-
trol of the aphA-3p promoter of the shuttle vector pNJ2 (Fig.
1B) restored wild-type B-lactam resistance in JH2-2 ApbpS5.

Identification of class A PBP genes essential for PBP5-
mediated PB-lactam resistance. Single deletion of any of the
three class A PBP genes of E. faecalis (ponA, pbpF, or pbpZ)
had no impact on the MICs of B-lactam antibiotics (Table 2).
Among the three combinations of double deletions, only the
deletion of ponA and pbpF resulted in a large decrease (1,000-
fold) in ceftriaxone resistance. Thus, either pon4 or pbpF
was required for intrinsic ceftriaxone resistance mediated by
PBP5. Overexpression of the pbp5 gene under the control of
the aphA-3p promoter of pNJ2 did not restore ceftriaxone
resistance in JH2-2 AponA ApbpF (Table 2).

Deletion of the three class A PBP genes. Previous analyses
showed that the self-transferable plasmid pIP964(hly) can mo-
bilize chromosomal genes between E. faecalis strains by con-
jugation (4). To determine whether this system could be used
to generate combinations of chromosomal deletions, E. faecalis
JH2-2 ApbpZ erm/pIP964(hly), obtained by replacing pbpZ
with erm, was mated with JH2Sm. Transfer of the hemolysin
marker (hly) of pIP964 occurred at a frequency of ca. 107, as
determined on blood agar indicator plates. The chromosomal
erythromycin resistance cassette located at the pbpZ locus was
also transferable but at a lower frequency (ca. 10~%). An E. fae-
calis JH2Sm transconjugant harboring the ApbpZ erm allele
and pIP964(hly) was in turn used as a donor in mating exper-
iments, with E. faecalis JH2-2 AponA ApbpF as a recipient. The

J. BACTERIOL.

ponA, pbpF, and pbpZ loci of five transconjugants obtained on
selective media containing erythromycin, rifampin, and fusidic
acid were analyzed by PCR. As expected, all of them had
received the ApbpZ erm allele. Cotransfers were observed in
two transconjugants that received pbpF alone or ponA and
pbpF in addition to ApbpZ erm. The remaining three transcon-
jugants acquired the ApbpZ erm allele and retained the AponA
and ApbpF alleles of the recipient. The erm cassette was re-
moved from the chromosome of one of these transconjugants
to generate JH2-2 AponA ApbpF ApbpZ. Deletion of the three
PBP genes was confirmed by Southern blot and PCR analyses
(data not shown). This result indicates that none of the three
class A PBPs is essential for viability.

Growth rate. Deletion of the three class A PBP genes led to
an increase of the generation time (70.0 = 4.6 min for JH2-2
AponA ApbpF ApbpZ versus 37.7 = 1.0 min for JH2-2). The
increase in the generation time was marginal (<12%) for the
other mutants lacking one or two class A PBP genes.

Susceptibility to moenomycin. The impact of the deletion of
class A PBP genes on the activity of the glycosyltransferase
inhibitor moenomycin was studied by the agar dilution method
(Table 2). Deletion of ponA and pbpF or of all three class A
PBP genes resulted in high-level resistance to moenomycin.
This surprising observation indicates that the antibacterial ac-
tivity of moenomycin requires ponA, pbpF, or both genes.

Analysis of PBP patterns labeled with benzyl[**C] penicillin.
The chromosome of E. faecalis harbors six genes encoding
putative multimodular PBPs belonging to class A (ponA, pbpF,
and pbpZ) and class B (pbp5, pbpA, and pbpB) (Table 1).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis re-
solved five high-molecular penicillin-labeled protein bands in
membrane extracts from E. faecalis JH2-2 (Fig. 2, lane 1) in
addition to the low-molecular weight D,pD-carboxypeptidase
DacA (data not shown). Based on the analysis of mutants
constructed in the present study, three of the five penicillin-
labeled protein bands could be assigned to class A PBPs. The
band with the lower electrophoretic mobility should corre-
spond to the ponA gene product, since it was absent from
JH2-2 AponA (lane 2), JH2-2 AponA ApbpF (lane 6), JH2-2
AponA ApbpZ (lane 7), and JH2-2 AponA ApbpF ApbpZ (lane
8). The PBP encoded by ponA had a much lower electro-
phoretic mobility than expected from its calculated molecular
mass (Table 1), as previously shown for putative orthologs
from other gram-positive bacteria (25). The second protein
band by order of electrophoretic mobility should be the pbpZ

PBP encoded

by: 1 2 3 4 5 6 7 8 9 1011

ponA__

pbpZ

pbpF~—

bpA = = -
— o ot

pbps

(!

FIG. 2. PBP profiles of single, double, and triple PBP mutants.
Lanes: 1 and 10, JH2-2; 2, JH2-2 AponA; 3, JH2-2 ApbpF; 4, JH2-2
ApbpZ; 5, JH2-2 ApbpF ApbpZ; 6, JH2-2 AponA ApbpF; 7, JH2-2
AponA ApbpZ; 8, JH2-2 AponA ApbpF ApbpZ; 9, JH2-2 Apbp5; 11,
JH2-2/pNI2Qpbp5,.
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FIG. 3. Structure of E. faecalis muropeptide monomers and dimers. The most abundant muropeptides (e.g., muropeptides 1 and 3) contained
two D-Ala residues at the free C-terminal end and two L-Ala residues both at the free N-terminal end and in the cross bridge (boxed).
Less-abundant muropeptides (e.g., 9 and 11) contained a tripeptide stem lacking the two C-terminal D-Ala residues. The orientations of the

CO—NH peptide bonds are indicated by arrows.

gene product, as it was absent from JH2-2 ApbpZ (lane 4),
JH2-2 ApbpF ApbpZ (lane 5), JH2-2 AponA ApbpZ (lane 7),
and JH2-2 AponA ApbpF ApbpZ (lane 8). The third protein
band disappeared totally in the triple mutant JH2-2 AponA
ApbpF ApbpZ (lane 8) and may therefore contain the pbpF
gene product. However, this band cannot solely correspond to
the PBP encoded by pbpF, since the band was present in JH2-2
ApbpF (lane 3), JH2-2 ApbpF ApbpZ (lane 5), JH2-2 AponA
ApbpF (lane 6), and JH2-2 AponA ApbpZ (lane 7). These
observations may imply that the third band contained trun-
cated forms of PBPs encoded by ponA4 and pbpZ, in addition to
the PBP encoded by pbpF. Deletion of pbp5 was associated
with loss of the fifth PBP band (lane 9). This band was more
intense in a JH2-2 derivative containing a copy of pbp5 cloned
into pNJ2 (Fig. 2, lane 11), confirming that it corresponded to
PBPS5. The remaining PBP band (fourth band) may contain the
putative class B PBPs encoded by pbpA and pbpB, since it was
unaffected by the ponA, pbpF, pbpZ, and pbp5 deletions.
Complementation of class A PBP gene deletions. The pbpF
gene of E. faecalis JH2-2 (pbpF',) was cloned under the control
of the aphA-3p promoter of the shuttle plasmid pNJ2 and
introduced into JH2-2 AponA ApbpF and JH2-2 AponA ApbpF
ApbpZ strains. As expected, the resulting plasmid restored
ceftriaxone resistance in these mutants (MIC of 1,000 wg/ml
for both hosts). The active-site serine of the transpeptidase
module encoded by pbpF,, was replaced by a glycine by

site-directed mutagenesis. Expression of the resulting gene
(pbpFS 40,-G) cloned into pNJ2 also restored a wild-type lev-
el of ceftriaxone resistance in the same hosts (MIC of 1,000
pg/ml). Thus, the glycosyltransferase module of the PBP en-
coded by pbpF, was sufficient for ceftriaxone resistance in the
absence of a functional C-terminal D,D-transpeptidase module.

Heterologous expression of the pbpF ortholog of E. faecium
(pbpFy,) in JH2-2 AponA ApbpF and JH2-2 AponA ApbpF
ApbpZ led to high-level resistance to ceftriaxone (MIC of 1,000
pg/ml for both hosts), indicating that the glycosyltransferase
module of the E. faecium PBP is functional when expressed in
E. faecalis. In contrast, expression of mgtg, encoding the mono-
functional glycosyltransferase of S. aureus had no effect on the
MIC of the antibiotic.

Peptidoglycan structure. In E. faecalis, the peptidoglycan is
polymerized from a subunit consisting of two sugars (GIcNAc
and MurNAc), a linear pentapeptide stem (L-Ala,-D-isoglu-
tamine [iGln],-L-Lys;-D-Ala,-D-Alas) linked to MurNAc, and a
side chain (L-Ala-L-Ala) branched to the €-amino group of
L-Lys (Fig. 3) (6, 28). The p,b-transpeptidase activity of PBPs
catalyzes formation of Lys;-(L-Ala-L-Ala)-D-Ala, cross bridges
by cleavage of the p-Ala,-D-Alas bond of a donor stem peptide
and linkage of p-Ala, to the extremity of the L-Ala-L-Ala side
chain of an acceptor stem peptide.

The diversity of peptidoglycan fragments (muropeptides)
obtained by digestion of the peptidoglycan of E. faecalis JH2-2
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TABLE 3. Muropeptide composition of peptidoglycan from E. faecalis JH2-2 and derivatives

Muropeptide

Relative abundance (%) in:

fi Form Mass”
no. JH2-2¢ JH2-2 AponA ApbpF? JH2-2 AponA ApbpF ApbpZ¢
1 Monomer 1,109.6 20.3 294 31.9
2 O-Acetylated monomer 1,151.6 3.6 39 43
3 Dimer 2,130.1 252 284 21.2
4 O-Acetylated dimer 2,172.1 8.4 6.7 9.1
5 Trimer 3,150.5 12.9 6.4 35
6 O-Acetylated trimer 3,192.6 3.6 1.2 1.3
7 Tetramer 4,171.0 4.6 0.8 0.5
8 O-Acetylated tetramer 4,213.1 14 0.1 0.1
9 Monomer 967.5 4.2 6.8 9.3
10 O-Acetylated monomer 1,009.5 0.9 1.5 39
11 Dimer 1,988.0 6.5 9.3 7.6
12 O-Acetylated dimer 2,030.0 32 3.1 49
13 Trimer 3,008.5 3.0 1.9 1.4
14 O-Acetylated trimer 3,050.5 1.3 0.5 0.7
15 Tetramer 4,029.0 0.8 0.1 0.1
16 O-Acetylated tetramer 4,071.0 0.3 0.0 0.0

“ Muropeptides are separated into two subgroups depending upon the presence (major forms, muropeptides 1 to 8, containing a pentapeptide stem [L-Ala-p-iGIn-
L-Lys-p-Ala-D-Ala]) or absence (forms of lesser abundance, muropeptides 9 to 16, containing a tripeptide stem [L-Ala-D-iGIn-L-Lys]) of the p-Ala-D-Ala residues at the
free C-terminal end of the peptide stem. For each of these subgroups, the relative abundance is given for the individual monomer, dimer, trimer, and tetramer and

for the derivatives resulting from sugar O-acetylation.

® The monoisotopic masses of the proposed structures differed from those deduced from m/z determinations by less than 0.3 atomic mass units.
¢ The relative abundances for total monomers, dimers, trimers, and tetramers were 28.9, 43.3, 20.8, and 7.0%, respectively.

4 The relative abundances for total monomers, dimers, trimers, and tetramers were 41.6, 47.5, 10.0, and 1.0%, respectively.

¢ The relative abundances for total monomers, dimers, trimers, and tetramers were 49.5, 42.8, 6.9, and 0.8%, respectively.

by muramidases had three main origins (Table 3), as previously
described (6). First, the muropeptides differed by the number
of disaccharide peptide subunits linked together by the trans-
peptidases (from 1 to 4 for the monomers and tetramers, re-
spectively). Second, the most abundant muropeptides contained
a pentapeptide stem (L-Ala-D-iGln-L-Lys-p-Ala-p-Ala), where-
as less-abundant forms contained tripeptide stems (L-Ala-D-
iGIn-L-Lys) lacking the pD-Ala residues at the free C-terminal
end. The latter muropeptides may be generated by hydrolysis
of the r-Lys;-p-Ala, peptide bond by L,b-carboxypeptidases
(6). Third, a fraction of the muropeptides contained O-acety-
lated sugars.

To analyze the impact of the deletion of class A PBP genes
on cell wall cross-linking, the muropeptides of strains JH2-2,
JH2-2 AponA ApbpF, and JH2-2 AponA ApbpF ApbpZ were
compared (Table 3). The double and triple deletions were
associated with a decrease in the relative abundance of the
trimers and tetramers. These results indicate that class A PBPs
contribute to peptidoglycan cross-linking in JH2-2. The rela-
tive abundance of muropeptides with O-acetylated sugars and
incomplete tripeptide stems was not altered.

DISCUSSION

The role of PBPS5 in intrinsic $-lactam resistance of entero-
cocci has been well established by the analysis of various spon-
taneous mutants of E. faecium obtained in the laboratory or
isolated from patients, as susceptibility testing provided a pow-
erful screen for monitoring alterations of pbp5 expression (7,
18, 29, 30). In contrast, the role of other PBPs remained un-
characterized due to insufficiently developed genetic tools. In
particular, electroporation is inefficient and certain natural
isolates and mutants of E. faecium and E. faecalis are refrac-
tory to transformation by this method. For this reason, we have

constructed the expression vector pNJ2 and the suicide plas-
mid pHS1 (Fig. 1), which were mobilizable between entero-
coccal strains by Tn916 at a frequency of ca. 10~ per donor.
Derivatives of the thermosensitive replicon pHS1 were de-
signed to serially introduce deletions into the chromosome of
E. faecalis by homologous recombination (Fig. 1C and D). The
deletions obtained by this approach are precise, as they are
delineated by the oligonucleotides used to amplify the H1 and
H2 sequences flanking the chromosomal region targeted for
deletion. In this study, the mutants contained deletions remov-
ing at least 95% of the open reading frames, and two of them
were in-frame deletions to minimize the risk of polar effects on
expression of downstream genes after deletion of the erm cas-
sette. The transfer properties of pHS1 combined to direct
mobilization of chromosomal markers by plasmid pIP964 are
powerful tools to generate combinations of chromosomal de-
letions in E. faecalis.

Deletion of pbp5 led to a 4,000-fold reduction in the MIC of
ceftriaxone for E. faecalis JH2-2, whereas the MIC of ampicil-
lin was only reduced 4-fold (Table 2). A spontaneous deletion
of pbp5 in E. faecium led to a larger decrease in the MIC of
ampicillin (800-fold) in addition to the loss of resistance to
cephalosporins (29). Therefore, the contribution of PBP5 to
intrinsic ampicillin resistance appears smaller in E. faecalis
than in E. faecium. This difference is worth noting, since the
emergence of high-level ampicillin resistance by modification
of PBP5 has been mostly, if not exclusively, reported for clin-
ical isolates of E. faecium (24).

The bacterial cell wall is polymerized by large complexes
that include glycosyltransferases and transpeptidases for inser-
tion of new material in the murein layer (15). In the presence
of high concentrations of ceftriaxone, the transpeptidase mod-
ule of all PBPs, except that of PBPS, is thought to be inacti-
vated by the antibiotic (7, 29, 30). Resistance to ceftriaxone
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was used as a screen to identify the glycosyltransferases that
cooperate with the transpeptidase module of PBPS for pepti-
doglycan polymerization in the presence of the drug (Table 2).
The screen identified the class A PBPs encoded by pon4 and
PpbpF as essential partners of PBPS5. Site-directed mutagenesis
of pbpF confirmed that the catalytic activity of the transpepti-
dase module of the PBP did not play a role in resistance. S.
aureus produces a single class A PBP (PBP2) that is similarly
essential for B-lactam resistance mediated in this organism by
PBP2a (26). The ponA gene of E. faecalis and the gene encod-
ing PBP2 in S. aureus are putative orthologs, as are the genes
encoding low-affinity class B PBP5 and PBP2a (Table 1) (14).
The same functional interactions might therefore occur be-
tween subclasses of A- and B-type PBPs in different bacteria.
In agreement, expression of the putative pbpF ortholog from E.
faecium restored ceftriaxone resistance in the AponA ApbpF
mutant, whereas pbpZ of E. faecalis and mgt of S. aureus had
no effect. The peptidoglycan precursors of E. faecalis and E.
faecium contain side chains consisting of the sequence L-alanyl-
L-alanine and a single y-D-asparaginyl or y-D-aspartyl residue,
respectively (28). In spite of this difference, the glycosyltrans-
ferase module of the E. faecium PBP was functional in the
heterologous host, indicating for the first time that heterospe-
cific complementation can be used to get insight into the func-
tion of class A PBPs.

Deletion of ponA, pbpF, and pbpZ led to a viable mutant,
indicating that the class A PBPs are unessential. The chromo-
some of E. faecalis does not encode a monofunctional glyco-
syltransferase (MGT) or any additional protein displaying sim-
ilarity to the glycosyltransferase module of class A PBPs. In the
triple mutant, transglycosylation is therefore performed by a
distinct class of proteins that do not display similarity with
known glycosyltransferases. A similar observation was recently
reported for a mutant of Bacillus subtilis lacking all four genes
encoding class A PBPs in this organism (23). In contrast, at
least one class A PBP is required for viability in E. coli (PBP1a
or PBP1b) (11) and S. pneumoniae (PBP1a or PBP2a) (16, 25).
Although unessential, the class A PBPs contribute to pepti-
doglycan cross-linking in E. faecalis, since deletion of the three
class A PBP genes led to an increase in the proportion of
monomers to the detriment of trimers and tetramers (Table 3).
Except for this difference, the mode of cross-linking and struc-
ture of the muropeptides were essentially unaltered in com-
parison to the parental strain JH2-2. These observations indi-
cate that the transpeptidation reaction catalyzed by the entire
set of PBPs, or solely by the class B PBPs, may involve the same
precursors with respect to the presence of tripeptide or pen-
tapeptide at the free C terminus of the acceptor stems.

Moenomycin was recently shown to inhibit the glycosyltrans-
ferase activity of purified PBP1b of E. coli in vitro, although the
drug was not competitive with respect to the lipid II substrate
(9). The mutants lacking ponA and pbpF or the three class A
PBP genes were resistant to moenomycin, whereas the paren-
tal strain and all other single and double deletion mutants were
susceptible to this antibiotic (Table 2). Thus, susceptibility to
moenomycin in E. faecalis depends upon production of at least
one of the class A PBPs encoded by ponA and pbpF. This
observation implies that binding of moenomycin to its targets
has a toxic effect despite the fact that the PBPs encoded by
ponA and pbpF are not essential for viability. The antibacterial
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activity of moenomycin appears, therefore, to result from poi-
soning of the polymerization complexes containing class A
PBPs rather than simply inhibiting their glycosyltransferase
active site. This complex mode of action has important impli-
cations for the discovery of new drugs targeting the transgly-
cosylation reaction and the improvement of existing molecules,
such as biphenyl derivatives of vancomycin and moenomycin
(9). In particular, in vitro inhibition of the transglycosylase
activity of purified class A PBPs is not expected to strictly
correlate with antibacterial activity, since poisoning of the pep-
tidoglycan polymerization complexes and inhibition of enzyme
activity may occur independently. Moreover, class A PBPs and
the related monofunctional glycosyltransferases may no longer
be considered essential targets in human gram-positive patho-
gens, since the E. faecalis JH2-2 AponA ApbpF ApbpZ null
mutant was viable.

In conclusion, neither the p,b-transpeptidase nor the glyco-
syltransferase activity of E. faecalis class A PBPs is essential for
peptidoglycan synthesis. Complete bypass of the p,b-transpep-
tidase activity of the PBPs by an L,D-transpeptidase insensitive
to B-lactam inhibition has been recently reported for E. fae-
cium (21, 22). The L,p transpeptidase is responsible for the
synthesis of new peptidoglycan cross bridges (L-Lys;—D-Asx-
L-Lys;) that replace the cross bridges formed by the D,p-
transpeptidases (D-Ala,—D-Asx-L-Lys;). These complemen-
tary observations indicate that peptidoglycan polymerization in
the total absence of multimodular PBPs is theoretically possi-
ble in enterococci.
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